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ABSTRACT

Between traditional industrial design, which operates at the macro

scale (cm to m), and material engineering, which operates at the mi-

cro/nano scale (pm to nm), is the emerging design space of the me-

soscale. While the definition of mesoscale varies across disciplines,

mesoscale materials are usually considered to be in between the

molecular and macroscopic length scale. It is the scale of human

hair or a grain of sand. It is the scale where material properties meet

human perception, and the rational meets intuition. In the past 10

years, additive manufacturing, especially 3D printing, has enabled

designers to directly manipulate geometries at this scale. Yet exist-

ing design and manufacturing approach have not been able to un-
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leash the full potential of mesoscale materials for the design world.

This thesis proposes computational tools and an additive manufac-

turing apparatus to enable the creation and fabrication of materials

at the mesoscale. The ability to programmably assemble materials

with tailored structures at the centimeter, millimeter, and microm-

eter length scales enables tunable mechanical and electrical prop-

erties. Those properties determine not only the static performance,

but also, when energized, the dynamic behavior of a material. The

emerging material performance and behavior allows us to design

unprecedented objects and environments with input (sensing) and

output (actuation) capabilities, which can be integrated for the next

generation of interaction design.

I first introduces three translations to bridge a material's micro-

scopic properties with macroscopic interface design. Four research

projects (bioLogic, KinetiX, SensorKnit, and Cilllia) are presented to

embody the translation. I then propose an implementation work-

flow for additive manufacturing of mesoscopic materials. The imple-

mentation will be presented based on my ongoing research project

Cilllia, 3D printed functional hair structures. Cilllia investigates a scal-

able digital representation of hierarchical tunable materials, a CAD

software interface for material design, and a DLP-based 3D printer

that allows for continuous material production. The tools for creat-

ing Cilllia can be expanded to other types of architected mesoscale

materials. Four examples will be presented. Together, they support

the vision of a general digital description and physical production

system for architected mesoscale materials.
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INTRODUCTION

[T]he limits, to which our thoughts are confin'd, are small in respect of

the vast extent ofNature it self; some parts of it are too large to be com-

prehended, and some too little to be perceived.

- Robert Hook (micrographia, 1665)

Motivation

Decades of scientific studies have demonstrated that natural mate-

rial systems exhibit extraordinary mechanical properties, which are

not currently found in common synthetic ones. Take wood as an

example: Not only is it stronger per unit weight than mild steel, but

it also shows environmental responsiveness upon hydration (shape-

change). (Figure 1 - 1)

We now understand that the unique performance of wood, and oth-

er biological materials, emerges from its unique hierarchical material

architecture, ranging from the molecular to the macroscopic length

scale. Although the time span is at extreme, the generation process

of such material requires only room temperature and atmospheric

pressure. By using only a limited set of molecules, biological materi-

als show how a hierarchical design strategy can give birth to a wide

range of functionalities.
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cm/mm pm nm Scalem

Figure 1-1 Structural hierarchy of cellulose in

wood. (Courtesy of D. Kaplan, U.S. Army Natick

Research, Development, and Engineering

Center)

Man-made material systems, on the other hand, often fail to adopt

such hierarchical design strategy. The plastic chair we use might have

extraordinary stiffness, thanks to polypropylene. (Figure 1-2) But to

create a soft surface, the designer can only achieve this by adding a

layer of cotton coushion. The properties of synthetic materials are

less tunable, as we have been missing many intermediate design

opportunities between the chemical compounds and finished prod-

ucts, like nature has between cellulose and tree trunk.

The textile manufacturing is perhaps one of the few processes that

allows hierarchical structures in artifacts. From fiber spinning and

yarn plying to knitting/weaving and final sewing, designers and engi-

neers can tune the properties of the outputs, by varying the machine

parameters, such as spinning speed, temperature, etc. With all of
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Figure 1-2 Emeco - Broom Stackable chair by

Philippe Starck.The chair is made of 75% re-

claimed polypropylene with injection molding.
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these processes, we now have single rope that can hold a car, a

fabric that allows water to penetrate only from one side, a thin sheet

that keeps our body warmth in a cold winter in New England.

While enhancing the material's properties, the diverse manufac-

turing processes in the textile industry also suffer from paying the

high cost of energy, transportation, human labor and environmental

pollution. Our existing textile manufacturing technologies are ex-

tremely specialized for the type of structures and scales they can

produce. Each special type of fabric, requires distinct machines for

production. Such a paradigm is so deeply rooted in the industry,

that now we can produce one type of fabric meters per hour, but

we are incapable of producing any if minor structural requirements

are changed.

Given the challenge above, I propose that synthetic materials must

be described in different terms and produced in a unified process.

This new system opens the design space at mesoscale to explora-

tion and experiments. This thesis presents an integrated approach

of computer-aided design, additive manufacturing processes and a

demonstration of functional materials at such scale.

Definition

Mesoscopic and Architected

Consider three design (in a broad sense) tasks: a type of polymer,

a piece of fabric, and a pair of shoes. Where would we start? For

developing a polymer, a material scientist would consider the func-

tions of the final material and search for the right chemical structure,

compositions, and processing conditions. Normally, the polymer is



preferably in the liquid form (as solutions or soluble/liquid precur-

sors), waiting to be processed into other shapes.

A textile designer would first choose a type of machine, such as knit-

ting, weaving or embroidery, and then program a sequence of ma-

chine instructions that allows the yarn to be formed into the two

dimensional geometries as they designed. A shoe designer would

first analyze the style trend, using them to define colors, shape and

parts of materials for the shoe, which will be eventually assembled

in a factory.

Each case operates at a different length scale that allows for differ-

ent levels of free forming. The polymer making process has the least

freedom of shaping structures. The fabric making process allows a

certain parametric change of structures, but is limited to sheet-like

structures. The shoe maker has the most freedom to give form, so

that the shoe can fit better to individuals and use cases.

While the definition of mesoscale varies across disciplines, in this

thesis, mesoscale materials are considered to be in between the

nanometer and centimeter length scale (Raney, 2015). Within this

scale, free form structures can be digitally designed and produced

through the additive manufacturing process.

We can then draw a trade-off chart between length scale and level of

shape control. Mesoscale material design is like the the design of a

piece of fabric, except that designer should have freedom to create

arbitrary structures, rather than those that are limited by the me-

chanics of the machine. The multiplicity of structures should further-

more be formed in one process, rather than several disjoint ones.

(Figure 1-3, 1-4, 1-5 and 1-6)
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Digital fabrication

Throughout the thesis, the word "digital" will be frequently used in

connection with "fabrication". Digital fabrication is a design and man-

ufacturing workflow where digital data directly drives manufacturing

equipment to form various part geometries. This data most often

comes from CAD (computer-aided design), which is then transferred

to CAM (computer-aided manufacturing) software (Formlabs, 2018).

3D printing is one example of digital fabrication. Digital fabrication

allows high precision translation between a digital model and physi-

cal result. It is also a highly automated process in which environmen-

tal conditions, such as temperature, UV light, can be accurately con-

trolled. Because of this, digital fabrication becomes the ideal method

for architected mesoscopic materials.

Material, Structure and Object

Materials describes physical parts that are constituted with smaller

parts. They can be also used as parts of materials at larger length

scales. Structure describes a relationship between the parts. Ob-

jects are structured entities made with single or multiple materials.

They usually serve with certain functional or cultural purpose by

themselves. Objects can be seen as materials, if they were assem-

bled into certain larger structures. If material is a noun, structure is a

prepositional verb, and object is a phrase or sentence.

Scope of Work

Why meso

While material properties result from the material composition at

21
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Figure 1-3 Materials that have the most topological freedom of shap-

ing are usually at macroscale. Recent research shows architected me-

soscale materials can be made with two-photon lithography. However,

they are limited at the lab scale. (Meza, 2014) (Shan, 2016)

Figure 1-4 Materials that have topological limitations can be made

at meso or nanoscale. Some of them are also in pilot production for

small quantity order. E.g., Synthesis of carbon nanotube, customized

nanofiber, and SLA-based tissue scaffold.

* Figure 1-5 Materials that are production ready are usually limited at

macroscale, or mesoscale with topological limitation. Such as modular

material like LEGO, knit/woven textiles, etc

22
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Figure 1-6 This thesis aims at the design space of mesoscale materials with high geometrical

freedome that can be scaled up to pilot or mass production.
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multi-scales (Gibson, 2010), recent research shows that the ability to

programmably design materials with tailored architectures at the

centimeter, millimeter, and micrometer length scale enables tunable

properties such as density, stiffness, energy absorption, permeabili-

ty, and other multifunctional properties (Zadpoor,2016)(Valdevit,2018).

As mesoscale considerations add new design spaces for materials, it

also enchances, encodes or even allows emerging new properties.,

through carefully hierarchical designs. Four of my research projects,

Cilllia, BioLogic, KinetiX, and SensorKnits will be briefly demonstrated

to give a general map of how mesoscopic material design can trans-

late microscopic material properties into a macroscopic design.

Fabrication Method

As mentioned above, many textile fabrication methods can create

material structures at mesoscale, such as spinning, plying, knitting.

However, the possible structures are extremely limited by the ma-

chine. This work focuses on using 3D pringting, specifically Digital

Light Processing (DLP), to create materials. DLP allows one to create

free form geometries with little or no sacrificial support structures,

therefore largely expanding the type of shapes one can directly fab-

ricate.

Resolution scale

While mesoscale ranges from nanometer to centimeter, this thesis

will focus on designing material from micrometer scale and above.

Current 3D printing machine resolution is the primary constraint.

However, the computational aspect of the work can be extended to

smaller scale. (Figure 1-7)

Production scale

Another emphasis of the work is the scale of production. While com-

mercially available 3D printing, such as SLA, two-photon lithography,
24
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Figure 1-7 The design of AMMD not only provide funtionalities, but also provide interactive de-

sign that bridges material properties and human experience.
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can already achieve printing resolution at micrometer or nanometer

scale, they are not made for production purposes. Therefore, it is

extremely difficult or impossible to print large quantities of materials

that can be assembled at a larger scale. To truly unleash the design

space of architected mesoscale materials with 3D printing, we must

be able to consider the scale of production.

Case study

Focusing on the mesoscale, this thesis presents software and hard-

ware tools for creating architected materials. The project Clllia, 3D

printing functional hair-like structures, will be the case study that

employs the technical implementation. Beyond that, I also show that

the tool we used for developing Cilllia can be used for other types of

material structures. Four examples will be included. Together, they

support the vision of a general digital description and physical pro-

duction system for architected mesoscale materials.

Technical Implementation

The technical implementation is divided into three parts: comput-

er-aided design, manufacturing apparatus and material functional-

ities. While each of section explains the technical details and how-to,

the goal of this thesis is not to provide thorough study of a specif-

ic engineering problem. It is important to see the interconnection

between these three technical implementation parts as a guiding

framework for further engineering development. (Figure 1-8)

Figure 1-8 The technical implementation of

this thesis. It is a highly interconnected pro-

cess between tool building and functionality

exploration.
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BACKGROUND

Physical materials have, and continue to, shape the fundamental

landscape of our technological and cultural development. While

material scientists focus on developing and studying numerous

stronger, lighter or even responsive materials, designers are more

interested in how to use those materials to design objects. There

has been a missing design space between material properties and

human experiences. In the past few years, advances in manufac-

turing techniques, including polymer-based Additive Manufacturing

(AM) such as stereolithography, two-photon polymerization, direct

laser sintering, 3D weaving, and knitting, have enabled fabrication

of new materials with complex geometry and remarkably precise

control over the geometric arrangement from the nanometer to

the centimeter scale. Design at mesoscale has become an emerging

field where computer graphics, material science, machine building

and industrial design intersect with each other. In this chapter, I will

give a brief background of prior works in computer-aided design and
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computational fabrication. A short review of existing production pro-

cess for mesoscale materials, expecially textiles, will be explained. I

will discuss about studies of unique material properties at meso-

scale in material science and Human-Computer Interaction (HCI). I

will conclude with a brief explanation of my four research projects,

which show how design at mesoscale has the power to enable new

properties and applications of materials.

Figure 2 - 1 The intraLattice allows Rhino user

to create mesh-based Lattice structures.

Computation for Mesoscale

(b) SOLID

facel face2 6

nodel node2 00

(1', ~z1 (4xi,hZZ) 0

Figure 2 - 2 The fundament of boundary rep-

resentation is positions of indivisual points

that form large amout of triangle meshes to

approximate a 3D shape. (Lou 2011)

Figure 2 - 3 Project Spin-It allows arbitrary

3D shape to reposition its center of gravity

through voxel optimization. (Bacher 2014)
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Computer-Aided Design

Traditionally, materials are manufactured through process ike

synthesis, composition or subtraction. The computer-aided de-

sign (CAD) tools for material focus on the simulation of mechanical

properties of materials. The development of AM! creates a need for

new CAD tools for designers to create dense and complex geome-

tries. Autodesk Netfabb, nTopology, Intralattice for Rhino (ntralattice,

2019). are some of the many examples of technologies developed in

the space. These tools allow designers and engineers to parametri-

cally design, analyse and optimize porous structures. However, all of

these tools are based on the traditional B-rep. (Figure 2-2) When the

user designs a feature at the mesoscale (<100 um) and propagates

the feature into the macroscale (>100 mm), the tools will not be ad-

equate. New modeling tools like Monolith propose a voxel represen-

tation to create a material gradient. However, it does not support

creating dense porous structures.

Computational Fabrication

Another emerging field related to this thesis is computational fabrica-

1 Additive Manufacturing

(a)

vertex

$0M
OAT M



tion. Recently, researchers use computational optimization methods

to arrange material geometries to a specific target goal. Some of the

examples are optimized aerodynamics (Umetani, 2014) (Martin, 2015),

acoustic properties (Dingzeyu, 2016) (Bharaj, 2016), center of gravity

(Bucher 2014), and elasticity (Schumacher, 2015) (Martinez, 2016). These

works demonstrate how computational optimization can enhance

and alter people's common sense about materiality and physicality.

(Figure 2-3) They also provide engineering inspiration for designers

to shift the focus from shape to property, from visual to multi-senso-

ry. Taken together, these works show that as fabrication resolutions

increase, we can create materials with extraordinary properties or

transformations.

Manufacturing for Mesoscale

Textile

For millennia, humans have been using and developing textile tech-

nologies. Beyond the most common use of clothing, textiles have

been used in everything from medical applications to aircraft, city

infrastructure to industrial filters. For this wide range of products,

textiles are used for their tunable mechanical properties, such as

tenacity, elongation, shrinkage, and E-modulus. The tunability is

achieve by a pipeline of fabrication processes. From fiber making,

spinning, plying, knitting/weaving, surface modification to the final

sewing, each process requires a special machine to processing the

input material. Figure 2 - 4 shows the pipeline of textile manufactur-

ing.

The textile manufacturing processes lie within the scope of meso-

scale materials. They demonstrate that by architecting structures of
29



synthetic

animal

plant

-10 pm

fiber aquiring

texturing

plying

spinning

-100 pm

yam making

Figure 2 - 4 Multiple production stages are

non-woven

knitting

weaving

-1 mm

printing

coating

dyeing

-1 m

gluelng

welding

sewing

fabric making surface finishing final assembling

necessary for the manufacture of fibers, yarns, and textiles.

material across scale, we can create tunable material with high ratio

surface to mass.

However, it is also known that textile manufacturing is the second

largest pollution source of the environment. As the scale and com-

plexity of the manufacturing pipeline increases, so too does the

scale of energy consumption, carbon emission, and waste. From the

material structure perspective, The textile structures are also limit-

ed to the sheet form factor, due to the constraints of the machine.

Manyfunctional structures like lattice, fur, or feather cannotto made

with current knitting/weaving machine.

3D Printing

In the past 10 years, additive manufacturing, especially 3D printing,

has gained an increasing amount of attention in both academic and

industrieal fields. (Figure 2-5) 3D printing involves manufacturing an

object by depositing material layer-by-layer. This AM process dif-

fers substantially from conventional procedures such as subtractive

30



LU

ADDITIVE MANUFACTURING TECHNOLOGIES

SLA DLP CDLP Ir YMJ Npj H.illWEM E BA r

i J C a a C C C c cc c

Figure 2 - 5 Common technologies for additive manufacturing. The chart is designed based on the printing material (plastic, metal, etc.) and the deposition meth-
ods. (source: https://www.3dhubs.com/knowledge-base/additive-manufacturing-technologies-overview)
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a

b

Figure 2 - 6 Christoph Bader et al. (Bader, 2018)

presented a multimaterial voxel-printing

method that enables the physical visualization

of data sets commonly associated with sci-

entific imaging. (a) White matter tractography

data of the human brain, created with the 3D

Slicer medical image processing platform (b)

Biopsy from a mouse hippocampus, observed

via confocal expansion microscopy.
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processes (i.e. milling or drilling), formative processes (i.e. casting or

forging) or joining processes (i.e. welding or fastening). Recently, AM

has received tremendous attention (Conner, 2014). AM is a process

in which material is solidified under computer control to create a

three-dimensional structure. In contrast to a conventional manufac-

turing, in which the material moves into the machine from a feed,

3D printing builds a three-dimensional object by successively adding

mate-rial layer by layer on a stationary platform. The manufactured

structure is produced from electronic data sources such as an ad-

ditive manufacturing File (AMF) and can have almost any shape or

geometry. (Figure 2-6) Commercially available 3D printers are used

to fabricate devices with micrometer resolutions (Cumins, 2010).

Currently, AM is used in prototyping and low throughput industri-

al manufacturing. Different technical principles are used for the 3D

printing. The two most common techniques are: (1) fused deposition

modelling, where parts are built by extruding heated plastic and (2)

stereolithography, where a scanning laser or photodiode polymeriz-

es a photoresist.

Drawing inspiration from the 3D printing and textile manufacturing

industries, I argue that a new material manufacturing method can

be made by combining high resolution DLP-based 3D printing and

roll-to-roll systems. The new method should allow structural design

at micrometer scale and propagate upwards to meter scale.

Digital Light Processing

Digital light processing (DLP) is a special type of stereolithography

(Figure 2 - 7). Digital light processing uses a digital micromirror de-

vice. A digital micromirror device (DMD) is a set of micromirrors built

into the optical path of the laser, which replaces the need for scan-

ning, and allows a complete layer to be built with a single exposure

(Lu, 2006). A typical DMD consists of an array of up to two-million
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hinged microscopic aluminum mirrors on a silicon chip. Under digi-

tal control, these tiny mirrors tilt thousands of times a second to cre-

ate an image by directing pulses of"digital"light through a projection

lens (Dudley, 2003). (Figure 2-8)

The trademarked "DLP technology" from Texas Instruments uses

this versatile imaging technique in products ranging from tiny pico

projectors embedded in cell phones to DLP cinema projectors. A va-

riety of non-display applications are enabled as well. When utilizing a

DLP projector to print objects, the technique has the limitation that

desired regions are exposed and cured, with the x-y resolutions ult-

mately being given by the size of the projected pixel of the DMD and

the z resolution given by the layer thickness of the photopolymer.

Photopolymer resin is used for liquid 3D printing. A photopolymer

or light-activated resin is a polymer that changes its properties when

exposed to light, often in the ultra-violet or visible region of the

electromagnetic spectrum (Crivello, 2014). Currently the most widely

used light-activated resins initiate the polymerization process with a

light wavelength around 405nm. 3D printing resins often come with

different properties that depend on the exact composition of the

resins. Resin typically consists of two or more oligomers, a reactive

diluent, a photo initiator and a UV-blocker (Autodesk Ember 2015).

(Figure 2-9)

Functionalities at Mesoscale

Architected Materials

In material science and mechanical engineering, researchers have

been employing AM to create multiscale, topologically ordered ma-



Figure 2 - 9 Sydney Gladman et al. presented complex flower morphologies generated by

biomimetic 4D printing. a,b, Simple flowers composed of 900/00 (a) and -45°/45° (b) bilayers

oriented with respect to the long axis of each petal, with time-lapse sequences of the flowers

during the swelling process (bottom panel) (scale bars, 5 mm, inset = 2.5 mm). (Gladman, 2016)

terial structures with unprecedented ranges of density, stiffness,

strength, energy absorption, permeability, chemical reactivity, wave/

matter interaction, and other multifunctional properties, which

promise dramatic advances across important technology areas such

as lightweight structures, functional coatings, bioscaffolds, catalyst

supports, photonic/phononic systems, and other applications (Ber-

toldi, 2017) (Raney, 2015). These studies provide scientific insights on

local material geometry and its global performances for mesoscopic

material design..

Human-Computer Interaction

Digital fabrication enables researchers in HCI to fabricate their own

sensing and actuation materials for prototyping tangible interfaces.

As the resolution of the fabrication machine increases, one can also

control the material's properties. Several recent works shows how

to use multimaterial 3D printing to create a tunable optical effect

or conducting light (Willis, 2012). Material stiffness (Schumacher, 2015)

can be also addressed by designing the multimaterial or microstruc-

ture. HapticPrint (Torres, 2015) demonstrated how to control surface

texture with high resolution 3D printing. BioLogic (Yao, 2015) present-
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Figure 2 - 9 Karl Willis et aL present an approach to 3D printing custom optical elements for

interactive devices labelled Printed Optics. Light pipes are 3D printed inside tangible objects,
such as chess pieces (a), to create additional display surfaces for tabletop interaction (Willis,
2012)

ed a printing system that creates a thin film composite responsive

material. All the works show that as fabrication resolutions increase,

we can create materials with extraordinary properties or transfor-

mations.

Human-Material Interaction

My research of mesocale materials focuses on building tools for

creating materials that exhibit unique properites. Most of the re-

search also demonstrates how such materials can be integrated

into an interactive system, which we refer as Human-Material Inter-

action (HMI). Three of my past collaborative works embody the new

paradigm of HMI. To guide the design of future HMI, I propose a

methodology that encourages the designer to think and act at the

mesoscale. The methodology views raw material properties, such as

elasticity and conductivity, as inputs, and the types of physical inter-

faces, such as sensors and actuators, as outputs. Mesoscopic mate-

rials allow one to enhance, encode or observe emerging properties,

so that they can be integrated into the interface design. It translates

and mediates between microscopic material properties and human
35
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Figure 2 - 10 Project bioLogic

Figure 2 - 11 Project kinetiX

IK

Figure 2 -12 Project sensorKnit

scale interface design. For details of the implementation, please see

the project publications.

bioLogic (Yao, 2015)

In the project bioLogic, living bacteria changes its size as humidity

fluctuates. The transformation is less than 1pm. Through a custom-

ized ink printing process, we can deposit the bacteria on a flexible

substrate at millimeter scale. The bilayer structure forms a tunable

humidity sensor and actuator.

• Microscale: hygromorphic bacteria

• Mesoscole: ink-based printing bimorph structures that encode
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shape-change and enhance the bacteria's transformation

• Mocroscole: human sweat activated sensor and actuator

• Resolution of design: -1 00um

KinetiX (Ou, 2018)

KinetiX describes a group of auxetic-inspired material structures that

can transform into various shapes upon compression. We developed

four cellular-based material structure units composed of rigid plates

and elastic/rotary hinges. Different compositions of these units lead

to a variety of tunable shape-changing possibilities, such as uniform

scaling, shearing, bending and rotating. Printing at millimeter scale,

we can encode these shape-changes as an actuator.

• Microscole: Multimaterial photopolymer

• Mesoscle: 3D printed flex/rigid linkage structures that enables

and encodes a variety of auxeticity.

• Mocroscole: Passive actuator/display

• Resolution of design: -1 mm

SensorKnits (Ou, 2019)

This work presents three classes of textile sensors exploiting resis-

tive, piezoresistive and capacitive properties of various textile struc-

tures enabled by machine knitting with conductive yarn. By carefully

designing the knit structure with conductive and dielectric yarns, we

found that the resistance of knitted fabric can be programmatically

controlled at stitch level.

• Microscle: silver nano particle coated conductive yarn

• Mesoscole: knit structures that enhance the electrical property of

the conductive yarn

• Mocroscle: Textile sensors

• Resolution of design:- 1 mm

Cililia
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Cilllia introduced a vector-based representation of dense hair struc-

tures and a design software that allows designers to design and 3D

print delicate geometries. The produced hair structure exhibits a

tunable mechanical adhesion property. it also enables touch/swipe

sensing, as well as programmable actuation by using vibration en-

ergy. Several design prototypes are presented to demonstrate how

such new material can be integrated in interaction design. This proj-

ect will be explained in detail in the later chapter as the main case

study of the thesis.

Mesoscale Translation (Figure 2-12)

Design at mesoscale enables us to manipulate structures between a

finished project and its raw materials. It allows us to learn from na-

ture's hierarchical strategy and apply it to man-made objects. These

carefully designed mesoscale structures give at least three advan-

tages:

• Enhancing: Amplification of the property at microscale so that it

can be perceived and manipulated at human scale.

• Encoding: Creation of a certain spatial and temporal patterns of

a property so that it can be "programmed" at human scale.

• Emerging: Enablement of unique properties that can be ob-

served only at mesoscale, such as friction, capillarity, etc.
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Figure 3 -1 Examples of micro-pillar structures and their functionaLities occur in nature.The scale change reflects on the diameter of the pillars.



CASE STUDY ON CILLLIA

3DP FUNCTIONAL HAIR-LIKE STRUCTURES

In this chapter, I will describe the project Cilllia as a main case study

of the AMMD 1. It embodies not onlythe required software and hard-

ware tools for new materials, but also exciting material properties

for bioinpired engineering.

Throughout nature, hair-like structures can be found on animals and

plants at many different scales. (Figure 3-1) Beyond ornamentation,

hair provides warmth and aids in the sense of touch. Hair is also

a natural responsive material that interfaces between the living or-

ganism and its environment by creating functionalities like adhesion,

locomotion, and sensing. Inspired by how hair achieves those prop-

erties with its unique high aspect ratio structure, we are exploring

ways of digitally designing and fabricating hair structures on man-

made obiects that not only have fine texture on the surface, but also

1 Architected Mesoscale Material Design
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Figure 3 - 2 Prior works on differet methods
of creating micro/nano hair-like structures.
(a) Heat rolling. (Lee, 2008) (b) Mold Draw-
ing.(Jeong, 2006) (c) Mold Peeling.(Schubert,
2014) (d) Hot Pulling (Rhrig, 2013).
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can sense touch and be actuated. Material science and mechanical

engineers have long been investigating various methods of fabricat-

ing hair-like structure (Amato, 2012) (Poek, 2014). (Figure 3-2) Cilllia is a

collaborative exploration of hair fabrication using Stereolithography

(SLA) 3D printing, as weil as acoustic methods for hair-based actua-

tion and sensing.

3D printing is rapidly expanding the possibilties for how physical

objects are fabricated. Its layer-by-layer fabrication process has

tremendous potential to enable the fabrication of physical objects

not previously possible. High-resolution 3D printers have become

increasingly affordable and widely available, enabling the fabrica-

tion of micron-scale structures. CilIlia presents a bottom-up print-

ing pipeline to fully utilize the capability of current high-resolution

photopolymer 3D printers to generate large amounts of fine hair on

the surfaces of 3D objects. Chapter 3.1 introduces methods, algo-

rithms, and design tools for the fabrication of Cilllia. Chapter 3.2 give

an overview of a roll-to-roll system (RAPID) for printing Cilllia, which

dramatically improved the printing scale and speed, while maintain-

ing the accuracy of the print. Chapter 3.3 explores its capability of ac-

tuating and sensing touch. Using these techniques, we demonstrate

the use of Cilllia for toy and interactive object design. The ability to

3D print hair-like structures opens up new possibilities for personal

fabrication and interaction. We can quickly prototype objects with

highly customized fine surface textures that have mechanical adhe-

sion properties, or brushes with controllable stiffness and texture.

A 3D printed figure can translate vibration into a controlled motion

based on the hair geometry, and printed objects can now sense hu-

man touch direction and velocity.

All the test and examples shown in this chapter, unless stated dif-

ferently, are printed on RAPID. The printing results shown in chapter



3.1 are printed on a commercially available Digital Light Processing

(DLP) 3D printer (Autodesk Ember Printer). The DLP printer takes

stacks of bitmap images from the CAD models and directly projects

the image onto the liquid resin layer by layer. The printer can sup-

port overhang structure within 60 degrees during printing (based

on our empirical tests). The printer has a feature resolution of 50

pm on the X and Y-axis, and 25 pm on Z-axis. The build volume is 64

by 40 by 150 mm. The print material is near UV light photopolymer

(available on //spark.autodesk.com/ember/shop).

COMPUTATION

This chapter introduces two methods of generating bitmap/G-code

for 3D printing using Direct Voxel Modeling (DVM) and Generative

Vector Slicing (GVS). It is widely recognized that the current slicing

software has limitation of processing digital models with dense

structures, such as hair or lattice, due to the nature of STL's B-rep.

To overcome this issue, we propose to model the material in dis-

crete voxels or vector and create bitmaps/g-code during slicing. The

benefit would be: creating printable files of dense material struc-

tures; tuning material properties at discrete voxel level; and able to

scale across length.

Challenge

Although the resolution of recent 3d printers has been improv-

ing, it is still considered impractical to directly print dense material

structures, such as fine hair arrays, lattice geometries. This is due

to the lack of an efficient digital representation of CAD models with

fine surface texture or internal structures (Hopkinson, 2006). Most of

the current commercially available 3D printers use a layer-by-layer
43



iD 2D 3D

Figure 3 - 3 The three-folds design of 3D printing hair-like structure.

method to deposit/solidify materials into shapes that are designed

in the CAD. The process follows a top-down pipeline, in which us-

ers create digital 3D models, and then a program slices the models

into layers for the printer to print. In the field of computer graphics,

the standard way to represent surface texture is through lofting bit-

maps on the CAD model to create an optical illusion. These repre-

sentations do not actually capture the 3-dimensional structure. It

is difficult and impractical to create many thousands of small hairs

with real geometry using conventional CAD systems. The data for de-

scribing the total geometry becomes extremely large and rendering

such complex structures can also be computationally expensive. (ref

chapter 2 b-re)

Direct Voxel Modeling

I propose a bottom-up 3D printing approach to design and fabricate

hair-like structures without first making 3D CAD model, where user

directly generate printing layers that contains hair structure infor-

mation for the 3D printer. The method can be viewed from 3 layers:

• Single hair's geometry (1D): height, thickness, angle and profile.

• Hair array on flat surfaces (2D): varying single hair geometry

across the array on a 2D surface.

• Hair array on curved surfaces (D): generating hair array on arbi-

trary curved surfaces. (Figure 3 -3)

Single Hair Geometry

Compared to other surfaces textures, such as wrinkle, hair is simpler
44



a b C

Figure 3 - 4 A pixel by pixel,layer by layer ap-

proach to generate hair. (a) voxel arrangement

of (b). (b) simplified geometry of (c). (c) actual

hair geometry.

desired hair geometries

xi
voxelized hair geometries

I
b

Height Thickness Angle Taper

Figure 3 - 5 Parameters of single hair ge-

ometry controL. (a) actual hair geometry. (b)

voxelized geometry of (a).
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to describe mathematically. It is usually a high aspect ratio cone that

is vertical/angled to the surface. The height, thickness and profile

might vary from one to another. As we know, the diameter of a cone

continuously decreases from the base to the tip. However, the small-

est unit in DLP printer is a pixel. Therefore we need to find a way to

construct a model that could approximate the geometry of a cone.

As shown in Figure 3 - 4(a), we set the base of a pillar to be a matrix

of array (e.g. 3 by 3 pixels). As the layer increases, the pixels linearly

reduce in a spiral stairs manner, leaving the top layer with just 1 pix-

el. This method gives us the highest resolution control of the printed

cone shape. We can also add acceleration to the base pixel reducing

velocity to create hair with a different profile.

For tilting the hair to a certain angle, we can offset the pixel group in

X or Y direction every few layers. As the printer has the double res-

olution on the Z compared to the X and Y axis (25pm vs. 50pm), The

relationship of tilted angle and layer is:

tonG = (L /2) x P

where L is the number of layers, and P is the numbers of offsetting

pixels. Figure 3 - 5 summarizes the relationship between basic phys-

ical hair geometry and pixel information.

We successfully printed a series of sample surfaces with oriented

hair. Figure 3 - 6 shows that our printed geometry matches the com-

puter visualization. Through a graphical user interface we designed,

users can easily change the parameters of the hair geometry. It visu-

alizes the hair structures as well as generating bitmaps for printing.

(Figure 3 - 7)

We can also generate curved hair by offsetting the pixel group in a
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Figure 3 - 6 Computer visualization of printed hair; (b) close view of actual printed hair; (c) SEM photo of the (b).

spiral layer by layer. Figure 3 - 8 shows a spring shape hair.

Hair Array on Flat Surfaces

The ability to individually control hair geometry can be applied to

thousands across a flat surface. In order to quickly do that, we use

a color mapping method that allows one to make a RGB bitmap in

Photoshop, then turn it into a hair array. The values of the R, G and

B of each pixel are correspondent to one parameter of hair geom-

etry. The algorithm checks the bitmap every few pixels to create a

new hair based on the pixel's color. One can therefore easily vary

the density of the hair by changing how frequently the bitmap is

checked.

Based on our experience, height and angle are the most common

parameters that need to be varied frequently. We therefore map

Figure 3 - 7 A graphical user interface to the R-value to the angle of X-axis, G-value to the angle of Y-axis and

quickly change the parameters of the hair B-value to the height of the hair. Figure 3 - 8 shows the bitmaps, hair
structure.

rendering and printed models. We use this method to create the

conveyor panels in the later section. In the future, we plan to devel-

op a more general approach to encode hair geometry information
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Figure 3 - 8 (a) Printed spring shape hair; (b) SEM photo of (a).

into one bitmap image, where other parameters such as profile and

thickness can be included as well.

Hair Array on Curved Surfaces

In order to apply the presented techniques to a variety of models, it

is desirable to print hair on an arbitrary curved surface. To do that,

we developed a hybrid method; where user only create the curved

surface in a CAD software, then generate bitmaps that contains pix-

els of hair array.

To do that, we first import the STL file and position it in the correct

printing position. Then we find the centroid location of each triangle

on the mesh and shoot a ray along the direction of the triangle's

normal. A plane moves along the Z-axis to intersect with the mesh

to create bitmaps of the CAD model, and intersect with the rays to

draw pixels for the hair. In this way, we created bitmaps that contain

both CAD model and hair array information. This method allows us

to apply the control of hair geometry while slicing as well. However,

the generated hair array is highly dependent on the distribution and

amount of the triangles. For the examples in this paper, we try to

use meshes that have dense and evenly distributed triangles. One

47



-I

Figure 3 - 8 (a)(c) The color bitmap for generating hair printing; (b)(d) actuaL printed hair generated by (a)(c).

can use publicly available online tools (e.g. Meshlab) to create more

uniform models. We should also notice that the 3D printer allows

only 60 degree of overhang, so rays that are beyond that range are

ignored. There might be also parts of the hair that penetrate the

nearby surface if the surface is curved inwards. We can eliminate

that by reducing the hair length correspondently.

There are three advantages when directly generating bitmaps of

hair structures: 1. By manipulating single pixel, we can control sin-

gle hair's geometry such as height, thickness, and angle, with the

precision of 50 um. 2. Without a CAD model of the hair and slicing

process, it becomes possible to print a high-density hair array. In

our test, we successfully printed 20000 strands of hair on a 30 by 60

mm flat surface. 3. Hair array can "grow" on any arbitrary CAD model

while the model is being sliced. Other print result can be found in

figure 3-11 and 3-12

For the compressing and tensile strength test of printed hair struc-

ture, please see appendix A.

Printing with Laser Beam Based SLA

We also experimented the layer-by-layer method on a laser beam

based SLA printer (Forml+. Available on formlabs.com.) In the ex-
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Figure 3 -9 (a) Printed hair structure with laser beam based SLA. (b) SEM photo of (a). (c) Oval

shape of the laser beam.

hair diameter
(2 m)

200 t
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periment, we directly manipulate the exposure time and the moving

path of the laser beam to create an array of laser "dots"for polymer-

izing the liquid resin. We move the laser beam to the spot where we

would like to have hair structure, and turn on the laser for 2 millisec-

onds, then move to the next spot and turn on for another 2 millisec-

ond. Based on our experiment, 2 milliseconds is the minimum expo-

sure time one needs to fully polymerize the resin. It produces a dot

with a 100-micron diameter. To increase the size, one can increase

the exposure time (figure 3 - 9, 3 - 10). However, we discovered that

as one increases the exposure time, the polymerized dot formed

into a long oval instead of circle shape. This is due the shape distor-

40 tion of laser beam. Although the Form1+ has a larger build platform

and potentially can be useful for more applications, we decided to

use the Ember printer as it produces more uniform result.

0
0

0

I , 
exposure time

2.33 3.0 3.67 4.33 5.0 (Ms)

Figure 3 - 10 Laser exposure time determines

diameter of the printed hair on Forml+.

Generative Vector Slicing

Another approach to solve the representation problem is through

Generative Vector Slicing (GVS). Let's recap the current design pro-

cess for 3D printing:

1. A user creates a 3D model of the desired print using CAD soft-

ware.

2. At each layer of the 3D print, a program will determine the shape

of that layer (i.e. the cross-sectional area at that height) by find-
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Figure 3 - 11 Successful printed hair arrays on curved surfaces.
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Figure 3 - 12 Successful printed ultra-high aspect ratio hair arrays.
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Figure 3 - 13 Hair generating while slicing vectors on a mesh.The gray plane is the slicing plane.The light blue lines

represent vector directions.The red points represent the position of the voxels

ing the intersections of the faces of the STL with a plane repre-

senting that layer, a process known as slicing.

3. The part is printed using the information pertaining to the con-

stituent layers of the print.

This process requires that a new STL be generated every time a

change is needed in the design, no matter how small. For example,

if a designer created a hair-covered surface with each hair 100 mi-

crons wide, and wanted to increase the width to 150 microns, they

would need to create an entirely new STL file to reflect that change.

The VHM requires no STL file during the generation of the hair struc-

ture. However, it becomes counterintuitive for the design process,

as designers can only control voxels through mathematical func-

tions, rather than shape. To overcome that, an alternative approach,

Generative Vector Slicing, is proposed.

The principle behind Generative Vector Slicing (GVS) is to use vectors

to represent the building blocks of a structure rather than using an

STL as a blueprint to generate the entire structure. The process is

as follows:

1. A hair, instead of being represented as a tall, cone-shaped STL

object, is now simply a vector pointing in the desired direction.

2. The designer specifies properties such as thickness and height.

3. During the slicing process, the program uses the intersections
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Figure 3 - 14 Using commercially available
CAD, Rhinoceros specifically, and its scripting
environment Grasshopper to generate vectors
for slicing.
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with the vector to determine where the cross-section should

be located, then uses the user defined properties to create the

cross-section graphic.

4. The part can now be printed given the information concerning

each layer. (Figure 3-13)

There are three major benefits of the GVS approach:

Parameterized Design: GVS allows the design to be parameter-

ized so that the designer can easily tune specific properties of

the print. Such properties include width of a hair as discussed

above, the shape of the cross-section, the orientation of the

cross-section graphic, and so on. As opposed to having to rede-

sign the STL model to accommodate these changes, a program

using GVS paired with a graphical user interface can easily visu-

alize these changes in an instant.

• Simplified Geometry: fewer geometric calculations need to be

done when using GVS, since every hair is represented by a single

vector and so a program using GVS would only have to intersect

one vector with a plane per hair. With an STL a slicing program

must intersect the slicing plane with at least 3 triangle faces that

compose the hair.

• Defined Geometry: With features defined as vectors with known

endpoints, a designer can specify behaviours that require

knowledge of where the cross-section will move next, such as

continuously fading it (voxe blending) in to where it will be and

fading out areas that are being moved away from instead of just

discontinuously translating the pixels - effectively achieving 3 di-

mensional aliasing. (Figure 3-14)

one benefit of using GVS is that we can have direct control of the

voxels, while keep the design process high level. The mechanical

properties of the printed structure can be improved by optimizing
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Figure 3 - 15 IlLustration of the difference between ideal and actual
light beam for photopolymerization during the DLP printing process.

the voxel information. This is done by applying a voxel blending pro-

cess.

Voxel Blending

During the DLP printing process, the photo resin only start the po-

lymerization reaction when sufficient energy is provided at the pro-

jection area. The amount of energy, which refers as a minimal ex-

posure threshold varies based on the types of monomer and the

amount of photo initiator used in the photo resin. When the mini-

mal exposure threshold is achieved, the liquid resin at the projection

area will solidify and form the voxel. At this stage, the voxel is smaller

than the projection area. It is also lack of mechanical strength. The

polymerization process will keep on going if energy is still present,

untill we reach the ideal exposure threshold. At this stage, the voxel

is the same size as the projection area. The polymerization still goes

on if energy is still present. The voxel will grow bigger than the pro-
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Figure 3 - 16 Illustration of the voxel blending process. the light inten-

sity at a given position is a sum of the pixel at that position and the

surrounding pixels.

Jection area, and cause over exposure.

If we consider the light energy at a pixel is E, E will be a function of K

(the light intensity), which is determined by the power of the projec-

tor and the level of digital grayscale, and t (the exposure time). We

can then control the voxel size that is smaller than the native reso-

lution of the projector, by carelly tuning the exposure time and the

grayscale. This process can be illustrated as figure 3 - 15.

Ideally, the light beam from the projector should just cover the full

area of the pixel. Also, the light intensity should be uniform inside

the pixel. In practice, however, the light beam from the DMD is not

perfectly square. It will spread to its neighboring pixels due to the

light distortion through the lens. That makes it possible to blend

adjacent voxels to achieve a higher printing resolution for smooth

surface finishing. (Figure 3 - 16)
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Figure 3 - 17 Illustration of the difference be-

tween normal printing and printing with voxel

blending. (a) taper process. (b) angle process.
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In practice, since the digital grayscale has already 256 steps, the the

projection time t is fixed. The voxel blending is solely achieved by

varying the grayscale of a projection area. Two experiments were

conducted:

• Taper improvement: When printing a tapered CilIlia, the amount

of voxels reduces as we print from the bottom to the top of the

hair. If the hair has 3 by 3 voxels at the bottom and 1 at the top,

that gives us only 8 steps of transition. By adding voxel blending,

we can virtually achieve 8 * 256 steps. (Figure 3 - 17(a))

- Angle improvement: When printing an angled Cilllia, the whole

voxel group at a certain slice shifts along the x/y coordination.

This makes it impossible to print an angled CilIlia at the smallest

resolution of the projector, since the single voxel of the previ-

ous layer cannot be connected to the next one. By adding voxel

blending, we can have 256 steps in between. (Figure 3 - 17(b))

Figure 3 - 18 shows the significant improvement of the printing res-

olution of a single hair.

Manufacturing

Challenges

Stereolithography apparatus (SLA) especially DLP-based 3D printing

have gained much attention for rapid prototyping and manufactur-

ing in the last few years. In comparison to the fused deposition mod-

elling (FDM), where the printing speed is limited by principal physical

parameters, like the mechanical inertia, the speed of DLP-based 3D

printing is much higher, and mainly limited by the curing speed of

the used liquid resin. Currently, most 3D printers are lacking any

consideration of batch printing capabilities and have a fixed station-
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Figure 3 - 18 SEM images of (a) angled single hair without voxel

blending. (b) same hair geometry with voxel blending.
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ary building area. Thus, a previous printed model needs to be re-

moved before the next one can be printed during batch printing.

Furthermore, the fixed building area also limits the maximum pos-

sible build size.

In addition, printing hair-like structures comes with many challenges.

At the start of the development of RAPID the "Autodesk's Ember" 3D

DLP printer was the only commercial printer available that suits the

requirements for printing hair-like structures. The Autodesk Ember

3D printer does come with a very high resolution of 50 pm per pix-

el and a careful peeling mechanism, that avoids peeling defects in

the final printed 3D model (Autodesk Ember, 2015). However, one of

the biggest problems of the Autodesk Ember 3D printer and also a

general challenge of resin-based 3D printing is the currently limit-

ed speed of printing. There are several solutions, that are trying to

improve the printing speed, but they do not fit the needs of print-

ing thin hair-like structures. One very simple improvement, that has

been developed with the Autodesk Ember community is to get rid

of the peeling mechanism and directly pull the print from the trans-

parent window. Getting rid of the peeling mechanism dramatically

increases the printing speed (up to 18 times), but also goes along

with geometric model limitations and a reduction in print quality.

Since the hair structure we want to print were very thin they did not

withstand the high suction force during the fast peeling mechanism

and therefore often broke apart. (Hobish, 2015)

Another disadvantage of the Autodesk Ember 3D printer is the very

low build volume with a maximum size of an object that can be

printed of 64x40x134mm. In comparison to that one of the most

common currently used printers called 'Formlabs Form 2' has a 1Ox

larger build volume of 145*145*175mm. Important to mention is

that the resolution of the Formlabs Form 2 3D printer is only 140pm,
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thus 3x times lower (Formlabs, 2018). A further disadvantage, in addi-

tion to the small build volume, is the fact that almost all printers work

with fixed build plates, that need to be exchanged and require man-

ual time-consuming pre- and post-processing procedures. Thus, the

three major challenges of current 3D printers are time, scale and

automation.

The high resin viscosity can be also a hurdle during optimizing the

speed of 3D resin-based printing while trying to keep the accuracy

of the print. The principal resin polymerization procedure during 3D

printing can be divided in the following steps:

1. Move the printed object to the new position keeping a gap to the

projection area to prepare the next layer.

2. Cure the new layer for a predefined amount of time by project-

ing the image of the current slice.

3. Move the printed object away from the projection area (depen-

dent on the printing technique a peeling mechanism could be

applied here).

4. Wait for the resin to reflow to all position of the projection area

(a recoating tool could be used to speed up the process here).

The time required in the fourth step dramatically increases with

higher resin viscosity. The time the fourth step takes is also called

"recoating or reflowing time". This time will even be increased as

soon as the layer density is higher. Higher layer density requires

a larger area to be re-coated by the liquid resin. (Tumbleston, 2015)

Simple procedures could be applied to reduce the recoating time.

A wiper can move over the resin zero level to bring back the resin

to all areas. (OrbiLab, 2018) The Formlabs Form 2 uses a very similar

concept to circulate resin and remove clusters of semi-cured resin.

However, using a wiper could also have some negative effects. It may

change the general resin zero level, produce bubbles or even dam-
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Figure 3 - 19 Commercially available photopolymerization-based 3D printers. (a) Formabs. (b) envisionTec. (c) Carbon3D.

(d) FormCell from Formlabs. Source: www.formlabs.com, www.envisiontec.com, www.carbon3d.com

age the print.

An increased resin viscosity due to a slow "re-coating time" of the

resin not only affects the recoating of the build area, but also in-

creases the friction to all movements that are done in the resin. The

increased resin viscosity affects the general resistance, when trying

to pump the resin or move the build plate. This might also have a

detrimental effect on the suction force, which will be discussed be-

low.

To improve the time, scale and automation problems of printing Cill-

lia, a printer capable of continuous fabrication is much in demand.

Currently, there are several companies that are trying to offer work

around solutions for the legacy developed 3D printers. These solu-

tions are often based on robotic arms that are supporting the elabo-

rated steps of removing the build plate, of cleaning the printed mod-

el from excessive resin and of finishing the model by putting it into

a post-curing chamber to harden it. (FormCell, 2018) (Carbon3D, 2018)

The abovementioned work around solutions for automating the

print process do not fulfil the criteria for a cost efficient, high speed

and a real roll to roll production process. They require expensive

additional automatization, have setup times and are stationary with
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limited build size. RAPID is trying to address several of these current

limitations of 3D printing and is realizing a higher speed, increased

print length, scalability, industrial automation and roll to roll manner

printing. (Figure 3-19)

RAPID

The development of RAPID was a close collaboration with the visiting

student Fabian Neumann, who supported on the CAD design and

the firmware develpment of the machine. The first idea of a new

3D printing system was to get rid of the dimensional limitation and

to rethink how a 3D model can be built in unlmited length. Instead

of using a fixed and limited vertically up lifting build plate, the plan

was to work with a flexible not only upwards, but also sideways mov-

ing build area. The concept was based on a belt that was supposed

to pull the solidified object out of a resin tank. The projection area

should be projected from the bottom through a transparent win-

dow. Basically, the object should be built sideways with a 45 build

area in respective to the object ground level and to the vector of the

moving direction. This would require special slicing, but also would

give the opportunity to print theoretically unlimited in one dimen-

sion.

Based on this concept, a new printer, named RAPID (Roll-Assisted 3D

Printing Integrated Design), was constructed that addresses sever-

al of these current limitations of DLP-based 3D printing. RAPID has

extended continuous printing features that enable printing of larger

longitudinal structures. The two main key aspects of RAPID are

1. the replacement of the classic stationery build platform with a

roll of fabric and

2. the print of a model with an unparalleled projection area.

With printing on a roll of fabric post processing steps like cleaning
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and post-curing could be directly attached to the end of the printer.

This would provide a fully automatic way that includes all necessary

steps of an industrial printing process. In result of the novel design

RAPID enables almost non-stop additive manufacturing and allows

printing of extended longitudinal structures, only limited in length

by the roll of fabric, at a relative high resolution in a low two-digit

micrometer scale.

Architecture

The RAPID system established used a 405 nm wavelength DLP pro-

jector that polymerized liquid resins on a roll of nylon fabric. Two

driving motors and a series of rollers pulled and assisted the move-

ment of the roll of fabric. As the nylon fabric passed through the

liquid resin, the DLP projector projected a sequence of images to

polymerize the resin. The machine utilizes an already existing DLP

projector. A roll of nylon fabric was installed into the machine. The

projector as well as the roll can be directly controlled via a web-

site-based interface. The tested printed objects were up to 2 me-

ter long with a resolution up to 50 micrometer lattice structure to

demonstrate the advantages of the printer, particularly the speed

and the exceptional length capability. (Figure 3-20)

Substrate

A nylon roll of fabric was used. (Figure 3-22) Two motors were im-

plemented for stepwise movement of the fabric. They were placed

at the two ends of the machine and were giving a certain level of

tension to the fabric. The movement of the fabric was transmitted

from the motors via a rubber roller. The nylon roll fabric showed the

following setup:

- fabric goes through a tension roller and a rubber roller of the

first motor

fabric moves along several aligning (assisting) rubber rollers
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Figure 3 - 20 Main architecture of the RAPID
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Figure 3 - 21 Schematic drawing of the projection area (light blue).The fabric is labelled in dark

blue.
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fabric dips into the lquid resin vat and is guided by 6 roler pairs

fabric goes through the rubber roller of the second motor and a

pair of tension rollers

fabric optionally could then go through the cleaning, drying and

post-curing modules

Both motors were synchronizing their movement during the print

ing procedure. To print one layer the projector displayed the corre-

sponding bitmaps for a time length of t1. After that, the projector

displayed a black image for a time length of t2, during which both the

first motor pushed the fabric forward to a certain number of steps

n+m, while the second motor pushed the fabric forward for the

same number of steps n+m. Directly after that, both motors moved

the fabric in the opposite direction for step numbers m. The step

n determines the thickness of the build layer, while the step m can

be varied dependent on the viscosity of the resin used for printing.

(Figure 3-21)

The fabric was first guided by a tensioning roller and then was fed

into the system by the first motor driven roller. This roller was coat-

Figure 3- 22 Nylon roll of fabric. (a) shows aplain weave mesh structure. (b) shows aphysical example fabric roll(d)
shows an SEM image of test sample of fabric testing the ad-herence of cured resin to the fabric.
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ed with rubber to provide more friction and was dripping into the

pre-curing tank. Dipping the fabric into the pre-curing tank moist-

ened the fabric with resin. Driving the feeding was required not only

to build up tension between the two motors, but also to have the

opportunity to us a pullback recoating mechanism. To easily adjust

and also to have the possibility to dismount the feeding, a frame

module with three adjustable leveling screws was used. This frame

module was holding the fabric roll, the feeding tensing roller and the

motor driven feeding rubber roller.

During printing the fabric moved in between the two assisting-roller.

The first assisting roller function was to lift up the fabric out of the

pre-curing resin tank. Additionally, to this function, the first assisting

roller was also pressing to the feeding rubber roller squeezing ex-

cessive resin out of the fabric. Its distance to the feeding roller was

adjust-ed by two leveling screws. The next optional assisting roller

was used to decrease and flatten the fabric to resin level. This al-

lowed to have a larger pre-curing line without getting out of focus

in terms of the projection area. Accordingly, the edge of the PDMS

plate was adjusted to the same level as the resin. The assisting roller

height was con-trolled with two leveling screws.

As described above, the fabric moved into a liquid reservoir of resin

to enable a contin-uous manufacturing process. The DLP projector

was adjusted at the intersection area, with a distance of 100 to 400

micrometers (dependent on the required adherence) to the interac-

tion area. The fabric intersection area is the region, where the first

adhering layer of manufactured object will be formed. The resin that

was added to the fabric in the pre-curing tank was cured at this in-

tersection area and created a well

adhering base for the next layers. For each layer, the fabric rolled
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form ing -curingtn

Figure 3 - 23 Schematic drawing of the pre-curing Line and projection area. The pre-curing Line forms a thin layer of
cured resin across the Nylon mesh that forms stronger bonding between the printed structures and the Nylon mesh.

Figure 3 - 24 Schematic drawing of the tank. Illustration of the resin leveling device. Excessive resin from the main resin
tank flows back into the resin reservoir.The resin level can be adjusted by changing the height of the resin reservoir.
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into the resin and the projection formed the respective solid struc-

tures. The angle the fabric was dipping into the liquid resin level was

6 and was used for the slicing principle of the corresponding bit-

maps, so that the model can be correctly printed. The width of a

printwas limited bythewidth of the projection area,whilethe length

of the print was only limited by the length of the fabric. The height of

a print was limited by the height of the projection area and the angle

6, which can be calculated as

h= hp2 x sine

where hP is the height of the print, and h is the height of the pro-

jection.

VAT

A unique resin vatwith a U-shaped structure was designed to enable

the continuous printing procedure. The fabric was fed into the vat

from one end and moved out together with manufactured struc-

tures from the other end. The intersection area for printing on the

fabric laid directly on the surface of the resin liquid. The vat also con-

tained several rollers to smoothen the movement of the fabric. The

number of rollers connected to the fabric can be adapted accord-

ingly the type of the fabric, in the current setup the actual number of

roller pairs was six. (Figure 3-23)

The level of the liquid resin should be constantly equal, since any

change in the resin liquid level would negatively interfere with the

projection-based printing. Particularly, level changes coming from

moving out the printed structures from the resin vat should be avoid-

ed. Therefore, a resin leveling system was designed that is based on

a second small U-shaped reservoir that was inserted in the resin

vat. Two edges of the reservoir were lower, so that they were on the

same level as the liquid resin of the vat. A peristaltic pump constantly

shuffled the liquid resin from the reservoir into the vat until the resin
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Vacuum Liquid Push-Pull String

Chamber Chamber assisted
Figure 3- 25 Schematic drawing of special printing variants. From left to right: push and pull,vacuum chamber, Liquid

chamber and string-assisting.

reached the working level and flowed back into the reservoir again.

This levering system enabled a stable and constant level of resin in

the vat. (Figure 3-24)

To avoid that the fabric will be falsely cured to the bottom of the

tank, the overall friction was reduced by printing on a flat surface

with a PDMS plate inserted underneath the fabric. Finally, we added

a pre-curing mechanism to reliably print structures that were stably

connected to the fabric. Before entering the projection intersection

area, the fabric moved through an additional small liquid resin vat.

Thus, the fabric already was soaked there with liquid resin. A soft-

ware program generated a white color line on every bitmap to fuse

the cured resin with the fabric, before the actual first layer of the

manufacturing process was printed. This improved the adhesion be-

tween the fabric and the printed structures. The fabric was flattened

before the intersection point dependent on the size of the pre-cur-

ing line. This was achieved with the second assisting roller and by

adjusting the edge of the plain PDMS plate to the resin level. The

tank module consisting of the assisting roller, the pre-curing tank

and the storage tank itself was adjusted with three leveling screws.
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Figure 3 - 26 TimeLapse images of th

by process of RAPID
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Recoating

The pulling mechanism was controlled by a second motor that con-

W stantly pulled the print down and thus controlled the layer thick-

ness. The second motor was placed with a rubber roller behind the

U-shape tank to pull and eject the fabric. Since the touching surface

between the fabric and the rubber roller was very small, a pair of

assisting roll-ers was added on the top of the fabric. The assisting

rollers helped to keep the friction and to avoid slipping of the fab-

ric. Important to note is that the two large connected rollers are re-

quired to avoid that the print will not hit the rod or the rollers, but

still making sure that the fabric lashes are pressed to the roller. An

exit channel and a plate were connected to the tank and underneath

the rubber roller to support dripping and flowing back of excessive

resin to the tank. The pulling module frame was adjusted by 3 level-

ing screws. (Figure 3-25)

Since the RAPID was designed to be modular, several additional

modules can be connected to the end of the current version of the

RAPID printer. Optionally, another RAPID printer can be connected

to realize multi-material printing. If necessary, the fabric can then

be guided back to the first RAPID printer to have multilayer andII multi-material

printing and this circle could be repeated multiple times. After this
~assem-

procedure a cleaning module that is making use of the fabric sup-

port structure could be added. In the end of the whole printing pro-

cess a post-curing module could be added.

Parts and assembly

The mechanical parts of RAPID are made with customized 80/20

beams, waterjet plates and 3D printed tanks. Screws, joints and

other fasteners are purchased from mcMaster.com. The electron-



ic parts are all purchased from Amazon.com and digikeys.com. The

machine is manually assembled overnight. (Figure 3-26, 3-27, 3-28

and 3-29)

Result

Several printing tests were performed after the construction of the

3D printer was com-pleted. Before the first test, the nylon fabric was

mounted and guided through the rolling system, and all leveling

screws were accurately leveled with a precise mechanic level tool. In

addition, all rods and rollers were centered with the help of a special

de-signed acrylic plate. Both, printing tank and pre-curing tank were

filled with resin and the resin level was aligned by the edge of the

plate. The projector was focused on a transient helping plate laying

on the tank. Afterwards the projector height was adjusted by de-

creasing the distance between the transient helping plate level and

the resin level. A print could be executed.

To test the full printer capability two model objects were specially

designed for compar-ing the different print parameters. The first ob-

ject was a low dense mesh structure to test a high printing speed.

The second object consisted of different dense skeleton cubes and

crosses to test the minimum as well as maximum print density.

A print can be performed with different algorithms. The very basic

variant is to continuously pull the fabric and show a sequence of

images. This variant can be very fast but also shows disadvantages

in terms of print quality caused by bad resin reflow. To improve print

quality special printing variants were tried.

Several 'push and pull'tests were performed and the effects on the

print outcomes were evaluated. One easy'push and pull'variant was

to improve the normal pull mech-anism by extension with two ad-
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ditional steps. After pushing down the print by the layer height, an

additional downwards movement to improve the recoating of the

resin was added. In order to continue printing the printed object

was pulled up again to the new position of the next layer. Several

different push and pull speeds as well as different delays in between

both steps were tested. Interestingly, the time and the distance the

print was pulled down were important for the print quality. The print

needed to be pulled down a certain distance to speed up the resin

reflow. But, too strong pull down resulted in excessive resin on top

of the print and also on the fabric. This unwanted excessive resin

had a detrimental effect on the print quality and also on the adhe-

sion to the fabric since the pre-curing light exposure failed to pene-

trate a thick resin layer. (Figure 3-30, 3-31)

An optimized'push and pull'algorithm resulted in a better outcome.

The following parameters showed the best outcome in the push and

pull test: Movement speed of 40 steps/second; layer height of 1 step

(layer height: 22.04 pm, fabric movement: 31.17 pm); sequence: pull

down by 32 steps, wait for 50 milliseconds, pull up by 31 steps, wait

for another 100 ms, expose for 200ms.

With RAPID, we have even more freedom to customize hair-lie struc-

tures. Figure 3-32 to 3-35 shows Cilllia structure with different taper

diameter was printed successfully. Figure 3- 36 shows the RAPID

is able to continously print an over one meter long Cilllia structure

within two and half hours. Figure 3 - 37 shows a comparison of RAP-

ID with other prior method. Although the structure scale is still re-

lated larger than other methods, RAPID avoided mold, which would

dramatically shorten the cycle of design.
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Figure 3 - 28 Computer rendering of RAPID after assembly

Figure 3 - 29 RAPID after assembly
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Figure 3 - 30 A test

print without push

and pull

Figure 3 - 31 A test

print with push and

pull.Improvement in

push and pull (right)

resulted in much

higher print quality.
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Figure 3 - 32 Test print of Cillia. Taper: 50pm. Figure 3 - 33 Test print of Cilllia. Taper: 100pm.

Fiqure 3 - 34 Test print of Cilllia.Taper: 150pm. Figure 3 - 35 Test print of Cillia. Taper: 200pm.
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Figure 3 - 36 Roll printing of Cillia. Length: 1400 mm; Print time: 140 min (a) a close view of

(b). (b) physical result of the roll printing.
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Micro hair fabrication methods comparison
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Figure 3 - 38 Printed figures with controllable hair stiffness on the surface of the models.

Figure 3 - 39 Printed brushes with different density and style.

4
Figure 3 -40 Printed texture panels with different stiffness and height.
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Material Functionalities

Figure 3 -41 Large amount of contact surface

on the hair creates high friction.

The ability to fabricate customized hair-like structures not only ex-

pands the library of31D-printable shapes, but also enables us tode-

sign functionalities. In this chapter, I will introduce mechanical adhe-

sion, passive actuators and swipe sensors enabled by the printed

Cilllia.

Customized Surface texture

To show the capability of our printing method, we create three types

of possible application for designers.

Objects with fine surface texture: As we can generate hair on

curved surfaces, we can now 3D print animal figures with such

features. We can also vary the thickness of the hair to control its

st ness. Figure 3 - 38 shows a hedgehog that has thicker hair

by 6 pixels on the base), and a bunny that has a thinner patch

(3 by 3 pixels on the base). In our examples, both figures' hair

I length is 10mm. The angle limitation is 30 degrees.

Customized Brushes: We can also directly 3D print brushes with

customized texture. Figure 3 - 39 show four brushes with differ-

ftw" .2II
Figure 3 -42 Printed flat surface with Cillia with mechanical adhesion property.
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Figure 3 -43 Adhesion strength test of Cillia. (a) Testing setup illustration. (b) Testing parameters. (c) Testing results.
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Figure 3 -44 Shearing strength test of CilLia. (a) Testing setup illustration. (b) Testing parameters. (c) Testing results.
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ent density. With the color mapping method, one could create

more complex shape of a brush for artistic expression. In our

example, all brushes are 30 mm in diameter. The length and

density vary based on the input bitmap.

Mechanical adhesion

One interesting phenomenon we found during our exploration is

that two panels with dense hair can tightly stick to each other when

their hair is pressed together (figure 3 - 41). This is because of the

large amount of contact surface on the hair that creates friction. To

demonstrate that, we printed several hair panels (40mm by 40mm)

and glued them into boxes. Those boxes can be easily attached to

each other. In order to keep the hairs on two panels fully in touch

with each other, the gaps between the hairs must have the same

size as the diameter of the hair base. In our example, the hair base

and the gap are both 4 pixels (200 micron). Figure 3 -41 shows the

details of the print.

We tested the strength of the adhesion in relation to the tilting angle

of the printed hair. In our experiment, a pair of hair panels (30mm by

30mm) were glued on a solid plate (40mm by 40 mm by 5 mm). We

push the hair surface against each other, and measured the force

that was needed to pull them apart. Our test shows that as the tilting

angle of the hair increases, the adhesion force raises as well (figure

3-43).

The angled hair also exhibits very distinct anisotropic shear strength.

In our experiment, a pair of hair panels (30mm by 30mm) were glued

on a solid plate (40mm by 40 mm by 5 mm). We push the hair surface

against each other, and measured the shear force that was needed

to completely separate them. The result shows when pulling against

the direction of the hair, Cilllia is almost as strong as the commercial-
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Figure 3 -45 One cycle of the stick-slip mechanism.

ly available Velcro. When pulling along the direction of the hair, it is

almost effortless to detach them. (Figure 3 - 44)

Passive Actuation

There are numerous examples of natural systems that take ad-

vantage of natural vibrations and employ anisotropic mechanical

structure as a means of generating differential friction used for lo-

comotion or particle transport. Many insects, for example, use rigid

hair-like setae on their legs as a mechanism for removing debris and

particles (Filippove, 2013). Similarly, the ciliary arrays lining the inside

of our lungs produce surface standing waves that propel a mucus

layer of contaminants over the surface (Gueron, 1999). Inspired by

those phenomena, we aim to 3D print a surface that can move pas-

sive object in contact with it.

Actuated surfaces in HCI have been widely studied (Pangaro, 2002)

(Follmer 2013). Researchers have looked into how to design a uni-

versal system that can translate an object in any direction in real

time. To do so usually requires multiple actuators, and manual add-

ing of extra components such as magnets on the actuated tangible

object. Recent research on actuated tangible interfaces, especially

soft shape-change interfaces (Ou, 2014) (Yao, 2013) has shown that by

carefully designing material structures, one can achieve compelling
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shape-change with one single actuator. The applications of this ap-

proach are usually designed for a situated context. Inspired bythese

previous works, Cilllia encodes the motion on the surface into the

structural design of the hair array.

Actuation Principle

Adirectional hair array on a surface creates anisotropic friction. When

subjected to a vibration force, this property allows us to move the

object in the hair's direction. One example of this actuation mech-

anism is the bristle-bot. A bristle-bot, which is composed of a rigid

body with an array of compliant legs, moves by exciting a vibration

with an onboard oscillating mass. The vibration causes the legs to

stick and slip on the horizontal surface, propelling the robot forward.

This simple technique is effective and has been shown to propel ro-

bots at many times their own body-length per second (DeSinmone,

2012). Cillia effectively inverts this bristle mechanism and leverages

it to move objects on a surface without the need for precise control

of an array of actuators (figure 3 - 45). As we can fabricate hair with

customized geometry and angles on both flat and curved surfaces,

we demonstrate how to control the motion direction and velocity by

manipulating the design of the hair.

Actuation Primitives

We studied basic translating paths enabled by Cilllia. Based on the

surfaces where Cilllia is arranged, we divide the moving paths into: 1.

Hair on flat surface; and 2. Hair on curved surface.

Hair on flat surface

We printed a series of 40 by 40 by 15 mm blocks. Each block contains

a hair array with predefined orientation on the surface. We placed

the blocks on an exciter, which vibrates the block vertically at 180Hz.

By controlling the orientation of the hair array on the flat surface, we
85



A
 

N
.

I~
~

'i
1
X

 
~

'4
4

...'

a
a

a
a

a
a

a
a

a
a

i
i
i
 
£
 
&
 
£
 a a 

a a

&
4
1
1
1
1
1
1
4
4
4

1
4
1
4
 
1
4
4
1
4
1

a 
a 

a 
a 

a 
a 

a 
a

I
i
I
'1

'1
4
4
1

'1
4
'4

1
1
,
''

1
4
1
4
1
1
1
 

a
a

a
(ad 

a
a
a
 
a
j 

ii 
a

a 
a 

a 
a 

a 
a 

a 
a 

a 
a

a 
a 

a 
a 

a 
a 

a 
a 

a 
a

a 
a

a
a

 
a
a
a
 

a 
aa

a 
a 

a 
a 

&a 
a 

a 
a 

a
a
a
~

a
a
a
a
a
a
a

\

1~~ri~
f~

a
 

9/i~
I 

~

~ 
~

b
~

d
~

I
iW\&~ 

4 
I
 U

1'

L
L

Ik

1.Iiii
i

-u

-504-JLO

00

EE

EEC
)a)E (U

EE

EC
L

C:04U4Uru0O
L

an0ua)-c.2-C0n

r.ia)

M
fg3 

f



Height: 3 mm
Diameter: 0.3 mm
Taper: 0.1mm
Frequency: 180 Hz

Height: 3 mm
Diameter: 0.3 mm
Taper: 0.1mm
Frequency: 180 Hz

Figure 3 - 46 Large area of directional CillLia that actuates aluminum block along the line of the design.
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can fabricate 2D surfaces that move passive objects in: 1. Straight

line; 2. Curve line; and 3. Centered rotation. Figure 3 - 45 show how

the direction of the hair array changes the trajectory of the object.

We also implemented a larger actuation surface by tiling small print-

ed panel together. (Figure 3 - 46) The surface is designed to slide the

objects on top to the middle and then move them to the right side.

To fabricate this, we generate a bitmap in Photoshop that contains

the hair geometry information of the whole panel. Then we divided

the image into 16 parts. Each part of the images was used to gener-

ate one tile for the large panel. We glued the 16 printed parts on an

aluminum plate after printing.

Hair on curved surface.

Similar to the previous example, directional hair on curved surfaces

can move object along its vector. In order to fully explore this capa-

Linear Rotary Combined

0000
0000

ab C

Figure 3 -47 Actuation primitives. (a) Rotatory motion; (b) sLiding motion; (c) A combination of rotation and sliding.
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object's weight & size

hair'sgeometry & material

vibration frequency & amplitude

Figure 3 -48 Influece factors of the moving
velocity of Cilllia.

89

bility, we designed a block (25 by 25 by 40 mm) with a round hole in

the center (Diameter 20mm). The goal was to print the hair array on

the inner wall of this block. We cut the block along the long side into

four identical pieces. We then placed them in the correct direction

and generated identical hair arrays with directionality. After print-

ing, we manually glued them back into the original shape. We then

attached a vibrator on one side of the block. By doing this, we were

able to direct the vibration force into different kinds of motion: 1.

Rotary; 2. Slide; and 3. A combination of the previous two. The block

can actuate a cylinder shaped material when the vibration is applied

(Figure 3 - 47).

Velocity Dependency

The velocity of the moving object on Cillia depends on the geometry

of the hair, the stiffness of the material, and the weight of the passive

moving object, as well as the vibration frequency and amplitude. Our

preliminary test shows that velocities increase as the vibration am-

plitude rises. However, the relation between the vibration frequency

and the velocity of the passive moving object is not linear. Therefore,

instead of testing the velocity change across the vibration frequency,

we measured the frequency range in which the passive object can

be actuated. This is interesting for us, because our hypothesis is that

when two objects with different weights are placed on the hair sur-

face, we can selectively actuate one of them at a certain frequency.

We tested five objects with different weight. Their moving velocity

was all measured on five hair panels. Each panel's hair has different

tilting angle to the X-axis. The result proves our hypothesis (figure

3- 49).

Applications

We designed three applications to show how Cilllia surface actuation

mechanism can be use in the context of HCI.
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Figure 3 -49 The relationship among the hair tilting degree,the weight of the passive objects

and the frequency of the vibration source.

Figure 3 - 50 Selective actuation based on weight of the objects. The aluminum blocks are moved away at a higher

frequency, while the wooden one remains on the platform.
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Ambient Actuated Tangibles. Recent research in HCI looks into phys-

ically moving a phone on the table to remind user of incoming phone

call or text messages (Follmer 2013). They require either a special

table or external actuators to be attached on the phone. As our ac-

tuation primitives for Cilllia showed the capability of transforming

physical vibration into other types of motion, we investigated the

design of passive objects that can be actuated by the vibration of the

phone for user notification.

We designed and printed a figure of a windmill, which continuously

rotates when subjected to vibration (figure 51). The rotation mecha-

nism is same as the one shown in the last section. The stand of the

windmill is hollow so it can effectively conduct the vibration of the

phone. The wind turbine is symmetrically fabricated to balance the

momentum when it is rotating. Figure 51 shows the user scenario.

Another possible use case could be a tangible outdoor wind speed

indication. Our phone has already apps that tell us the wind speed.

By modulating the vibration frequency, we can change the rotation

velocity of the windmill to ambient display the outside wind speed.

Printed dancing figures. Inspired by the works of Cymatics, we also

use the surface of a speaker as a platform for actuating objects. We

aim to design and 3D print figures that contain embedded instruc-

tion of moving path when the music is playing. Based on the rotation

primitives mentioned above, we printed a series of ballerinas with

CilIia on their feet. We separated them into three groups. One had

the rotation center on the edge, and the other two were in the mid-

dle. We then gave different hair tilting angles (15 and 30 degree) to

the remaining two groups to vary their rotation velocity.
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Figure 3 - 51 An actuated ambient device. A printed windmillthat rotates by the phone vibration.

d~ :q
Figure 3 - 52 A physical visualization of music. Printed ballet dancers move following different path due to the differ-

ence in hair orientation.
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We constructed our own speaker/dancing table. A Dayton Audio

BCT-2 Bone Conducting Transducer Exciter (Available on https://

www.parts-express.com) is mounted in the middle of a round trans-

parent acrylic plate (1" thick). The shaking component of the trans-

ducer is attached to another thinner acrylic plate (1/16"). We firmly

attached the two plates on their edges by gluing them on a 1" think

acrylic spacer, to ensure that only vertical vibration would conduct

to the surface, as well as the vibration being propagated evenly

through the surface.

When music plays, we can clearly see each group of ballerinas dance

differently based on their hair structure (figure 4- 52). Sometimes

the moving path of the ballerinas would drift slightly due to the un-

even distribution of the vibration. In the future, we could improve

both the dancing table and hair construction to improve the moving

performance.

ACOUSTIC SENSING

One of the most important features of hair in nature is the extent to

which it aids in sensing changes in environmental conditions. Many

animals, such as caterpillars, use hair on their skin to detect airborne

disturbances (Tutz, 1978). In the engineering world, researchers

have been learning from hair structure to build artificial flow sen-

sors (Devarj, 2015). Building those sensors usually requires expensive

machines and micro-fabrication processes. We utilize the ability to

control the hair geometry of Cilllia combined with an acoustic sens-

ing method to rapidly fabricate sensors that detect the direction

and velocity of human swiping. The acoustic sensing capability was

a close collaboration with the Media Lab student Gershon Dublon,

who developed the neural network for training the input data.

A number of researchers have used acoustic methods to detect
93
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Figure 3 - 53 Schematic of the vibration data collection for Cilllia.

human gestures (Harrison, 2012). Chris Harrison, et. al. demonstrate

the encoding of physical 2.5D barcodes on materials (Harrison, 2008).

Sensing on the hair is interesting for us because the sensing mech-

anism and the surface texture can be seamlessly combined. We can

now print a furry animal that senses petting without adding any elec-

tronics or obtrusive geometry on the surface of the figure.

When being swiped, a hair array generates an almost inaudible

sound by its vibration. If the hair is tilted, swiping along or against

the orientation of the hair generates sound comprising different

frequencies. One can therefore capture and analyze the sound to

reveal the direction and velocity of swiping. In this paper, we use

machine learning to classify swiping gestures on the hair.

Swipe Classification

Using a piezo element to capture vibration, we are able to classify

direction and speed of swiping along the hair structures on several

different printed models. To do so, we condition the signal from the

piezo sensor using a simple high impedance JFET buffer. We then

digitize it using the line level audio input of a laptop computer. Next,

we compute the fast Fourier Transform(FFT) of the signal and bin
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the resultant amplitude spectrum using a normalized 8-bin histo-

gram. We also compute the spectral flatness (known as the Wiener

entropy) of the signal. The histogram bins and the entropy are then

used as features in a machine learning process. The signal is charac-

terized by a peak in the spectrum for swipes in the direction of the

hair (labeled as forwards); faster forward swipes result in higher har-

monics. Swipes against the grain (labeled as backwards) produce a

flatter spectrum-closer to noise in the time domain-whose profile

is shaped by the speed of the swipe; the result is a noise signal which

has a low-cut frequency that increases with swipe speed. In our pre-

liminary exploration, we trained classifiers for each object, though

we expect the classifiers to generalize for objects with similar geom-

etries and plan to more thoroughly characterize this in the future.

We conducted three sets of experiments using this technique. In the

preliminary experiment, we recorded 4 classes of swipes---forwards

slow, forwards fast, backwards slow and backwards fast---along a

flat cilllia surface with the piezo element attached to the bottom of

the printed object with epoxy. The training and testing set consist-

ed of 500 examples divided amongst the 4 classes. We partitioned

the data randomly (70% training, 15% validation, 15% test) and used

Matlab to train an artificial neural network (ANN) with a single hidden

layer of 10 neurons. We ran the partitioning and training 50 times,

testing the resultant ANNs each time, and achieved 96% correct clas-

sification on average. Encouraged by these results, we collected data

for 6 more gradations of swipe speed (for a total of 5 backwards and

5 forwards speeds) and implemented a real-time pipeline in Python

to classify swipes with a 10Hz update rate (dictated by the window

size). Figure 3 - 54 shows that the results were more mixed (with a

much higher degree of confusion between neighboring classes), as

one might expect, though the fit is apparent. We preliminarily tested

the real-time pipeline with a simple demo application that estimates
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Figure 3 - 54 Regression plot compares the ANN output with ground

truth target for different speeds and directions.
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Figure 3 - 55 2D feature space for rabbit petting, labeled using SVM

classifier.
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and displays the speed in real time, using the audio input of the

computer to capture the signal (figure 3 - 56).

In the third experiment, we recorded forwards and backwards swipes

along a curved surface. In this case, it is along the back of a model

of a rabbit. As in the first experiment, the signal was captured with

the piezo element glued to the bottom of the object. In this experi-

ment, the classes were well separated using only the lowest 2 bins

(figure 3 - 55) of the 8-bin histogram of the amplitude spectrum. We

used a support vector machine (SVM) with a linear kernel to classify

the swipe direction, with the feature vectors standardized (scaled to

zero-mean and unit variance). Because the model was small, we did

not attempt to classify swipe speed. To demonstrate feasibility of

real-time classification, we ran the classifier online on 500-ms sliding

windows over the input signal, overlapping by half the window. We

chose this window size to balance the update rate with classification

performance, finding a 2-Hz update rate both sufficient for the ap-

plication and quite high performing. We used a naive time-domain

signal energy metric for onset and outset detection, summing the

rectified signal over the window, dividing by the window length, and

thresholding. Training on only 10 examples per class, just under 5%

of 350 sample windows (corresponding to 200 distinct swipes) were

misclassified. As shown in figure 3 - 55, only forwards swipes on the

bunny were misclassified.

Applications

The ability to sense finger swiping on the hair allows us to design

interactive toys that combine the sensing mechanism and surface

texture seamlessly. To demonstrate that, we fabricated a furry bun-

ny that shows the right way of petting animals by changing the LED

color inside its body. When one swipes along the hair direction, the

bunny turns green to indicate it's OK; when one swipes against the
97



hair direction, it turns red to show it's unhappy (figure 3 - 57).

We modified the bunny that was used in the second sensing exper-

iment so that we can insert a full color LED inside. A Piezo micro-

phone is firmly glued on the bottom of the bunny. We then attached

another acrylic rod to the other side of the piezo so that user can

easily grab it.
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Figure 3 - 56 The direction of the swiping on the hairy surface can be differentiated.
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Figure 3- 57 The direction of the swiping on the hairy surface can be differentiated.
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ARCHITECTED MESOSCOPIC
MATERIALS DESIGN

The previous chapter presented a computational tool, a manufac-

turing apparatus and functionalities for 3D printing hair-like struc-

tures. In this chapter, I propose that the method can be expanded to

other types of architected mesoscale materials. Four examples will

be presented. Together, they support the vision of a general digital

description and physical production system for architected meso-

scale materials.

VERBS AND PREPOSITIONS

Consider that additive manufacturing is taking input materials and

assembly them in a certain structure that can be used for anoth-

er round of process. In the case of Ciilia, the input is the micron

scale voxels made with photo resin, and the structure is arrays of

micro-pillars.
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Using linguistic analogy, if material is nouns, structure would be a

verb with preposition. In the case of CilIlia, we describe the hair as

"putting a new voxel on top of the previous one". The question is

then, how many other verbs and prepositions we can use in this sys-

tem? Beyond hair, how many other structures we can create.

This is a topological question. Textile manufacturing like knitting or

weaving can create virtually infinitive variation of knit/woven struc-

tures. However, the structure topology are heavily limited by the

machine movement. It is impossible to create, for example, multi-

layer, micro-pillar, lattice, or braiding structure with knitting/weaving

machine. The RAPID system, on the other hand, can achieve much

higher freedom of structure manipulation. For DLP printing, an HD

projector has the resolution of 1920*1018 = 2073600 pixels. That

makes each layer of printing has at least 22073600 possibilities of ar-

ranging voxels. This number will grow to (virtually) infinitely large if

we have multiple layers. Most of the materials follow a certain repe-

tition at different scales. Although the structural configuration possi-

bility with 3D printing seems overwhelmingly large, we can consider

the material design from a much smaller, single unit, say, a 4 by 4

by 4 voxel space. Such a space can be arranged in different repet-

itive ways. In this single voxel space, we can define structures with

straight, curve or branching lines. While it is still difficult to categorize

material structures topologically, we can do it procedurally.

With that in mind, I present a collection of fur-like, foam-like, feath-

er-like and fabric-like material structures made by the design tools

(software and hardware) we developed. Each of those materials is

and will be geometrically tunable to achieve desired aesthetics or

properties.
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MATERIAL DESIGN

Fur-like

In fashion design, fur can be obtained either from animal or indus-

trial process. Neither of those allows customization of single hair ge-

ometries. Cilllia allows a user to design and fabricate hair geometries

at a resolution of 50 microns. We built a software platform to let

users quickly define the hair angle, thickness, density, and height.

The ability to fabricate customized hair-like structures expands the

library of 3D-printable shapes. Several material swatches were pro-

duced to reimagine the artificial fur in the design process.

In collaboration with fashion designer Erin Robertson, we experi-

mented the confluence between 3D printing and traditional fabric

manipulation. In these designs, the Cilllia becomes a medium that

communicates between traditional crafts and advanced manufac-

turing through customizable tactile sensation.

Foam-like

Lattice/porous structures have been long sought after as an efficient

material. Additive manufacturing gives the possibility to tune the

truss topology and blend multiple topologies into the same piece of

material. Similar to hair structure, producing a digital model of such

dense porous structureS will be computationally expensive. Here,

the Cilllia design tool is expanded for designing the lattice structures.

GVS is applied to facilitate the design and fabrication of mechanically

tunable materials.

Feather-like

Feathers are unique to birds. They are remarkable not just for their
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aesthetic appeal, but also for their intricate structure. It is still un-

known to biologists how the feather has evolved to achieve its mul-

tiple assistive functions such as flying, thermal insulation, swimming,

diving, floating, feeling, hearing, making sounds, muffling sounds, for-

aging, eating, aiding digestion, constructing nests, transporting wa-

ter, displaying, and camouflage. With RAPID printing, we can mimic

feather's branching structure: rachis, barbs and barbules. Although

the printed barbules is slightly larger than the real ones, it aims to

replicate the structural details that could be useful for future study

of feather's functionalities.

Fabric

While textile industry has already developed mature system to pro-

duce numerous fabric with high production throughput, there has

no general purpose machine that can produce a wide range of fab-

ric with distinct structures. Four types of fabric are commonly seen:

knitted, woven and non-woven. Each of those fabric is manufactured

by a completely different machine system. With the RAPID system,

we demonstrated that braiding, multilayer woven and spacer fabric

are possible to fabricate.

General Material Descriptor

While the above mentioned materials have distinct structure, they

share the same underlying digital representation: a matrix of vectors

in the 3D space. When printing, those vectors rasterize into pixel

information following the same direction, as they intersect with the

slicer.

Taking a step ahead, we can then think of those vectors as moving

particles. The material structures are the traces the particle left as
104
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Figure 4 - 1 Printed fur-Like structure on a Tulle fabric.

Figure 4 - 2 Printed fur-like structure on a Tulle fabric.
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Figure 4 - 3 Printed fur-like structure on a leather fabric. The fabric is then cut and sew into a

jacket. Collabration with Erin Robertson. Photo by Nicole Fichera.
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Figure 4 -4 Printed fur-like structure on a leather fabric. The fabric is then cut and sew into a

jacket. Collabration with Erin Robertson. Photo by Nicole Fichera.
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Figure 4 - 6 The spatial variation of lattice structures gives tunable stiffness of a shoe sole.
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Figure 4 - 11 Printed multi-layer woven fabric structure.
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Figure 4 - 12 Printed spacer fabric structure.
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they move. The quality of the movement is governed by a set of pa-

rameters such as speed, direction, etc. Each of the parameter can be

derived from a certain math function.

The most important three parameters are:

• Direction: a function that determines where the particle would

go next.

• Vitality: a function that determines the quality of the trace. For

DLP printing, this is the pixel information when slicing.

• Offspring: a function that determines when a particle would split

into multiples. The splitted particles contain the same parame-

ters as their parent.

With that in mind, we can digitally describe all the material examples

(fur, foam, feather, and fabric) as variations of particles movement. A

voxel-structure continuity.

By properly operating the parameters, we can get infinitve variations

of architected mesoscale materials. For example, a unique lattice

structure that exhibits Negative Poisson's Ratio (NPR) can be de-

scribed as a lattice structure with certain offsprings.

Two constraints must be applied to this description.

• New partile cannot be generated without a parent.

- Direction is limited based on the printer setup. 0 ~ 135 degree

in the case of RAPID.

For the details of the parameter implementation, please see the ap-

pendix B.
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Figure 4 - 13 Different material structures can be described as parameterized moving particles.
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CONTRIBUTION

To Design Practice

Physicist Richard Feynman famously said, "There's plenty of room at

the bottom" to encourage scientists and engineers to analyse and

build at a micro and nanoscale. This quotation is very much valid

for today's designers. As we are developing hardware and software

tools to make things at a smaller and smaller scale, designers are

also required to think and act on that scale and be able to connect

the nano-, micro- and mesoscopic material design to the macroscale,

to create a meaningful and beautiful artifact and environment that

we all live in. AMMD provides a software and hardware platform that

enables designers to explore the design space at the mesoscale.

Being able to design at the mesoscale brings at least three advan-

tages:

- Synthesis over selection In design practice, material design often

means material selection, a practice of combining multiple ma-

terials like fabric, wood, or metal into a designed shape. AMMD

allows one to synthesize material geometry and composition

rather than select existing ones.

• Properties over shapes As mentioned above, designing at the

mesoscale allows one to control material properties like friction,

stiffness and elasticity. This means designers can embed experi-

ences in their designs beyond beautiful shapes.

- Exploration over implementation Project Cilllia shows that aniso-

tropic friction can be achieved to create programmable motion.

This would not be possible if we were not able to design the

geometries of the hair. It is a discovery after the material is fab-
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ricated. Mesoscale allows designers to explore new properties

of the material, rather than stay focused on implementing a pre-

conceived goal.

To Material Engineering

The recent development of two-photon lithography, and single atom

(Kalinin, 2017) fabrication shows a promising way of designing mate-

rial structures at the nanoscale. Those nanoscale architected mate-

rials exhibit superior mechanical properties (Schaedle; 2011). To be

able to connect those technologies with a macroscopic application,

this thesis introduces a vector-based modular representation of

structures which effectively allows one to design dense and complex

geometry across scales.

As the resolution increases, the build volume of printed materials

significantly reduces. As mentioned above, it is difficult for designers

to build human perceivable applications if architected mesoscale

materials cannot be scaled up in quantity. The thesis demonstrate

a novel DLP-based 3D printing system that employs roll-to-roll pipe-

line. This allows one to not only design at micrometer scale but also

manufacture at virtually unlimited length.

Beyond 3D printing, this thesis methodology can be also applied to

other digital manufacturing fields. Digital knitting is one of the better

examples. By being able to effectively represent and control each

stitch, we can create fabric with tunable stiffness, elasticity, conduc-

tivity, etc.
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GRAND CHALLENGES

So far I presented a computational design tool and 3D printing ma-

chine that enables the fabrication of tunable hair-like structures. The

printed material exhibits unique properties like mechanical adhe-

sion, passive actuation and sensing. I also showed that such a fabri-

cation platform can be applied to other types architected mesoscale

materials like feather or fabric. To continue this exciting direction

of research, I would like to point out several challenges we need to

address in the future. I would also like to first point out the limitation

of the current system we have.

CURRENT LIMITATIONS

Material Limitation

All examples showing here are made with commercially available

photo resin. The current development of photopolymer are mostly

focusing on prototype purpose. The modulus, durability and elastic-
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ity are not comparable with other polymer products like polypropyl-

ene.

Machine Limitation

While RAPID offers much higher freedom for formgiving in design,

certain types of structures can be difficult to produce with the cur-

rent solution. For example, the angle of cilllia is limited between 0

and 135 degree. As the printed structure goes through a U shape

tunnel, RAPID does not allow overhang longer than 7.8cm.

Design Limitation

Designers are used to creating distinct shapes by drawing or direct

modeling in the CAD. However, designing materials requires knowl-

edge in coding to be able to achieve repetition, parametric design

and functional graded design. It is for creating structures that give

arise of functionalities, rather than shapes that contains cultural

meaning.

FROM CAD TO CMD

The advancement of architected materials push designers to ex-

plore tunable properties, shape-shifting, and intermaterial interac-

tion beyond static form-giving. They open up the new possibility of

converging material science research and product design practice

- While fabricating at the micro/nano scale unveils exciting material

properties, designers need scalable tools to create experiences/ob-

jects at scales that humans can perceive. As we are gaining increas-

ing control of material composition with the aforementioned fabri-

cation techniques, design is now expanding its subject from Object

to Material, from Visual to Multi-Sensory. This requires us to migrate
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from the Computer-Aided Design (CAD) to Computer-aided Material

Design (CMD).

While a number of prior works have been investigating computation-

al design with additive manufacturing (Vidime, 2013) (Bader, 2018), de-

signers nowadays are still lacking systematicways to design materials

across scales. This is fundamentally limited by the digital represen-

tation and machinery design of the existing fabrication pipeline. The

ordered topologically complex nature of materials and the degree of

precision with which their features can now be defined suggest the

development of new modeling and fabrication tools that can enable

designs at a human scale. AMMD requires a fundamental change of

today's CAD systems. We need to abandon the B-Rep paradigm and

file system. We must expand our narrow view of designing shapes

to designing properties. In particular, three different main directions

for improvements are needed:

- Open Scripting - many material structures exhibits levels of

translation, rotation, repetition, and gradient. Those operations

are difficult to perform with repetitive mouse-clicking. In order

to create unique material structures for either aesthetic or func-

tional purpose, designers must have the ability to script in the

CAD environment.

• From V-rep to F-rep - the previous chapter of this thesis intro-

duced a vector representation as an alternative of the bound-

ary representation. However, V-rep still describes spatial rela-

tionship among the building blocks. When a certain structure

is formed, it also exhibits a certain functionality, such as shock

absorption, wave propagation, etc. The next generation design

software should abstract those structure-derived functionalities

as new building blocks. An object that is designed digitally should

have its spatial description, but also functional description, the
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Figure 6 - 1 Speciallens design that supports

10pm voxel size. Source: www.wintechdigital.

corn
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function representation.

• From material to product - traditional design practice follows

the macroscale assembly process, where parts are sourced and

assembled by glueing, sewing, welding, etc. As we are able to

form hierarchical structures from sub-micrometer to centimeter

with one single process, we can design the material and product

at the same time. But how can we do that? Can the new CMD

software provide design guidance that allows one to truly design

across scales? This would be a most impactful challenge to the

whole design industry.

THERE'S PLENTY OF ROOM IN THE MIDDLE

The current RAPID system operates at 50um pixel size. This limita-

tion comes from the design of the projector lens and build area. By

using a narrower focusing lens and sacrificing build area, the pix-

el size can be reduced to 5 um. (Figure 6-1) At this scale, the po-

lymerization process remains still same, except the polymerization

time and material strength. Nevertheless, structures at that scale

are still possible to design and be fabricated. With the advancement

of MEMS and optical engineering, it is possible to create voxel size

below 1 micron. We can also collimate the projection light from mul-

tiple projectors to form larger printing area.

The increase of printing resolution and maintaining building area

requires an efficient digital representation and file format for me-

soscale materials. As discussed in previous chapter, this is solved

by the GMD. Designer can create materials that simulates a certain

properties. For example: The diameter of the most common natural

fiber such as wool, silk or cotton ranges from 10 to 20 um. Being able



to construct material at that scale, we can not only simulate the flexi-

bility of a fabric, but also the haptic feeling of it. Of course the printed

material cannot replace the natural ones, but it is one step closer for

us to create a truly architected material across scales.

The area of photo resin can be also largely opened for design. For

example, functional nanoparticles can be easily loaded in the res-

in matrix; conductive material can be coated as a post process of

printing. We can even modify the molecule of the resin to archive

desired functions. Photochemistry has been long studied since the

birth of photography. With the development photopolymer, we will

be able to create polymer chain that exhibits extraordinary mechan-

ical, magnetic, electrical or even biological properties, which can be

used for the design process at mesoscale.

FUTURE MATERIAL DESIGNER

New material advancement and manufacturing techniques give rise

to many classical design objects that humans can directly perceive

and interact with. Those interaction experiences constitute our fun-

damental understanding of the physical world. However, the phrase

material design is getting more ambiguous. Google famously an-

nounced their design guideline for UX/UI designers as "Material de-

sign", while it involve no physical materials. In the traditional textile

or fashion design department, material design means the selection

and modification of existing materials from industrial or natural pro-

duction. Designers rarely get chance to explore functionalities from

bottom up.

The practice of industrial design uses form-giving as a way to con-
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vey information. In general, the information can be categorized as

functional, aesthetic and symbolic. They form the modern language

of design (Burdek, 2015). As we are introducing mesoscopic materials

in the design practice, we also need to understand how the material

development can be integrated to the language of design.

Three integration are commonly seen in the design process: func-

tional, aesthetic and symbolic. These are the challenges for design-

ers. Designers nowadays are used to create beautiful artifacts can

be also symbolic to a society. For example, a diamond ring is aes-

thetically pleasing, and symbolified as a long lasting promise. How

can material design be integrated in the design process?

• Symbolic integration: Mesoscopic materials create an empty

space for designers to connect meanings with technology. For

example, Synthetic fur and natural fur represent a totally differ-

ent social status and identity. What would 3D printed fur mean

to individual identity?

• Functional integration: Mesoscopic materials allow tunable

properties that can be exploited for functional design. In Cill-

lia, we designed a brush with tunable density for painters. The

structure can be also tuned to create mechanical adhesion for

connecting objects. With vibration we can also create a pas-

sive weight sorting table for small parts. Beyond that, we also

demonstrated that oriented hair structure can be used for sens-

ing. As MMD allow designer to operate a large variety of shape/

structures, how can we quickly discover and study newfunctions

emerges within?

• Aesthetic integration: Mesoscopic materials allow designers to

explore new aesthetics beyond visible shapes. In Cilllia, we cre-

ated an actuated toy with tunable movement. The toy moves

based on the frequency of a piece of music. How can we create
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new interaction experiences, such as motion, acoustic, tactile or

even olfactry sensation, with those new class of materials?
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CONCLUSION

This thesis seeks to bridge the gap of material engineering and de-

sign practice at the mesoscale, with a focus on additive manufac-

turing. The increased freedom of additive manufacturing processes

produces exciting opportunities for the designer to create materials

rather than product. Traditionally, design follows a top-down pro-

cess, where designers identify an idea, sketch out forms, search for

components, then assemble the materials. This thesis proposes a

mid-out way, where the designer starts with mesoscopic material

structure design, explores the emerging tunable properties, then

connects the properties to a sense-making macroscopic product

design. Through this effort, this thesis seeks to construct a new ma-

terial design paradigm where computational design, machine auto-

mation and functional materials intersect.

To do so, I proposed three bodies of works which are interwoven

into the case study work, Cilllia. First, the representation problem of
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dense mesoscale structures is solved by two solutions: direct voxel

modeling and generative vector slicing. Second, the manufacturing

trade-off problem between design resolution and production scale

is solved by a patented DLP-based 3D printing system called RAPID

(Roll-Assisted 3D Printing Integration Design). Last but not least, the

functionalities of the printed mesoscale materials are demonstrated

through examples of mechanical adhesion, passive actuation and

sensing with printed hair-like structures. I further demonstrated that

the printing platform (hardware and software) can be also used for

creating a variety of mesoscale structures such as lattice, feather

and fabric. The printed structures can be represented using a meth-

od called general material descriptor.

Throughout human history, our tools of making physical materials

have dramatically changed. We used to "shape" materials through

hammering, sculpting and forging. As technologies advance, we are

now at a stage to "architect" the materials, where we have the po-

tential to create an unprecedented control of material geometry and

structures at micro or nano scale. When we design like that, we are

able to create new genres of materials that have never been seen

before, materials that can be programmed to achieve particular

goals. Such materials can be used not only for enginerring applica-

tions in aerospace, construction, medical devices, and sports gears,

but also for design activities like fashion, architecture, and entertain-

ment. I hope this work contributes to the emerging field of material

design by addressing the computational, production and application

challenges that lie ahead in this new field.

Much still needs to be done,

And there's plenty of room in the middle.
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APPENDIX A - TENSILE AND COMPRESSION TEST RESULT
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Cillla compression test
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APPENDIX - GMD FILE STRUCTURE

"material": {

"layout": {

"type": "grid",

"size":{

"width",

"height"

"position":{

x

I""

"particle":

{

"trace": {

"type": "zigzag",

"amplitude",

"length": 10,

"postion": {

"x"

"y"

"z"

},

"shape": "circle",

"diameter": {

"type": "linear",

"from",
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"to",

"direction":{

"x"

"z"},,

"offspring":[

{

"time"

"particle":{

//...

}

}

}
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