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1. Introduction

I saw those coatings as thin pieces of plastic and I thought that if I could

stack those up to make a solid shape, it might be a way of solving the

prototyping problem. – Chuck Hull, inventor of 3D printing

Direct digital manufacturing (DDM) technologies produce three-dimen-

sional objects directly from digital data without tooling and set-up [1].

DDM technologies include additive manufacturing (AM) and forming tech-

niques, where highly specified products are fabricated in layers. Due to

the high versatility of DDM techniques and low tooling costs, DDM is out-

standing in one-off production.

The manufacturing process starts by creating a three-dimensional (3D)

model with a computer-aided design (CAD) system. In the case of AM,

this model can then be printed by a 3D printer, whose printing method

varies by material, object size, resolution and speed. The most common

materials are plastics and metals, but sand, glass and other materials are

also available. The term “3D printing” has become popular in media and

nowadays refers to almost all forms of AM regardless of the fabrication

material and method.

Slicing, which is a process where the CAD model of the object is cut

in horizontal cross-sections, is a fundamental part of all AM techniques.

With a finite layer thickness these sections are stacked upon each other

to form the shape of the object. Reducing the layer thickness by increas-

ing the number of layers will result in a more accurate result, but the

manufacturing speed decreases significantly. Thus, the choice of the layer

thickness affects the quality of the final product.

Nowadays, the accuracy and quality of the products produced with AM

1
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are high enough to be considered end products in addition to prototypes.

There are many different AM technologies, such as fused deposition mod-

eling, stereolithography, selective laser sintering, three dimensional print-

ing, electron beam melting and they all have their pros and cons regard-

ing speed, accuracy and available materials. Thus, the printing method

is often chosen according to the requirements of the final product, but the

choice is also often influenced by the price of the systems developed by

different companies.

Currently, there are more than 60 industrial grade AM system manu-

facturers, which is twice as many as in 2011, and many more low-cost

3D printer (valued at less than $5,000) manufacturers [2, 3]. Some of the

companies have focused on specific AM technologies, while others provide

a range of different technologies and specifications.

The most popular AM technology within the low-end market is fused

deposition modeling (FDM). Scott Crump patented FDM in 1989, which

led to forming the Stratasys Company [4]. In FDM, a nozzle ejects molten

plastic that hardens and forms the shape of the object according to the

CAD model. FDM has found its way into makers’ households due to its

inexpensiveness, although the emergence of AM started with stereolithog-

raphy.

In stereolithography (SL) the part is fabricated by selectively curing

with light liquid resin, which is a light sensitive photopolymer. Stacking

these selectively cured layers will result in an accurate three-dimensional

plastic part. Stereolithography was the first AM technology commercially

available in 1987, and it led to a new kind of thinking and new 3D printing

methods.

New AM techniques emerge constantly to provide previously impossi-

ble properties and solutions. Layerless 3D printing is one of the recently

developed techniques, where the part is fabricated similarly to SL, but

without pauses between layers [5]. Another new technique is known as

“4D printing” in which the printed 3D structures transform in response to

environmental stimuli [6–8]. The environmental stimulus, which can be

liquid, temperature, light, wind or something else depending on the ap-

plication, causes the part to self-assemble and thus dynamically changes

the properties of the system. This technology could be used, for instance,

as a method to construct a space station, since the parts could be trans-
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ported as sheets and when exposed to the space environment they would

self-assemble to their desired shape. It would also be possible to create

intelligent sewer systems or valves that would shut themselves when ex-

posed to high pressure or temperature. These new technologies are still

under intense research and are bound to create new innovations, but they

require further development of materials and comprehension of curing

reactions.

In DDM forming techniques the parts are created with a similar man-

ufacturing procedure as in AM processes, but instead of adding mate-

rial they form the product in layers. These techniques include several

sheet forming techniques such as incremental sheet forming (ISF), where

a metal sheet is formed into a 3D shape by deforming the sheet layer-by-

layer.

The advantage of all DDM techniques is automation and design free-

dom, and although each manufacturing process has some limitations, the

DDM field has developed from being a prototyping industry to a manufac-

turing industry that creates highly specified complex products.

1.1 Aims of the study and motivation

The main aim of this study is to develop two DDM techniques: projection

stereolithography and incremental sheet forming. One goal is to build

a piece of projection microstereolithography equipment that can produce

high quality miniature objects with a resolution of a few micrometers and

solve some specific issues related to the printing process. The research

involves developing suitable resins (resolution, biocompatibility, penetra-

tion depth control), increasing manufacturing speed and researching the

curing characteristics of resins. Another separate research objective is to

investigate the effect of local heating on the formability of metal sheets in

incremental sheet forming.

Currently there are few commercially available microstereolithography

equipment and most 3D printers can produce parts with only 50–500

μm resolution. There are also equipment that manufacture parts with

sub-micrometer resolution, but these devices can be extremely expensive.

3
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Thus, there is an opportunity to introduce an inexpensive and versatile

3D printer that can produce parts with high resolution in the micrometer

range. There are several application areas that would benefit from mi-

crostereolithography, for instance, numerous biomedical and MEMS de-

vices require a manufacturing resolution of 1–10 μm [9–15].

Manufacturing speed is an issue in AM. Currently producing a 3D part

may take from a few hours to several days. Thus, coming up with new in-

novations to speed up the manufacturing process is crucial for increasing

the performance of 3D printers.

Developing new resins and increasing their functionality is also impor-

tant, since AM technologies are still inferior to injection molding, which

is the most common method of manufacturing plastic parts, in certain as-

pects. Despite the success of AM, there are still opportunities for further

enhancements, since the range of materials is still small, the surface qual-

ity (without significant post processing) is rather poor and the strength of

the parts is not always adequate. On the other hand, some materials

that cannot be used in injection molding can be used in AM. Increasing

the range of materials for AM processes and introducing new applications

with functional materials will definitely increase the success of AM tech-

nologies.

New adaptive manufacturing methods gain increasingly more interest

as production turns from simple products with large batch sizes to highly

specified customized products. In the field of metal sheet forming, in-

cremental sheet forming has received attraction as a versatile forming

method for applications such as automotive body panels, architectural

formwork, denture bases, biomedical solutions, ship hull plates and aero-

space fairings [16–21]. Incremental sheet forming is an efficient method

to transform the shape of a CAD model into a 3D metal sheet part from a

metal sheet through small incremental deformations, but the technology

has limitations. One major challenge with ISF is poor shape accuracy due

to unwanted deformations [22, 23]. Thus, researchers pursue to invent

new improved methods to increase the accuracy and forming speed of ISF

systems.
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2. Stereolithography and photopolymer
processes

2.1 Background I

2.1.1 Polymerization

Polymerization is a process in which molecules of small molecular mass

and short chain length (monomer) form larger molecules (polymer) com-

prised of many monomer units. Polymerization of a vinyl-type monomer is

illustrated in Fig. 2.1. Monomers containing a carbon-carbon double bond

are generally defined as vinyl monomers [24, 25]. Each carbon atom in

the double bond may form a new bond, typically with a carbon atom from

another monomer molecule. The bulk properties change, as the loose van

der Waals interactions with neighboring monomers are replaced by a net-

work of covalent bonds [26]. The system changes from liquid to solid as

the number of bonds and viscosity increase. Additionally, the density in-

creases as the average distance between the groups decreases. If the “R”

group in Fig. 2.1 contains one or more other vinyl groups, the monomer is

called multifunctional [27]. Polymerization of multifunctional monomers,

illustrated in Fig. 2.2, results in a crosslinked polymer [25].

Figure 2.1. Polymerization of a vinyl-type monomer through double-bond opening.
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Figure 2.2. Multifunctional monomers form a crosslinked polymer network through
double-bond openings.

2.1.2 Photopolymerization

Photopolymerization reactions concern the creation of a polymer through

a chain reaction initiated by light [28]. The initiation step of the polymer-

ization requires the presence of a photoinitiator, since direct formation

of reactive species of the monomer by light absorption is inefficient [29].

Under light excitation, photoinitiators generate radicals that react with

the neighboring monomers, but in some cases a co-initiator is required.

A co-initiator typically does not absorb light, but interacts with the acti-

vated photoinitiator to create a reactive free radical, which initiates the

polymerization [30]. Photopolymerization has been utilized in electronic

materials, printing materials, surface modifications and coatings [31].

Additionally, photopolymerization has proven useful in dentistry to form

sealant and dental restorations on site [32]. In these applications, there

is no need for patterning, but this changed with the introduction of stere-

olithography.

2.1.3 Photoinitiators

The purpose of a photoinitiator is to convert the energy of the incident

light into chemical in the form of reactive intermediates. A photoinitiator

has an absorption peak at a specific wavelength of light, absorbs a range of

wavelengths and produces radical initiating species [33]. Thus, the light

source, which can be an LED, laser, sun, UV (ultraviolet) plasma, a xenon,

mercury arc or microwave source, or an excimer or household lamp, de-

fines the required absorption spectrum of the initiator [34]. Other factors

that should be considered in selecting the photoinitiator include curing
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rate, stability and in some applications biocompatibility [32, 35]. It is es-

sential that the photoinitiator system has high initiation efficiency and

good solubility in the prepolymer to achieve uniform curing [36]. Pho-

toinitiators are usually classified into two major categories: radical or

cationic initiators. Free radical polymerization is associated with acry-

lates, whereas cationic polymerization is associated with epoxies [37].

A radical photoinitiator forms free radicals upon absorption of photons.

There are two kinds of radical initiators generally used in stereolitho-

graphic applications [36]. In the first case photoinitiators undergo cleav-

age at C-C, C-Cl, C-O or C-S bonds to form radicals when exposed to

light [32]. This is known as radical photopolymerization by photocleav-

age. These initiators include benzoin ether derivatives, benzyl ketals and

α-amino ketones. In the second case photoinitiators undergo hydrogen ab-

straction from an H-donor molecule to create a donor radical and a ketyl

radical. The photopolymerization process is usually initiated by the H-

donor radical, while the ketyl radical couples with the growing macro-

molecular chains [32]. These initiators include aromatic ketones (such

as benzophenone and thioxanthone), camphorquinone and phenylglyox-

alates.

The reactive species generated by cationic photoinitiators are acids, such

as Lewis (electron acceptor) and Brønsted (proton donor) acids [38, 39].

Cationic photoinitiators are usually onium salts, such as diaryliodonium

and triarylsulfonium salts and they are inappropriate for tissue engineer-

ing applications, due to the generated protonic acids [24, 25, 32, 40]. Com-

pared to free radical systems, cationic systems offer insensitivity to oxy-

gen and less shrinkage, but are affected by humidity and have a low cure

rate [36].

Researchers continuously develop new photoinitiators with improved

qualities often for very targeted applications, since the required proper-

ties differ greatly depending on the light source and curing environment.

Researched applications include pressure sensitive adhesives [41], elec-

tronic applications [42], wood coatings [43] and dental solutions [44]. In

addition to developing photoinitiators, it is equally important to investi-

gate the absorption properties of the initiators and their effect on the fi-

nal products. Cure efficiency and color stability of various photoinitiators

were recently investigated by de Oliveira et al. [45] and one of the inves-
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tigated photoinitiators was camphorquinone, which is the most common

visible-light initiator in commercial dental resin composites and biomed-

ical applications [46]. Another widely investigated group of photoinitia-

tors is part of the Irgacure family, which includes mostly UV sensitive

variants. However, the absorption spectrum of Irgacure 784 extends to

550 nm. Thus, Irgacure 784 has received attention from several research

groups [47–50], and it is suitable for various applications including macro-

porous monoliths [51], data storage [52], tissue engineering [53] and op-

tical applications [54]. The properties of Irgacure 784 were also investi-

gated in this study. In Publication III, Irgacure 784 was utilized in a new

way to create parts with multiple layer thicknesses by projection stere-

olithography and in Publication IV the properties of Irgacure 784 were

investigated with a working curve method to present new information

about its absorptive properties in stereolithography resins during curing

reactions.

2.1.4 Photopolymers in stereolithography

Photopolymers were developed in the late 1960s and they can be used, for

instance, effectively as photoresists [24]. Photoresists are comparable to

one-layer objects manufactured with SL that have critical requirements

on feature resolution and accuracy. SL photopolymers usually consist

of photoinitiators, reactive diluents, liquid monomer and additives [36].

These light curable SL photopolymers are known as resins.

Radical photopolymerization can be divided into three essential steps:

initiation, propagation and termination [55]. The initiation step involves

the forming of radicals from the photoinitiator upon absorption of pho-

tons of appropriate frequency. These radicals react with monomers and

initiate the polymerization process. In the propagation step, the polymer

lengthens by continuous addition of monomers until termination occurs.

The termination may happen in three different ways: recombination, dis-

proportionation or occlusion. In recombination two radicals join to form

a nonreactive molecule [56]. In disproportionation one radical transfers a

β-hydrogen to another forming two polymer molecules, one with an unsat-

urated end and one with a saturated end [57]. Some radicals may remain
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trapped in a crosslinked polymer long after irradiation, which is known

as occlusion or “frozen mobility”, which is a major termination pathway

in SL [24, 25].

Initially, acrylate and methacrylate monomers were most common in

SL resins. Acrylate resins polymerize through radical photopolymeriza-

tion, which is an exothermic reaction with heats of reaction of around 85

kJ/mol [24]. Despite the large potential driving force, a catalyst (pho-

toinitiator) is required to initiate the reaction. Acrylate monomers have

high reactivity and are easily modified due to the carboxylic acid group (-

COOH) attached to the carbon-carbon double bond. However, these resins

are relatively volatile, present potential hazards and are inhibited by oxy-

gen [36]. On average two photons are required to produce one radical.

Each radical then leads to the polymerization of more than 1 000 acrylate

monomers [24]. This high efficiency allows productive use of relatively

low-power light sources in SL. Another chain-growth reaction besides rad-

ical polymerization is cationic polymerization, which is a common reaction

type among epoxy and vinyl ether monomers.

Cationic photopolymerization is similar to radical photopolymerization,

but the photoinitiator produces a cation instead of a free-radical. Termi-

nation occurs primarily due to impurities in the resin. The cationic poly-

merization is inhibited by all kinds of bases, such as water and other hy-

droxyl containing compounds, but not by oxygen. Epoxy monomers have

rings that open when reacted. This ring opening results in sites for other

chemical bonds and is known to impart minimal volume change, since the

types and number of chemical bonds essentially remain the same. Thus,

epoxy resins have smaller volumetric shrinkage (1% to 3%) than acrylate

resins (5% to 20%) [24, 25].

Hybrid resins take advantage of the best properties of both epoxy and

acrylate systems. Thus, most commercially available SL resins are epox-

ies with some acrylate content [24, 25, 36, 58]. Currently, resins with a

three or even four component photoinitiation system have gained interest

among researchers in order to produce perfectly tailored resins [59]. De-

spite the development of new photopolymers, there may appear situations

where plastic materials are inadequate.

It is necessary to develop advanced resin composites, since the mechani-

cal and chemical characteristics of polymeric materials are insufficient for
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applications that are exposed to high temperatures, acids, basic solvents

or to other hazardous conditions for plastics. New polymer/composite

resins for these purposes consist of a curable ceramic suspension pre-

pared with a photopolymer as the binder material, a photoinitiator, ce-

ramic or metallic powder and additives [36]. After the photopolymeriza-

tion process, the part is often debinded and sintered to obtain a pure

ceramic/metallic part. The most typical ceramic suspensions in stere-

olithography are alumina and piezoelectric powders such as lead zirconate

titanate and barium titanate [60–62]. Possible applications include mi-

crofluidics [63], molding [64] and piezoelectrics [65, 66]. Metallic powders

investigated for stereolithography processes include copper [67], cobalt

and tungsten [68]. Metallic parts can also be produced through a mold-

ing method, which consists of four steps: photopolymerization, electroless

plating, electrolytic grinding and extraction as presented by Mukai et al.

in 2009 [69].

In addition to ceramic and metallic parts, biodegradable solutions have

become a popular research subject. Conventional stereolithography resins

are not biodegradable, but actually cytotoxic — especially in their liquid

form [70, 71]. Thus, for medical applications it is essential to develop

biodegradable and biocompatible resins. Accordingly, researchers have in-

vestigated poly(ε-caprolactone), poly(propylene fumarate), poly(ethylene

glycol) and poly(D,L-lactide) based materials in stereolithography and have

fabricated, among other things, micro-needles, and scaffolds for bone growth

[72–77]. This study will also briefly investigate the use of poly(ε-caprolac-

tone) in projection stereolithography scaffold fabrication as presented in

Sec. 2.3.3 along with additional advanced material research regarding

graphene.

2.1.5 Curing process

Radiation curing is an efficient and fast method to convert a liquid resin

into a solid material by exposure to radiation. In most cases, curing is

achieved with UV or visible light, but it is also possible to utilize electron

beams, X-rays, γ-rays, plasmas and microwaves [38, 78]. In SL curing oc-

curs through photopolymerization. Once the photons react with the pho-
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toinitiators in the resin, the photopolymerization is initiated. However,

the exposure must be sufficient and the absorption spectrum of the pho-

toinitiator must overlap with the emission spectrum of the light source.

Exposure is defined as radiant energy per unit area (usually in mJ/cm2)

and photopolymerization will not proceed beyond a certain depth if the

light exposure is below a threshold value. The exposure threshold for

formation of gel (not fully solid, but not liquid) is known as the critical

exposure (Ec) [25].

An SL resin is usually held in a vat when radiation is applied. The

first layer will be cured from the resin surface to the platform (a metal-

lic/plastic/glass plate upon which the part will be built) and the subse-

quent layers will be stacked on the previous layers. The layer thick-

ness is defined by the thickness of the liquid resin layer that has been

coated on the previous layer. On a layer that includes overhanging sec-

tions or bridges, the curing may continue through the layer and cause

unwanted curing [79]. However, the curing will not continue endlessly,

since the exposure decreases exponentially with depth, according to the

Beer-Lambert law of absorption,

E(z) = E0e
− z

Dp , (2.1)

where E is the exposure, z is depth (z=0 on surface), E0 is the exposure on

the surface and Dp is the penetration depth of the resin [25]. The compo-

sition of the resin and especially the absorptive properties of the photoini-

tiator may cause deviation from the exponential law and the initiator may

be affected by photobleaching, which leads to a larger cure depth than ex-

pected. Additionally, if the resin is optically inhomogeneous and scatters

the light beam, the penetration will be limited [80].

To increase the manufacturing accuracy in the z-direction, it is not suf-

ficient to just reduce the layer thickness, since the curing process may

continue deeper in parts that have overhanging features. The cure depth

(Cd ) can be controlled by the exposure time and by choosing a resin with

desired properties, which include a desired penetration depth. However,

control with the exposure time is limited, since long exposures will de-

crease the manufacturing speed and lead to defects in the lateral direc-

tion, due to scattering effects. Thus, the cure depth is often controlled by
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adjusting the photoinitiator concentration, adding a neutral absorber to

the resin or changing the operation wavelength [81].

Adding a neutral absorber to the resin is a very effective way to reduce

the cure depth [82]. The term “neutral absorber” is used, since the ab-

sorber absorbs light and dissipates the energy without interfering with

the photopolymerization process [83]. Usually the neutral absorber is a

coloring dye that absorbs photons over a small range of wavelengths. To

maximize the absorption efficiency, the absorber should be chosen so that

the peak absorption is near the operation wavelength of the system. The

disadvantage of neutral absorbers is that they reduce the reactivity of the

resin [83]. However, to achieve high vertical resolution, it is essential to

add neutral absorbers to the resin. The addition of neutral absorber does

not notably alter the mechanical strength of the final part, since the re-

quired absorber concentration is only a few parts per thousand. The effect

of adding a neutral absorber to a resin can be verified from Fig. 2.3, where

the change in cure depth is significant.

Figure 2.3. A designed object with an overhanging roof and two manufactured replicas.
The print-through error is significant in the first manufactured structure.
Adding neutral absorber has reduced the cure depth from 200 μm to around
50 μm in the second structure.

Penetration depth (Dp) and critical energy (Ec) are important constants

of the resin for determining the usability of the resin in a specific curing

process. For instance, the curing accuracy in the z-direction is limited by

the penetration depth value, since for values Cd<Dp the physical proper-

ties of the partially cured resin are weakly developed. As mentioned, the

cure depth depends on the absorption characteristics of the resin. Requir-

ing that the exposure reaches at least the critical threshold when z = Cd ,

Eq. (2.1) can be written as
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E(Cd) = Emaxe
−Cd

Dp = Ec, (2.2)

from which Cd can be calculated, yielding the “working curve equation”

Cd = Dpln(
Emax

Ec
), (2.3)

where Emax is the maximum exposure at the resin surface [25]. The pene-

tration depth of a resin can be investigated by developing so called work-

ing curves, where a straight line is produced by presenting the cure depth

as a function of ln(Emax ). The slope of this line is Dp and the line will

intercept the exposure axis at the critical energy Ec .

As explained, cure depth is a crucial parameter in most photopolymer-

ization processes, since it directly affects the manufacturing process and

the quality of the end product. Since the curing characteristics of each

photopolymerizable resin are different, there is a continuous demand for

thorough research regarding the absorption properties of resin compo-

nents and methods to control the cure depth [81, 84–87]. Neutral ab-

sorbers are especially efficient in reducing the cure depth, but the ab-

sorption specifications of an absorber have to be known before it can be

implemented into a resin. Thus, the use of neutral absorbers is inves-

tigated in many stereolithography and microstereolithography solutions,

where cure depth is one of the most crucial parameters [88–90].

Increasing the neutral absorber concentration in the resin to reduce the

penetration depth may be inefficient if the absorber has a small absorp-

tion cross-section at the operation wavelength of a system. The absorption

cross-section of a substance can be determined from working curve slope

values, since the absorption coefficient (α) of a resin is the inverse of the

penetration depth value and the absorption coefficient is the sum of the

absorbing components as described in

1

Dp
(λ) = αtotal(λ) =

∑

i

αi(λ) =
∑

i

ρiσi(λ), (2.4)

where ρi and σi are the number density and absorption cross-section of an

individual absorbing feature, respectively [91].

This study will look into controlling the cure depth by adjusting the

operation wavelength (Publication I and Publication III) and investigat-
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ing the absorptive properties of resin components (Publication IV). Previ-

ously, control by adjusting the operation wavelength has been achieved in

systems that have multiple separate light sources, such as, the two-laser

beam stereolithography setup developed by Jiang in 2011 [92]. Publica-

tion I presents in detail how the cure depth can be controlled efficiently

by narrow bandpass filters for a multitude of wavelengths in a projection

stereolithography setup. One of the researched resin substances is Dis-

perse Orange 13 (DO13), which is a dye that has received little scientific

attention, since it was investigated in a microcapsule research by Kim et

al. in 1998 [93]. The goal in Publication IV is to investigate the effect of

DO13 on the cure depth in stereolithography and determine the absorp-

tion cross-section of DO13, which provides new information about curing

reactions with DO13.

2.1.6 Stereolithography

Stereolithography is one of the most successful additive manufacturing

technologies. The idea of modern stereolithography was conceived by

Chuck Hull in 1986 after which it was commercialized by 3D Systems

Inc. [94–96]. This led to the emergence of additive manufacturing. The

SLA-1 stereolithography apparatus from 1987 was the first commercially

available AM system in the world [2].

Stereolithography has been a commercialized technology for only 30

years, but SL and other additive manufacturing technologies are rapidly

reaching wider audiences. In SL a photosensitive liquid polymer (resin)

is cured with laser light, which scans the liquid resin surface according

to the cross-sectional pattern of a part. This type of stereolithography is

known as scanning stereolithography, since the parts are constructed in a

point-by-point and line-by-line fashion [97]. The curing reactions are initi-

ated by laser light, which causes the molecules in the resin to polymerize

and crosslink. Once a layer has been selectively cured, a new layer of

fresh resin is added upon the previous layer. These layers are built upon

each other until they form the finished structure and often with a better

accuracy than other AM techniques [98, 99].

An illustration of an SL apparatus is presented in Fig. 2.4. The main
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components of the apparatus include a laser, scanning system, z-elevator,

sweeping blade and a vat filled with liquid resin.

Laser
Scanner  
system 

Resin vat 

Liquid resin 

Sweeping  
blade 

Platform  
and elevator 

Layers of  
cured resin 

Figure 2.4. An illustration of a top-down stereolithography apparatus with a laser scan-
ning system.

After each layer the elevator moves down and returns back up so that

there is a new fresh layer of liquid resin on top of the previously cured

layer. The thickness of the fresh resin layer should correspond to the

layer thickness of the manufacturing process. However, the shape of

the already cured part may affect the shape of the resin surface, since

only gravity intervenes for leveling the surface. Depending on the rhe-

ological properties of the resin and the geometry of the previously built

layer, the time required to reach a completely leveled surface may greatly

vary [100]. Thus, most SL devices are equipped with a sweeping blade

or some other re-coating mechanism [101]. After the elevator movement,

the sweeping blade smoothens the resin surface, which ensures that the

thickness of the fresh resin layer stays constant. However, oxygen inhibi-

tion is an issue if the surface of the resin is in contact with air and as a

result the outermost layer of the cured layer will not be completely cured

[5, 25, 83, 102, 103].

In the curing process, individual monomers form crosslinked polymers

that occupy a smaller volume than the monomers. Thus, the solidification

of the resin induces shrinkage and the neighboring layers are affected

by the shrinkage and produce stress to the product. These stresses may
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lead to cracking, curling of part edges and other deficiencies [104, 105].

However, with the right post-curing method and process parameters it

is possible to reduce shrinkage and the residual strains [106, 107]. The

factors affecting the shrinkage and fabrication accuracy have been con-

tinuously investigated since the mid-1990s [108–110]. As the accuracy of

SL systems has increased, the technology has developed into microstere-

olithography, which is discussed in Sec. 2.1.8, and depending on the resin

and part design, supports may be required to produce more accurate repli-

cas.

As in most AM techniques, supports are necessary in SL when fabricat-

ing a frail object with overhanging parts [111, 112]. The resin itself acts

as a support, but only to a limited extent. An advanced computer program

is required to design the supports, which are pillar-like structures made

of fragile layers so that they will break in post processing [36]. Usually

in post processing the fabricated object is cleaned from excess liquid resin

by immersing it into an organic solvent, such as isopropanol or ethanol,

and it is possibly further processed by removing all the unnecessary sup-

ports [113, 114].

Stereolithography is a viable AM technique used in modern AM ma-

chines, although FDM machines dominate the do-it-yourself market. SL

apparatuses offer better resolution than FDM machines, but usually with

a higher price. For instance, ProJet 6000 HD (developed by 3D Systems)

costs around 200,000 e and offers a resolution of 50 μm for part sizes

of 250×250×250 mm. On the other hand, much more affordable desk-

top SL printers exist also, such as, Form 2 by Formlabs, which costs

around 3,300 e, but the resolution is around 150 μm and the print size is

145×145×175 mm.

2.1.7 Projection stereolithography

Projection stereolithography (PSL) is a technology that has been modi-

fied from stereolithography. This SL technique may also be referred to

as mask-image-projection stereolithography or as integral stereolithogra-

phy. The laser light source and the scanning system of an SL machine

have been replaced by a dynamic mask generator and a lamp to achieve
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integral curing. Instead of curing the layer in a point-by-point fashion

the layer is cured at once in a single exposure. In most cases, the dy-

namic mask generator is a liquid crystal display (LCD), a spatial light

modulator (SLM) or a digital micromirror device (DMD) [115–117]. The

first projection based stereolithography system with an LCD mask was

developed by Bertsch et al. in 1997 [118]. In LCD and SLM solutions, the

light passes through the mask, but in DMD-solutions the light is reflected.

DMD masks have several advantages over LCDs, since DMDs are UV

compatible, have smaller pixel size, higher filling ratio, greater contrast

and higher switching speed and efficiency [119–121]. The light emitted by

the light source is projected from the mask generator onto the resin, and

thus the resin is selectively cured according to the pattern on the mask

generator. Curing an entire layer at once increases the manufacturing

speed of the system, and a projector-based system is less expensive than

a system with a laser light source [122]. The projection-based SL tech-

nology, regardless of the dynamic mask generator, is also known as DLP

(digital light processing) stereolithography in the commercial sphere.

The projection stereolithography setup presented in Fig. 2.5 uses a top-

down projection approach, in which the light projected from above cures

the resin at the resin surface. Accurate control of the layer thickness is

difficult without a sweeping blade, due to the free surface of the resin as

discussed in the previous section. Another possibility is to add a trans-

parent window onto the resin surface to remove the problems caused by

the free surface, and thus the layer thickness is determined precisely by

the gap between the window and the previously cured layer. A drawback

is, however, that the cured layer may stick to the glass. An alternative

solution is to project the light to the resin from below through the bottom

of a transparent resin vat.

In the bottom-up approach, which is shown in Fig. 2.6, it is crucial that

the bottom of the vat is transparent and optically of high quality. Even

small defects in the vat bottom will cause errors to the projected image

and consequently to the manufactured part. On the upside, the layer

thickness is accurately determined by the gap between the cured layer

and the bottom surface of the vat. The only factor limiting the layer thin-

ness is the movement accuracy of the elevator. Since there is no sweeping

blade, the cost of the setup decreases and the manufacturing speed in-
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Figure 2.5. A top-down projection stereolithography setup, where each layer is cured at
once according to the pattern on the mask generator.
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Figure 2.6. An illustration of a bottom-up-based projection stereolithography apparatus,
where the layer thickness is accurately defined by the gap between the cured
layer and the bottom surface of the vat.

creases, because there is no need to wait for the resin surface to smoothen.

It is also possible to build tall parts, since the part height is not limited by

the container depth. Another benefit of the bottom-up projection method

is that oxygen inhibition is eliminated, while a downside again is that the

cured layer may stick to the resin vat. Thus, it is highly important to find

ways to reduce the attachment to the vat and increase the adhesion to the

platform, which depends on the material and the surface roughness [123–

125]. Coating the vat with a suitable non-sticky material is a common
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solution. The adhesion force can also be reduced by detaching the cured

layer by slightly tilting the resin vat before the elevator moves, thus the

part is peeled off the coating.

In PSL the light source can be a broad-spectrum lamp, which when used

with narrow bandpass filters offers an additional parameter to control the

curing process. The extent of the control depends on the properties and

composition of the resin that consists of a monomer solvent with small

amounts of photoinitiator and neutral absorber molecules. The efficien-

cies of both the photoinitiator and neutral absorbers are highly dependent

on the wavelength of the projected light. Instead of developing new pho-

toinitiators and neutral absorbers one can simply choose the operation

wavelength to match the requirements of a specific resin.

The advantage of DLP technology is its scalability with optical instru-

ments, since the horizontal part size is determined by the projection area

at the resin surface. Instead of reducing the image area to increase fabri-

cation resolution it is also possible to reduce the pixel size by replacing a

standard definition projection system with a high definition or even an ul-

tra high definition one, but ultimately the resolution is limited by diffrac-

tion in practice to approximately 0.5–1.0 μm for visible light. On the other

hand, to increase the horizontal layer size researchers have developed

scanning PSL systems, where the projection system has been mounted on

a scanning stage that moves along X and Y directions [126, 127]. Also, so

called projection microstereolithography systems that reach fabrication

resolutions of a few micrometers have been developed to produce complex

3D microstructures [83, 128].

2.1.8 Projection microstereolithography

Microstereolithography (μSL) aims at a better fabrication resolution than

SL, but the fabrication principle remains the same. In μSL the goal is to

push the fabrication resolution to a few micrometers both in the vertical

and lateral direction, while an SL apparatus usually has a resolution of

100–200 μm. The first scientific reports on μSL used several designations,

such as IH process, spatial forming, 3D optical modeling, microphotoform-

ing and microphotolithography, because the designs of the apparatuses
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varied [83]. The first μSL system, which was called integrated harden

polymer stereolithography equipment, was developed by Ikuta et al. in

1993 [129]. Nowadays, the term microstereolithography is commonly ac-

cepted, as it connects the manufacturing process both to the microfabri-

cation and stereolithography fields [83].

A projection microstereolithography (PμSL) apparatus is similar to a

PSL system, but the projected image is focused often onto a significantly

smaller area. The downside is that it limits the part size, since the size of

projected pixels decreases. The issue of creating only tiny objects could be

overcome by combining a PSL setup with a PμSL system. The PSL system

would produce the main shape of the object while PμSL is used for high

quality details. As with PSL, large area objects could also be fabricated

by stitching projected images with an X-Y positioning system.

The high resolution of μSL offers innovative solutions for the market

of miniaturized products. Microstereolithography can fabricate complex

and useful components for microfluidic [130, 131], microrobotic [132], mi-

crosystems [133–136] and biomedical fields [137, 138]. Additionally, lab-

on-a-chip devices may include several different components made with

μSL [139]. These components may have different properties depending

on the used material.

Developing new materials for μSL further increases the number of pos-

sible applications. For instance, biodegradable and composite materials,

as well as ceramic parts, can be produced with the right polymers and

additives [77, 140, 141]. Ceramic parts can be manufactured by adding

ceramic particles to the resin, but it will lead to significant changes in the

resin properties, which may reduce the resolution and increase manufac-

turing time [64, 142–144]. Thus, the particle size and density have to be

strictly controlled for manufacturing high quality products in addition to

understanding the curing process thoroughly [145, 146].

Sections 2.2 and 2.3 of this study will present a self-developed PμSL sys-

tem and the results achieved with it. The results provide new informa-

tion about the curing process and methods to increase the manufacturing

speed, which will further increase the potential of PSL and PμSL systems

in the future.
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2.1.9 Two-photon stereolithography

Two-photon stereolithography produces parts with even higher resolution

than μSL through two-photon absorption, which occurs when the energy

between the two states composing the absorption transition is matched by

the combined energy of two photons [147]. This nonlinear phenomenon

depends on the square of the light intensity, which confines the curing

process into minuscule volumes at the focal point. Thus, it is possible

to manufacture parts with feature sizes below 100 nm, even though the

operation wavelength would be around 700–800 nm [148–150].

Microfabrication of three-dimensional objects with two-photon polymer-

ization (2PP) was proposed by Maruo et al. in 1996 [151] and the objects

are manufactured directly inside the reactive medium. Thus, it is unnec-

essary to have a moving platform and create supports for the part.

Two-photon polymerization offers unrivaled fabrication resolution in the

AM world, and it has been intensively studied ever since its invention. Al-

though 2PP is an expensive technology designed only for extremely small

parts it has been commercialized and “the world’s fastest commercially

available 3D printer for micro- and nanostructures” was presented by

Nanoscribe, which is a spin-off of Karlsruhe Institute of Technology, in

2013 [152]. In addition to possible financial gain, developing μSL, PμSL

and 2PP techniques for novel applications is beneficial for a multitude of

pioneering scientific challenges, which include MEMS, micro-optics, pho-

tonic crystals, tissue engineering, biomimetic, micro- and nanofluidics [153–

156].

2.2 Equipment and methods I

In this study, a bottom-up projection microstereolithography apparatus is

used to produce structures with a few micrometers resolution. An illus-

tration of the setup was presented in Fig. 2.6, the optical design of the

system is shown in Fig. 2.7 and the actual setup is presented in Fig. 2.8.

A key component in the projection microstereolithography system is a

commercial video projector, which is based on DLP technology. As shown

in Fig. 2.7, the light from a projector lamp first goes through a condenser,
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Bandpass filter 
Ø=1”

Collimation lens
f=100 mm, Ø=1”

Mirror

MirrorLamp bulb Condenser

DMD
800x600

0.55”
~94 mm2

Shaping lens

Microscope objective
15X, NA=0.32

Focused DMD pattern
~2 mm2

Video
projector

Resin vat Glass with 
coating
1 mm thick

Figure 2.7. An illustration of a projection microstereolithography setup. The dashed rect-
angle represents the commercial video projector with a DMD projection sys-
tem.

Figure 2.8. The projection microstereolithography system.
1. video projector, 2. collimation lens, 3. mirror, 4. narrow bandpass filter,
5. microscope objective, 6. resin vat, 7. platform, 8. computer controlled
elevator.

which renders the divergent beam into a parallel one. The shaping lens

then focuses the beam onto a digital micromirror, which consists of thou-

sands of individually moving mirrors. In the presented system the DMD

chip consists of 480 000 micromirrors, since the native resolution of the

projector is 800×600. Each mirror corresponds to a single pixel and the

size of a single mirror is 13×13 μm. By setting the mirrors to either on or
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off state the pixels in the image will be white or black, respectively. To-

gether these black and white pixels form an image of a cross-section of the

part being manufactured. To achieve micrometer fabrication resolution,

the pixel size of output image should be 1–2 μm. Thus, the original out-

put lens of the projector was removed and replaced by high quality optical

components.

First the light reflected from the DMD is guided through a collimation

lens, which prevents the emitted light from diverging. Matching the focal

length of the lens, it is positioned 10 cm from the DMD. The light is then

reflected from a mirror to a narrow bandpass filter. The filter controls the

operation wavelength of the device by selecting one color from the white

spectrum of the lamp. The transmission bandwidths of the filters used in

this setup were 10 ± 2 nm (FWHM), which greatly helps in reducing chro-

matic aberration in the optical system. The filters were selected according

to the absorption properties of the resin and the spectral intensity of the

lamp. Since most photoinitiators absorb in UV and near-UV, bandpass

filters with center wavelengths matching the short-wavelength end of the

lamp spectrum at 400–550 nm were mainly used in this study.

The final optical component is a microscope objective, which focuses the

collimated and wavelength limited light onto the bottom surface of a resin

vat. The microscope objective has a magnification of 15× and the light

is focused onto an area of about 2 mm2, which means that the size of

one pixel is 2×2 μm. Another important property of the objective is a

long working distance, which in this case is 8.5 mm, as a short working

distance may cause the focal point to stay inside the resin vat glass or the

coating material.

Due to the bottom-up approach, the bottom of the resin vat must be

transparent. In this setup, the resin vat is made of high quality glass

suitable for microscopy and the bottom is coated with Poly(dimethel silox-

ane) (PDMS) to reduce the adhesion force of the cured resin to the vat.

A thick soft layer of PDMS may be optimal for minimizing the adhesion,

but the combined thickness of the glass and the coating should be smaller

than the working distance of the microscope objective. PDMS was chosen

as the coating material for the vat based on previous experiments con-

ducted with the presented setup. In the experiments multiple different

coating materials, such as polyethene and teflon, were investigated by
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measuring the attachment force between the cured layer and the coating

and the smallest attachment force was achieved with PDMS. Addition-

ally, the PDMS coating has to be extremely even, since the gap between

the platform and the coating surface should be constant throughout the

projected image and the focal point should be exactly at the coating-resin

interface with micrometer accuracy.

The platform, upon which the part is built, is moved up and down by an

elevator. The movement resolution of the elevator has a crucial effect on

the fabrication resolution. For microstereolithography apparatuses the

vertical positioning resolution should be higher than 1 μm and it is im-

portant that the movement system is of high quality to avoid backlash. In

the presented setup, the elevator is a linear translation stage that is con-

trolled by a stepper motor. In this case the platform is attached to a linear

translation stage that moves along a screw thread with lead of 1 mm and

the screw is rotated by a geared stepper motor that takes 2000 steps to

go one full revolution. Thus, the platform moves 0.5 μm with each step

and this movement system is suitable for a PμSL setup. The movements

of the platform as well as changing the projected image is controlled by a

self-developed computer program throughout the fabrication process.

Nonetheless, before the part fabrication starts a CAD model of the part

has to be created. The designed CAD model is sliced into closely spaced

horizontal planes by a computer software. The sliced planes are stored

as bitmap images consisting of black and white pixels. These exposure

images are placed into one folder for the part fabrication program. How-

ever, these images require an intensity corrected background image, since

the intensity of the reflected light from the DMD is not evenly distributed

across the exposure area.

Uneven light intensity distribution is one major issue that has to be

considered when the light is produced by a video projector lamp. There are

significant hotspots in the intensity distribution, and thus an intensity

corrected background image, which turns the originally black and white

pixels into different shades of gray, is required to compensate for these

hotspots. An uncorrected output image is presented in Fig. 2.9a and a

background image is presented in Fig. 2.9b. Applying the background

image to all of the exposure images created from the slicing procedure

will result in more uniform curing, as one can note from curing results
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(a) (b)

(c) (d)

Figure 2.9. (a) The output image of the projector at the bottom surface of the resin vat.
The image formed from the DMD is inside the red lines. (b) The intensity
corrected background image that is applied to the exposure images to achieve
more uniform curing. (c) The curing result of a single layer consisting of
30×30 μm squares without intensity correction and (d) with the corrected
background image.

shown in Figs. 2.9c and 2.9d. Once the corrected cross-sectional images

have been created the operation software may be started.

The operation program has to handle two important tasks. First, the

program moves the stepper motor via a microcontroller. Second, the pro-

gram is required to control the image projection (exposure time and image

changing) synchronized with the movements of the stepper motor. The

graphical user interface (GUI) of the self-developed program is presented

in Fig. 2.10 and, as seen from the GUI, the fabrication process is controlled

by several parameters. The exposure time sets the projection duration of

each image and the layer thickness can be set with micrometer resolu-

tion. The program has an option for an x-direction stepper motor control,

for experiments where horizontal movement is required, but in most part

fabrication processes a z-direction movement is sufficient. The rest of the

parameters will be explained in the following paragraph along with the

entire fabrication process.

To begin the fabrication process, a small amount of resin is added to

the resin vat (in PμSL usually one droplet of resin is sufficient, since the

volume of a droplet is larger than the volume of the part to be manufac-

tured). A light blocker is placed in front of the projector to prevent any

projected light from reaching the liquid resin and the video projector is
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powered up. The operation program is then used to lower the platform so

that it barely touches the bottom of the vat. The desired parameter values

are entered into the program and the fabrication process may begin. First

a black image is projected and the light blocker is removed. The platform

moves up a distance defined by the liftoff distance (see Fig. 2.10) in the

software and comes back down, but leaves a gap between the platform

and the bottom surface of the vat. This gap corresponds to the entered

layer thickness value. After the platform stops, the software will wait ac-

cording to the entered post movement delay time (during which the liquid

movement stops), before the image of the first layer is projected. After the

exposure a black image is projected again and the platform moves up so

that fresh liquid resin may flow under the platform. The platform moves

down again and leaves a small gap between the recently cured layer and

the vat. Once again the platform stops, and after a short delay the im-

age of the layer will be projected. These steps are repeated until all the

images have been delivered and the part has been manufactured.

Figure 2.10. The graphical user interface of the computer program controlling the part
fabrication process.

In the software there is a separate exposure time for the first layer, since

a longer exposure time is often required at the start of the fabrication

process. The exact gap size between the platform and the bottom surface

of the coated resin vat is unknown in the initial lowering as it is difficult

to tell with micrometer accuracy exactly when the platform, whose area

is 2 mm2, is touching the soft PDMS coating. The platform may also be
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slightly tilted in one direction, in which case the gap size is inconstant and

only some cured sections may adhere to the platform. Thus, to remove

these irregularities a long exposure time is used to cure a thick base layer

upon which the rest of the layers are built.

Once the manufacturing process is complete, the platform is lifted out

of the resin. The fabricated structure is rinsed with isopropanol to get

rid of excess liquid resin and then detached from the platform. Exclud-

ing the post-processing, manufacturing a structure with the PμSL system

usually takes between 10 and 60 minutes when the part consists of a cou-

ple of hundred layers. Depending on the operation wavelength and the

used resin, one layer is typically cured every 5–20 seconds. Due to the

extremely small part size and relatively slow manufacturing speed the

setup can be altered to a low resolution one for faster curing experiment

research.

For curing reaction research the focusing power of the optical devices is

not important, since the exposure is independent of the resolution. Thus,

for easier part handling and cure depth measurements, the exposure area

was set to around 40 mm2 for the working curve measurements presented

in this study. The properties of several resins were investigated in this

study with the working curve method, for deeper understanding of the

curing reactions and to create new advanced materials, such as biore-

sorbable, high conductivity, short penetration depth, and broad absorp-

tion spectrum resins.

Instead of applying an intensity corrected background image, it is possi-

ble to overcome this hotspot issue by replacing the projector lamp with a

light source that produces uniform illumination. In more recent research,

an LED, which acts as a point light source, and a high definition DMD

chip (1920×1080 pixels and pixel size 7×7 μm) replaced the old projector,

to achieve more uniform curing and increase of the number of pixels. Fig-

ure 2.11 shows the optical design of the setup and Fig. 2.12 presents the

actual system. In this approach several parts of the video projector were

removed or replaced, and thus new electronic devices had to be imple-

mented to the system for handling the LED light source, which operates

at 410 nm wavelength, and a cooling system. Even though the operation

wavelength is set by the monochromatic light of the LED by attaching

several different LEDs to a rotating disc, it would be possible to rapidly
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change the operation wavelength if required. Thus, this system outper-

forms the old one, but scientific research with the system has only just

begun and the results presented in this study have been achieved with a

system that has a broad spectrum lamp as the light source.

Microscope objective
15X, NA=0.32

Focused DMD pattern
~2 mm2

Shaping Lens 
f=100 mm, Ø=1”

Mirror

LED

DMD
1920x1080

0.65”
~116 mm2

Collimation Lens
f=32 mm, Ø=2”

Resin vat

Glass with coating
1 mm thick

Figure 2.11. An illustration of a projection microstereolithography setup with an LED
light source and high definition DMD chip.

Figure 2.12. The improved projection microstereolithography system.
1. LED light source, 2. collimation lens, 3. DMD (1920×1080), 4. shaping
lens, 5. mirror, 6. microscope objective.
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2.3 Results I

2.3.1 Projection stereolithography

Research with the PSL system focused on fabricating parts with high

resolution and investigating methods to improve the fabrication process.

Most commercial 3D printers have a resolution limit around 100 μm,

while the goal of this study was to produce parts with a few micrometers

resolution. Thus, creating an efficient system for micro part production

would enable new innovations, for instance, in biochemistry and medi-

cal fields. However, fabricating micro parts is challenging due to diverse

curing reactions in the resin and the fabrication process is often slow.

The process was developed by investigating the use of different operation

wavelengths in the same system, which proved to be a very efficient and

flexible solution. The following sections will first look into the resolution

capabilities of the system and then into the results obtained from the cur-

ing reaction experiments.

2.3.2 Lateral and vertical manufacturing resolutions in PSL

The structures presented in Fig. 2.13 demonstrate the capabilities of the

PμSL setup with a self-developed resin. The object in Fig. 2.13a is a

propeller-like structure, which consists of 60 layers that are 10 μm thick.

The structure in Fig. 2.13b has an overhanging roof, which shows that the

vertical resolution is around 10 μm. The lateral resolution was tested by

curing narrow lines on top of a cylindrical structure, and the result is pre-

sented in Fig. 2.13c. Based on these results, the manufacturing resolution

is approximately 2 μm in the lateral and 10 μm in the vertical direction.
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(a)

(b)

(c)

Figure 2.13. Fine-detail structures that were manufactured with the PμSL apparatus.
(a) A propeller-like structure with 10 μm layer thickness, (b) an overhanging
roof on four pillars and (c) resolution tests in the horizontal direction, where
the width of the vertical lines ranges from 1 to 5 pixels.
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2.3.3 Advanced materials in PSL

Graphene has received tremendous global interest due to its excellent

electrical [157], thermal [158], mechanical [159] and optical properties

[160, 161]. Graphene can be prepared through, for instance, epitaxial

growth, chemical vapor deposition and the Scotch tape method, but pro-

ducing 3D structures of graphene is still a challenge [162]. Thus, a method

to produce 3D graphene structures with PSL was investigated in Publi-

cation II. The resins for this research were prepared by stirring graphene

oxide (GO) with PIC100 (a commercial resin developed by EnvisionTEC

Inc.) using a magnetic bar until the mixture was homogeneous. To inves-

tigate the effect of graphene oxide on the curing reactions, the working

curve method was applied to four different mixtures, whose GO concen-

trations were 0, 1, 2 and 3 wt% (weight percent). The effect was clear,

since the penetration depth of the resin was 72 μm without GO and it

decreased from 33 μm at 1 wt% to 17 μm at 3 wt% of GO.

To demonstrate the process of fabricating 3D graphene structures, two

types of models were designed. The first one, a 2D 1 mm thick sheet-

like mesh for electrical conductivity measurements, and the second one,

a tissue engineering scaffold with controlled morphology and pore size.

The layer thickness was set to 30 μm and the exposure time was adjusted

from 7 to 18 s as the GO concentration increased from 1 to 3 wt%. The

fabricated structures are presented in Figs. 2.14 and 2.15. The parts were

pyrolyzed under nitrogen atmosphere to extract the polymer in order to

obtain a graphene-based 3D structure. As shown in Fig. 2.15a, when the

part was heated at 500◦C, shrinkage and distortion in the mesh became

severe. The conductivity of the mesh sheets was investigated with four-

terminal sensing and the measurements showed that a higher graphene

content yielded higher conductivities. However, measuring the extremely

brittle samples proved to be challenging and the conductivity results were

gained only for samples that were first heated to 300◦C and then to 400◦C.

Interestingly, the conductivity did not increase very much after heating

at 400◦C, although the relative graphene content of the sample increased
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considerably. The reason may relate to an increase in the porosity of the

samples, which affects the probe contact.

Figure 2.14. SEM images of scaffolds with two different pore sizes and their surfaces,
respectively. Adapted from Publication II.

Additionally, a bioresorbable resin was developed for PSL to create scaf-

folds for tissue engineering [163]. The resin consisted of poly(ε-caprolac-

tone) and its suitability for part production with PSL was investigated

by fabricating a scaffold structure presented in Fig. 2.16. Similar resins

could be used in PμSL to fabricate bioresorbable microstructures, but it is

still part of an ongoing research project.

2.3.4 Improved PSL solutions

Reducing the layer thickness increases the resolution in AM processes,

since the vertical resolution of AM systems equals the layer thickness.

However, this will affect the fabrication time, since the number of layers

increases. Thus, investigating methods to maintain high resolution with

high manufacturing speed is essential for the development of AM systems,

whose one major limitation is unquestionably the slow production rate.
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(a)

(b)

Figure 2.15. (a) Photographs of 1 mm thick sheet-like mesh samples after different py-
rolysis steps and (b) a photograph of a scaffold with dimensions of 10×10×4
mm before pyrolysis and two SEM images after pyrolysis at 500◦C. Adapted
from Publication II.

One way to increase the manufacturing speed is to produce parts with

varying layer thicknesses. Instead of producing a part slowly with thin

layers or rapidly with thick layers, one could produce a part effectively

by adjusting the layer thickness according to the shape of the part. In

PSL, the layer thickness is defined by the cure depth, which can be con-

trolled during the fabrication process. Due to the exponential relation

(see Eq. 2.3) between the cure depth and the exposure, increasing the

exposure is an inefficient solution to increase the cure depth. A more po-

tent solution is to quickly change the operation wavelength. The effect of
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(a) (b)

Figure 2.16. A scaffold created of a self-made bioresorbable resin. The white scale bar is
2 mm in (a) and 0.5 mm in (b).

the operation wavelength change on the penetration depth was investi-

gated for a commercial resin made by EnvisionTEC Inc. with the working

method and the result is presented in Fig. 2.17a. The linear fits have been

made with the least square method in all the figures that contain work-

ing curves. The slopes of the fits correspond to the penetration depths at

the specific wavelengths, and these penetration depths are presented as

a function of wavelength in Fig. 2.17b. This plot shows that in this case

Dp nearly doubles when the operation wavelength is increased from 400

to 550 nm. The penetration depth value of a resin is an important param-

eter, because it defines the smallest achievable cure depth. A resin will

be only partially cured with ensuing weak physical properties if Cd<Dp ,

although Cd values only slightly smaller than Dp may be adequate. Thus,

adjusting the operation wavelength is an efficient method to control the

cure depth and it will give more flexibility to the fabrication process.

To show the effect of operation wavelength change on the fabrication

process, parts with two different layer thicknesses were produced with a

PSL system that operates at 410 and 500 nm. The resin in these exper-

iments consisted of 99 wt% of PIC100, and 1 wt% of Irgacure 784 (pho-

toinitiator). Similar to the case in the previous paragraph, the working

curves for this resin were obtained and they are shown in Fig. 2.18. Based

on the slopes from the plot, the penetration depth was 67 ± 3 μm and 154

± 4 μm at 410 and 500 nm, respectively.

Based on the penetration depth values, 50 and 300 μm were chosen as

layer thicknesses to demonstrate the advantages of producing a part with

multiple layer thicknesses. Thin layers were produced with an operation

wavelength of 410 nm and exposure time of 6 s, while for the thick layers,
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Figure 2.17. The working curves determined for a commercial resin at six operation
wavelengths. (a) Cure vs. exposure at different wavelengths and (b) pen-
etration depth values as function of operation wavelength.
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Figure 2.18. Experimentally measured working curves for 410 nm (purple line) and 500
nm (green line). The three rightmost data points in both series have been
disregarded in the fits as saturation effects play a role for them.

the wavelength was switched to 500 nm and exposure time to 20 s. With

these values it turns out that the PSL system fabricates a single 300-μm

layer 3.3 times faster than six 50-μm layers, due to the exposure dura-

tions and time required for the elevator movement between layers. Two

parts with 300-μm and 50-μm layers, which are presented in Fig. 2.19,

show the use of this method in practice. Since thick layers were used only

in sections where high vertical resolution was not required, i.e., the con-
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secutive layers would have the same cross section, the final products had

the same manufacturing resolution as in a case where the products would

have consisted solely of thin layers. The thick layers are clearly visible

in Fig. 2.19 due to their more severe edge curvature compared to the thin

layers, but their lateral error was still minimal.

The first part, presented in Fig. 2.19b, was 11 mm tall with 300-μm lay-

ers in the lower half and 50-μm layers in the upper half. Manufacturing

this part took 38 min, while it would have taken 58 min had it consisted

only of 50-μm layers. Thus, the manufacturing time was reduced by 20

min, which is equal to 34%.

(a) (b)

(c) (d)

Figure 2.19. (a) A CAD model of a part consisting of a pipe and a latticework. (b) A
fabricated replica with a layer distribution of 18×300 μm (lower part) and
112×50 μm (upper part). (c) A CAD model of a part consisting of a section
of a square pipe and latticework. (d) A fabricated replica with layer distri-
bution of 60×50 μm (lower part), 10×300 μm (middle part) and 60×50 μm
(upper part). The black scale bars are 1 mm.

The second part, shown in Fig. 2.19d, was a 9 mm tall square-shaped

structure with latticework and a square pipe section that consisted alto-
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gether of 130 layers. The high resolution latticework required thin lay-

ers, while the pipe section was produced with thick layers to increase the

manufacturing speed. In this case, the manufacturing time was reduced

by 23% (11 min) compared to producing the part with only thin layers.

The effectiveness of controlling the cure depth by adjusting the oper-

ation wavelength can be improved by developing resins for the specific

purpose, but it requires knowledge about the absorptive properties of the

different substances in the resin. As mentioned in Section 2.1.4, a resin of-

ten consists of three main components: a photoinitiator, neutral absorbers

and crosslinkable monomers. Since most monomers do not absorb light,

the absorption coefficient and, consequently the penetration depth of a

resin, can be controlled through a careful choice of the photoinitiators,

neutral absorbers and their concentrations.

Disperse Orange 13 (DO13, absorbing dye) and Irgacure 784 (photoini-

tiator) were investigated with the working curve method to obtain infor-

mation about their absorptive properties and suitability for operation at

wavelengths of 410 and 500 nm. The measurement was done, by prepar-

ing nine different resins with different concentrations of DO13 and ap-

plying the working curve method to each of them. The monomer in these

resins was Trimethylolpropane trimethacrylate, and the Irgacure 784 con-

centration was 1 wt% in each resin. The working curves for these resins at

410 and 500 nm are presented in Fig. 2.20. The absorption cross-section of

a substance can be determined from the working curve slope values, since

the absorption coefficient is the inverse of the penetration depth value as

presented in Eq. 2.4. For a resin with only Irgacure 784 and Trimethy-

lolpropane trimethacrylate, the absorption cross-section of Irgacure 784

is obtained as the slope from a plot of α vs. ρ, since σmonomer and ρDO13 are

zero. Thus, from the left most fits in Fig. 2.20 it follows that the absorp-

tion cross-section of Irgacure 784 is 3.2 ± 0.3 × 106 cm2/mol and 1.6 ± 0.2

× 106 cm2/mol at 410 and 500 nm, respectively.

For DO13 the absorption cross-section can be determined from a plot

where αDO13 , which is the difference of αtotal and αIrgacure784 , is presented as

function of ρDO13 as shown in Fig. 2.21. Thus, the absorption cross-section

of DO13 is 20 ± 2 × 106 cm2/mol and 26 ± 2 × 106 cm2/mol at 410 and 500

nm, respectively. However, these results cannot be regarded as conclusive,

since according to spectrophotometer measurements the absorption cross-
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section of DO13 should be larger at 410 nm than at 500 nm. The too small

value at 410 nm is most likely explained by photobleaching, i.e., there are

more photons than absorbing molecules near the resin surface. Due to the

lack of absorbing species, the cure depth will be larger than expected.
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Figure 2.20. Experimentally measured working curves for resins with different wt% of
DO13 at (a) 410 nm and (b) 500 nm. Adapted from Publication IV.
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Figure 2.21. The absorption coefficient of DO13 vs. concentration at wavelengths 410 nm
(dashed black line) and 500 nm (gray solid line). Adapted from Publication
IV.
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2.4 Conclusions I

Currently, commercial stereolithography and projection stereolithography

devices work solely with one operation wavelength, but changing the op-

eration wavelength in the fabrication would increase the control of the

curing process and add flexibility to the apparatuses. This thesis pro-

vided new insight on how the penetration depth of a commercial resin can

be effectively controlled by adjusting the operation wavelength. Thus, the

operator receives a new parameter for controlling the layer thickness and

instead of carefully manufacturing a resin for a specific apparatus, the

apparatus can be made suitable for a resin with desired properties. The

operation wavelength can also be changed in the middle of the manufac-

turing process to further increase the potential of the system. A novel

PSL method was presented in this study to show that fabricating parts

with multiple layer thicknesses is possible through operation wavelength

control and it reduces the manufacturing time without losing resolution.

This method benefits several photocuring-based AM processes, and is one

step towards high speed 3D printing with high resolution.

The vertical resolution of SL or PSL systems depends nearly entirely

on the properties of the resin, since controlling the cure with only expo-

sure time and optical elements is impossible. Once the projected light

interacts with the resin, the process becomes a complex chemical reac-

tion, whose progress depends on the different resin components. A pho-

tocurable resin consists of many components, which have different roles

in the curing process and act differently at different wavelengths and ex-

posures. Thus, investigating the resin properties and understanding the

curing mechanism is extremely fruitful. In this study, a working curve

method was the prime research solution to investigate the resin proper-

ties. The method is simple, but would gain from improvements. However,

due to the complexity of the curing process and the large variety of dyes,

photoinitiators, monomers and other additives, developing an accurate

general curing model is challenging.

One approach to obtain good hold of the curing is to know better the

absorption properties of the resin components. In this work, the work-

ing curve method was used to provide new information about the absorp-

tive properties of Irgacure 784 and Disperse Orange 13 in curing reac-
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tions. The results were compared with spectrophotometry measurements,

which is an excellent tool for determining the absorption cross-section

of a single substance, but it is not that well suited for determining the

absorptive properties of a resin during exposure. Adding the absorption

cross-sections of individual species together does not result in the real ab-

sorption cross-section of the whole resin, due to the curing reactions and

creation of intermediates in the curing process. Thus, measuring the cure

depths with different exposures should yield more thorough data about

the process. However, the working curve model is not optimal either and

new approaches have to be implemented to research the factors partici-

pating in the curing and absorption reactions.

The curing reactions have an important role also in the development of

advanced resins, since the penetration depth changes with the resin con-

tent. Bioresorbable and graphene resins were investigated in this study,

in order to introduce new possible applications for parts created with PSL.

Most parts have to be bioresorbable to be applied for medical applications,

while graphene-based parts provide unique properties, such as high con-

ductivity. In this research, simple parts were successfully fabricated from

graphene with PSL to provide additional information about the fabrica-

tion process and fabrication of bioresorbable scaffolds was briefly inves-

tigated. Both approaches offered promising results, but require further

development for practical applications.
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3. Incremental sheet forming

3.1 Background II

Metal sheet forming processes, like stretch forming, drawing, roll forming,

spinning, magnetic-pulse forming and stamping, produce shaped metal

sheets usually by forming a flat metal sheet with dies and tools [164, 165].

Most forming processes are designed for high production rates with low

labor costs, but the initial tooling and equipment costs are usually enor-

mous. For instance, the production of a single die for stamping automotive

body parts can cost over 100,000 dollars, and the total tooling costs may

result in tens of millions of dollars per vehicle [166]. Thus, altering the

design of the shape is expensive, since new dies have to be manufactured

for each design. To overcome this issue new methods, such as incremental

sheet forming, should be developed.

Incremental sheet forming (ISF) is a technique where a metal sheet is

formed into the desired shape through a series of small incremental de-

formations. The sheet is usually formed by a round tipped tool (diameter

a few mm) that is attached to a 3-axis positioning system. The shape is

formed according to a CAD model which has been converted into G-code.

The generated G-code commands will tell the machine how the shape

should be made through a series of simple commands. Thus, arbitrary

shapes can be produced, but every ISF method has some restrictions.

In single point incremental forming (SPIF), which is a dieless process,

only the forming tool has contact with the sheet and the sheet can bend

in an undesired way due to a lack of support, which restricts the use of

SPIF to relatively simple geometries. A schematic of a SPIF process is
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presented in Fig. 3.1. One physical limit to the available geometries is

given by the sine law, t1 = t0sinθ, which results from conservation of vol-

ume [167]. The sine law depicts a relationship between the wall thickness

after forming (t1) with the wall angle (θ) and the original wall thickness

(t0), although the accuracy of the law varies across the profile of a formed

product [168]. Based on the law, it is apparent that the wall angle has

to be less than 90◦ or else the final thickness would be nonpositive. To

increase the variety of producible shapes and accuracies, a full or partial

positive die can be placed below the sheet. This is known as two point

incremental forming (TPIF) and it is not a dieless process, but tooling is

less expensive than for stamping. Another way to increase accuracy and

avoid the wall angle limit of a SPIF system is to apply local heating.

Figure 3.1. Schematic of a single point incremental sheet forming setup, where θ is the
wall angle of the part.

One efficient way to apply local heating is to use a laser light source to

irradiate the bottom side of the metal sheet [169]. Heating increases the

material ductility and decreases material strength, which increases the

formability and the maximum wall angle [22, 170]. The maximum angle

represents the forming limit with the current system. Forming parts with

steeper walls than the maximum wall angle will lead to fractures with-

out local heating or other improvements to the system. However, local

heating is not always the right solution, since different materials behave

differently during heating. The microstructure of a metal can change due

to recovery or recrystallization at high temperatures, which affect the me-

chanical properties of the metal [171]. These microstructural changes de-

pend on the material as well as on the bulk forming process, which makes

the choice of the right metal and forming method challenging. [172]
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Researchers are actively investigating new materials and forming meth-

ods to advance ISF processes, since production is changing from large vol-

umes to small series of highly customized products. The main challenges

for commercial breakthroughs of ISF are long production duration and in-

sufficient accuracy due to spring back and plastic deformation [16, 22, 23].

Thus, new methods, which increase the manufacturing accuracy, such as

laser or electricity assisted ISF processes have become a hot research

topic [173–177]. In this study, the effect of laser assisted ISF is inves-

tigated for three specific metal materials, to provide new data for further

development of advanced ISF processes.

3.2 Equipment and methods II

The ISF research equipment, shown in Fig. 3.2, consists of a KX3-Mach

CNC milling machine and a clamping system. To investigate the effect

of local heating to the forming process, a 1 kW fiber laser was added to

the system. The benefit of the heating was determined by comparing the

maximum wall angles of parts made with and without heating. The in-

vestigated materials were aluminum (EN AW-1050 A), deep drawing steel

(DC04) and copper (Cu-OF-04, CW0008A, half-hard), whose sheet thick-

nesses ranged from 0.5 to 0.75 mm. The maximum size of a part fitting

in the system was 15×15×5 cm, where the shortest distance is in the ver-

tical direction. To reduce the production time during measurements, the

forming area was divided and four parts were formed in one fixation. The

forming was done with a round tipped cemented carbide tool, whose tip

diameter was 4 mm. To reduce the wear on the tool and prevent rupturing

the sheet, machine oil was placed on the forming area. The tool moved at

a speed of 1,000 mm/min and made a 0.5 mm vertical step after each loop

when forming frustum shapes.

As in SL, the creation of a CAD model of the part is the initial step

when operating with an ISF device. By loading the model into a CAM

(Computer-aided manufacturing) software, a tool path according to the

contour of the model is created in G-code. In addition to conical frustums,

pentagonal and hexagonal frustums were briefly investigated, but coni-
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Figure 3.2. The incremental sheet forming system, which forms the desired shape
through small incremental steps with a round tipped tool that is shown in
the middle of the figure. The dimensions of the square shaped forming area
are 15×15 cm.

cal frustums were chosen as the investigated shape due to their simpler

wall angle verification. The top diameter of the truncated cones varied

between 10 and 20 mm, whereas the bottom diameter varied between 32

and 46 mm. Thus, the wall angles of the parts ranged from 53.6◦ to 74.6◦.

To find the maximum wall angle for a material, the wall angle of a part

was increased until the precise breaking point of the sheet could be deter-

mined. Usually 5 to 10 parts had to be formed to determine the maximum

wall angle for each configuration (materials, heating effects). The wall an-

gles were measured with two different methods to achieve high reliability,

namely with Solid Edge modeling software and with a high accuracy co-

ordinate measuring machine. With Solid Edge the wall angle could be de-

termined from the apex angle of the cone, which was measured by taking

a picture from one side of a formed cone and importing it to the software.

Thereafter, the wall angle was calculated from the apex angle by means

of simple geometrical equations. The determined maximum wall angles

of the tested materials were then compared to the maximum wall angles

with local heating.

Local heating was introduced to the ISF process by placing a 1 kW yt-

terbium fiber laser (IPG YLR-1000) operating at 1070 nm on the bottom

side of a sheet. The ISF configuration with the laser system is shown in
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Fig. 3.3. The beam parameter product was 2.4 mm×mrad and the diame-

ter of the fiber was 50 μm. The beam spot size at the metal sheet bottom

surface was 6 mm when the distance of the fiber to the sheet was about

100 mm. The laser beam was inclined 5◦ to the normal of the sheet, to re-

duce back reflection damage, at the tool tip location. Output powers from

70 to 350 W were used in the experiments to find the optimal forming

power for each material.

Figure 3.3. The incremental sheet forming setup with a fiber laser placed below the
metal sheet.

3.3 Results II

The formability of three metal sheets: 0.50 mm aluminum (EN AW-1050

A), 0.50 mm copper (Cu-OF-04, CW0008A, half-hard) and 0.75 mm deep

drawing steel (DC04) were investigated with the ISF setup. To research

the effect of laser assisted heating, the maximum wall angles were mea-

sured for each sheet material without heating and the values were com-

pared to the maximum wall angles with heating. The test shapes were

truncated cones whose wall angles could be adjusted. Four cones could be

formed in one go with the setup and the wall angles of the shapes were

measured with two different methods as was explained in Section 3.2.

Some of the formed shapes are presented in Fig. 3.4. Their wall angles

differed from the wall angles of the models by a maximum of 0.7◦ for alu-
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Process Material The steepest The lowest
wall angle wall angle
that was that failed (◦)

successfully formed (◦)
Unheated Aluminum 59.0 61.0
Unheated Copper 65.8 66.8
Unheated Deep drawing steel 71.6 72.8

Heated Aluminum 61.0 62.8
Heated Copper 70.1 N/A
Heated Deep drawing steel N/A 69.4

Table 3.1. Measurement results for determining the maximum wall angle

minum, 0.5◦ for copper and 2.3◦ for steel. Heating did not significantly

change the wall angle accuracy compared to the CAD model, but it in-

creased the maximum wall angle in some cases as shown in Table 3.1. The

maximum wall angle of deep drawing steel with local heating was not in-

vestigated, since the heating reduced the maximum value and hence laser

assisted ISF is unfeasible for deep drawing steel. The maximum wall an-

gle of copper could have been increased over 70.1◦ by increasing the laser

output power beyond the recommendation of the fiber laser manufacturer,

but due to safety reasons the maximum limit was not exceeded.

(a) (b)

(c) (d)

Figure 3.4. The steepest formed truncated cones for four configurations, the wall angle of
the steepest successfully formed cone is marked in each image (a) aluminum
unheated; (b) aluminum laser assisted (250 W); (c) copper laser assisted (350
W); (d) deep drawing steel unheated. Adapted from Publication V.
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3.4 Conclusions II

Laser assisted ISF was demonstrated as a solution to increasing the forma-

bility of metal sheets. As production shifts towards customized products

in many industries, the forming of metal sheets is no exception. Creating

unique shapes based on computer data is a requirement for many prod-

ucts, but the current fabrication processes pose some restrictions. SPIF

produces efficiently simple arbitrary shapes with a minimum of special-

ized tooling, without dies and with high degree of flexibility; however, the

major limitations of SPIF are the forming accuracy and geometrical limi-

tations. These limitations can be reduced by increasing the formability of

the metal sheet by applying local heating with a laser system. This study

presented new quantitative information about the effect of local heating

on the maximum wall angles of three different metals. The results showed

that the maximum wall angle of parts did increase when local heating

was applied, but not for all materials. Metal materials have various in-

ternal crystal structures (such as body-centered-cubic and face-centered

cubic) and thus they react differently to local heating. For instance, a

steel sheet will have completely different properties depending on its cre-

ation method; it can be either soft and flexible, hard and stiff or something

in between. Thus, the effect of local heating is very material dependent

and the effect has to be investigated for each alloy separately.
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4. Discussion

This dissertation focused on developing DDM techniques, especially pro-

jection stereolithography and laser assisted incremental sheet forming.

Projection stereolithography is one of the more promising additive man-

ufacturing techniques, due to its speed and versatility. However, as for

most AM solutions there is room for improvements and this thesis pre-

sented new methods to increase the flexibility and manufacturing speed

of SL and PSL systems. This dissertation also showed how the forming of

metal sheet can be developed further by laser assisted heating in ISF.

Overall, the future of DDM with AM and other advanced techniques is

extremely promising, since they provide new previously impossible solu-

tions. The complexity of the part no longer induces costs and new ap-

plications can be made by creating fully optimized parts with minimal

material. For instance, a heavy and bulky part can be replaced with a

lighter one with improved performance to reduce, for example, the weight

of an aircraft. Besides unrestricted design, one major advantage of DDM

is the lack of material transfer. Instead of shipping a product with a cargo

ship from the other side of the world, the design of the part can be shared

across the Internet and the part can then be 3D printed at the orderer’s

location. This will generate a cost-efficient and swift manufacturing solu-

tion that can one day even be the solution to colonize new planets.

This study was a part of a grand scheme of developing DDM systems

further to improve their properties and usability. Direct digital manu-

facturing will revolutionize our way of thinking of manufacturing, since

many currently adequate solutions can be replaced with perfect ones by

utilizing new DDM techniques. Instead of buying an inconvenient part

from a store, you have the opportunity to create the exact thing you want.

48



References

[1] J. Holmström, M. Holweg, S. H. Khajavi, and J. Partanen. The direct dig-
ital manufacturing (r) evolution: definition of a research agenda. Opera-
tions Management Research, 9(1-2):1–10, 2016.

[2] T. Wohlers. Wohlers Report 2012. Wohlers Associates, Inc, 2012.

[3] T. Wohlers. Wohlers Report 2016. Wohlers Associates, Inc, 2016.

[4] S. S. Crump. Apparatus and method for creating three-dimensional objects.
US Patent 5121329, 1992.

[5] J. R. Tumbleston, D. Shirvanyants, N. Ermoshkin, R. Janusziewicz, A. R.
Johnson, D. Kelly, K. Chen, R. Pinschmidt, J. P. Rolland, A. Ermoshkin,
et al. Continuous liquid interface production of 3d objects. Science,
347(6228):1349–1352, 2015.

[6] Q. Ge, A. H. Sakhaei, H. Lee, C. K. Dunn, N. X. Fang, and M. L. Dunn. Mul-
timaterial 4d printing with tailorable shape memory polymers. Scientific
Reports, 6, 2016.

[7] Q. Ge, C. K. Dunn, H. J. Qi, and M. L. Dunn. Active origami by 4d printing.
Smart Materials and Structures, 23(9):094007, 2014.

[8] Q. Ge, H. J. Qi, and M. L. Dunn. Active materials by four-dimension print-
ing. Applied Physics Letters, 103(13):131901, 2013.

[9] D.-W. Cho and H.-W. Kang. Microstereolithography-based computer-aided
manufacturing for tissue engineering. Computer-Aided Tissue Engineer-
ing, pages 341–356, 2012.

[10] D. Du, T. Asaoka, M. Shinohara, T. Kageyama, T. Ushida, and K. S. Fu-
rukawa. Microstereolithography-based fabrication of anatomically shaped
beta-tricalcium phosphate scaffolds for bone tissue engineering. BioMed
research international, 2015, 2015.

[11] V. Lifton, G. Lifton, and S. Simon. Options for additive rapid prototyping
methods (3d printing) in mems technology. Rapid Prototyping Journal,
20(5):403–412, 2014.

49



References

[12] S. A. Tadigadapa and N. Najafi. Developments in microelectromechanical
systems (mems): a manufacturing perspective. Journal of Manufacturing
Science and Engineering, 125(4):816–823, 2003.

[13] A. P. Taylor and L. F. Velásquez-García. Electrospray-printed nanostruc-
tured graphene oxide gas sensors. Nanotechnology, 26(50):505301, 2015.

[14] V. K. Varadan, K. J. Vinoy, and K. A. Jose. RF Mems and Their Applica-
tions. John Wiley & Sons, 2003.

[15] S.-Y. Wu, C. Yang, W. Hsu, and L. Lin. 3d-printed microelectronics for
integrated circuitry and passive wireless sensors. Microsystems & Nano-
engineering, 1, 2015.

[16] J. Allwood, G. King, and J. Duflou. A structured search for applications of
the incremental sheet-forming process by product segmentation. Proceed-
ings of the Institution of Mechanical Engineers, Part B: Journal of Engi-
neering Manufacture, 219(2):239–244, 2005.

[17] G. Ambrogio, L. De Napoli, L. Filice, F. Gagliardi, and M. Muzzupappa. Ap-
plication of incremental forming process for high customised medical prod-
uct manufacturing. Journal of Materials Processing Technology, 162:156–
162, 2005.

[18] E. Castaneda, B. Lauret, J. Lirola, and G. Ovando. Free-form architectural
envelopes: Digital processes opportunities of industrial production at a
reasonable price. Journal of Facade Design and Engineering, 3(1):1–13,
2015.

[19] E. Hagan and J. Jeswiet. A review of conventional and modern single-point
sheet metal forming methods. Proceedings of the Institution of Mechanical
Engineers, Part B: Journal of Engineering Manufacture, 217(2):213–225,
2003.

[20] J. Jeswiet, F. Micari, G. Hirt, A. Bramley, J. Duflou, and J. Allwood. Asym-
metric single point incremental forming of sheet metal. CIRP Annals-
Manufacturing Technology, 54(2):88–114, 2005.
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