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Abstract

Polymer degradation

Rapid Prototyping (RP) has revolutionized the world of manufacturing. It has gained popularity among designers and
artists, having developed from a visualization tool to a manufacturing tool for end-use products. Rapid-prototyped
objects are being accessed by museums and the technology is being adopted for conservation applications. The
review identifies the current most commonly used polymer based RP technologies and materials that are likely to
enter museum collections, and formulates informed research topics related to their conservation. A knowledge
exchange project was conducted with artists and designers using the technology via an online survey and inter-
views. The main technologies and materials used by artists and designers were identified and investigated includ-
ing research that has been done into the stability of RP manufactured objects. Since these may be uniquely post-
processed by artists and designers, RP objects are often irreplaceable, i.e. cannot simply be reprinted. The evolution
from rapid prototyping (RP) to additive manufacturing (AM) has resulted in extensive research into the mechanical
properties and short-term stability of prototypes. However, very little research has been conducted into RP from the
conservation perspective particularly long-term stability studies. Since RP technology is rapidly developing, it is crucial
that conservators and scientists follow and inform these developments.
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In all the arts there is a physical component which can
no longer be considered or treated as it used to be, which
cannot remain unaffected by our modern knowledge and
power. For the last twenty years neither matter nor space
nor time has been what it was from time immemorial.
We must expect great innovations to transform the entire
technique of the arts, thereby affecting artistic invention
itself and perhaps even bringing about an amazing change
in our very notion of art.

— Paul Valery: Piéces sur lart, La conquéte de l'ubiquité

Background

The opening citation of Walter Benjamin’s Arz in the age
of Mechanical Reproduction by Paul Valery [1], seems
strangely relevant today with the advent of digital design
and additive manufacturing (AM).
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The expiration of patents has led to rapid development
of technologies used for rapid prototyping (RP) during
the last 25 years (Table 1). Initially reserved for industry,
the technologies have become more accessible and hailed
as a ‘manufacturing revolution’ At the forefront of exper-
imentation, artists and designers were quick to adopt the
technology for end products and rapid prototype arte-
facts soon achieved cult status and are entering museum
collections [2]. Early prototypes are documents of this
manufacturing revolution or ‘maker movement’ and may
need to be preserved.

The terms ‘layered manufacturing’ and ‘rapid manufac-
turing’ are generally seen as synonymous with ‘additive
manufacturing’ [3], while ‘rapid prototyping’ (RP) refers
to the production of usually single items (prototypes)
using AM technologies. However, AM currently still pre-
dominantly use systems that were developed for RP. Since
most artworks and designs are in a sense ‘prototypes, we
will use the term ‘rapid prototyping’ to refer to AM tech-
nologies used for the purpose of artistic expression and
conservation. It should be noted that the other blanket
term that is often used, ‘3D printing, actually refers to a
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Table 1 Summary of polymer-based rapid prototype technologies, currently commonly used by artists and designers

System ASTM terminology Common patented systems

Base Materials

Solid based Materials extrusion
Patent: US5121329 A
Stratasays Inc.

Eden Prairie MN

Powder based Binder jetting

Patent: US5204055 A

Fused deposition modelling (FDM®)

ZCorp 3D printing technology (3DP")

Acrylonitrile butadiene styrene (ABS), poly(lactic) acid
(PLA), polyethylene terephthalate (PET), polyvinyl
alcohol (PVA)

Plaster based powder, ink/water binders infiltrated
with epoxy, wax or cyanoacrylate

Massachsets Institute of Technology (MIT)

3D Systems Ltd.
Rock Hill SC USA

Voxeljet AG
Patent:US20110308755 Al
Voxeljet Technology

Augsburg-Lechhausen, Germany

Powder bed fusion
Patent: US4863538 A
The University of Texas
3D Systems Ltd.
Rock Hill SC, USA
Polyjet™

Patent: US6259962
Objet Geometries Ltd
Stratasays Inc.
Rehovot, Israel

Stereolithography (SLA®)
Patent: US4575330

UVPInc.

3D Systems Ltd

Rock Hill SC, USA

Liquid based ~ Materials jetting

Vat photo-polymerisation

Selective laser sintering (SLS®)

Foundry sand/acrylic polymer

Polyamide (PA), acrylonitrile butadiene styrene (ABS)
metals

Proprietary acrylics, acrylates and epoxy thermoset
plastics

specific AM technology and should not be used to refer
to RP in general [3].

Museums and heritage institutions themselves have
embraced the technology, using it for conservation,
education, public engagement and to increase access to
collections. The British Museum (through Sketchfab),
Smithsonian (through Six3D) and MOMA (through
Thingiverse) already allow digital access to their collec-
tions for home printing. The Prado, with their exhibition:
Hoy toca el Prado, collaborated with Estudios Durero to
unlock the world of painting to visually impaired visitors
and to offer regular visitors a multi-sensory experience
[4]. Such experiences allow for more intimate interaction
with collections resulting in better cognition, recollection
and experience [5].

The transgression from the real world to the virtual
and back has been coined ‘dancing the flip flop’ as fidelity
to the original is not the aim, but instead “weird things”
should “happen on the walls between worlds” [5, 6]. By
hosting 3D Printing ‘Hackathons’” museums such as
MOMA provide the opportunity to the public to dance
the flip flop with objects in their collection, encouraging
close scrutiny and a creative opportunity through digital
manipulation, deepening their emotional relationship
with the collection [5, 7].

3D printing is being extensively used to interact with
visitors as the following examples described by Neu-
miller et al. [5] demonstrate. Faces of ancient Egyptians
were reconstructed on prototyped sculls [8] at the Red-
path Museum in Montreal, Canada, and in Leicester, UK,
the skeletal recovery of Richard III was accompanied by
a reconstruction of what the last Plantagenet King might
have looked like [9]. The Derby Museum, UK, engaged
the local community in their Re:Make programme by
including them in the design process for displays during
refurbishment of the Silk Mill building using 3D Printing
[5]. The ever decreasing costs have allowed makerspaces
to become extensions of traditional art workshops often
held in museum education departments [7].

Beyond engagement, 3D scanning and RP have been
successfully used for research. In archaeology, making tan-
gible objects from 3D virtual data has helped in analysis
[10]. Notable examples are the reconstruction of a medi-
eval skull without the need for contact of original mate-
rial with adhesives or mould making materials [11] or on
a larger scale, the reconstruction of a medieval ship served
to aid in understanding the construction, as a model for
restoration and for public engagement [12]. In conser-
vation, the technology has been used for replacement
parts for objects [13]. In 2013, the International Institute
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for Conservation held a workshop at the University of
Amsterdam on 3D scanning and 3D printing to train con-
servators in the use of RP for conservation applications.

As in digitization more generally, replicas can be
printed to conserve a fragile original, or to remove the
need for the historic objects (or visitors) to travel. In the
project Conserving by copying: 3D Printing Tutankha-
mun’s Tomb using photographs taken in 1922 by Harry
Buton, a replica of the intact tomb was recreated a mile
away from the original in Luxor, thereby relieving the
tomb of stresses from visitors who actually preferred
viewing the replica [14, 15]. There are challenges related
to surrogates such as the lack of 3D colour printing
standards as is the Pantone code [5]. 3D printing offers
great possibilities but leads to ‘multiplicated’ collections,
with sustainability issues arising from the need for stor-
age, care and disposal of such collections.

3D artworks and designs could be considered as ‘digi-
tally born’ cultural heritage, with the associated issues
related to data management, conservation and migration,
an issue beyond the scope of this paper but well summa-
rized by Karp [16].

Rapid prototyping can involve a range of materials,
such as metals, ceramics, polymers or composites. It is
the polymers that will, with all likelihood, turn out to be
the least stable: while polymer objects have only recently
achieved cultural heritage status, our experience of con-
serving them is much shorter than with traditional arti-
facts, many of which have already withstood the test of
time [17]. The instability of many early synthetic and sem-
isynthetic materials is now becoming manifest and posing
significant conservation challenges, and it is likely that the
teething issues with early RP technologies will become
apparent in the near future. The range of materials and
combinations of materials (composites) used is increasing
rapidly and as noted by Neely in 2014 [7], the technology
is progressing too fast to leave enough time to assess it.

According to Albus et al. [18] the industrial stand-
ard for ‘long-life plastics’ is to have a life expectancy of
15-25 years, but as early RP materials were not designed
to this standard, it is possible that their life expectancy will
be even less. The drive towards green manufacturing as a
result of regulations of emissions may lead to further rapid
development of RP technologies to decrease their envi-
ronmental footprint. As Drixo and Pegna [19] note “..new
materials should not be allowed to reach the market before
demonstrating their compliance with environmental regu-
lations” There has been valuable research in recent years
into the conservation of ‘traditional’ heritage polymers
[20, 21]; however, RP polymers are extremely diverse and
complex both compositionally and from the viewpoint of
variable manufacturing parameters, and thus require inde-
pendent study. Despite some RP polymers being chemically
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identical to plastics already known and researched by
conservators, such as Acrylonitrile Butadiene Styrene
(ABS), the different forming procedures applied to them
can impact their material stability. The situation is further
complicated by the development of materials which mimic
the properties of ‘traditional’ engineering polymers such
as Digital ABS from Polyjet, a photopolymer which differs
chemically from traditional ABS [22].

In Fig. 1, it is possible to appreciate extensive colour
changes induced in six different RP materials during a photo-
ageing experiment designed to engage the public with con-
servation and research issues related to RP. The design
considerations and experimental conditions are described in
the Additional file 1. Additional file 2 is the digital artwork
used for printing which is also available in .ply and .stl for-
mats in Additional files 3 and 4 to download for printing.

To conserve RP artworks it is necessary to have an
understanding of the process of creation, the differ-
ent technologies involved, the materials used as well as
their chemical and mechanical properties. Research spe-
cifically dealing with conservation issues related to rapid
prototypes is sparse [2, 23, 24]. In this paper we therefore
review the state-of-the-art of RP manufacturing using
polymers, and discuss conservation concerns as iden-
tified by artists and designers, to inform the emerging
research questions.

Artists’ and designers’ views

In order to explore the conservation issues that may have
already arisen and could inform directions for future
research, we sought the views of artists and designers
themselves in the first instance. In 2013, a knowledge
exchange project with 54 artists and designers was initi-
ated through an online survey and interviews to identify
to following:

+ Main rapid prototype technologies and materials
used

+ Issues related to digital archives, software and hard-
ware

+ Issues related to the ageing of prints

« Attitudes to authenticity and replication of artworks

« Attitudes to conservation

Invitations to partake were posted on social media and
sent directly to 117 artists and designers. Forty seven
online survey responses were obtained, of which 44 were
complete. Ten artists and designers agreed to be inter-
viewed. Participants were asked how to best describe
themselves at the start of the survey and interviews:
the responses included sculptors, craftsmen, architects,
product designers, jewellery and fashion designers. For
analysis, these were grouped into designers and artists.
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Fig. 1 Images of the RP artwork “Out of the Cauldron”designed by Tom Lomax produced with the most common RP Technologies: (1) stereolithog-
raphy (SLA®) (2) polyjet (3) 3D printing (3DP) (4) selective laser sintering (SLS). Before (above) and after (below) photodegradation

Craftsmen, architects, jewellery and product designers
were all grouped under designers and sculptors under
artists. Three respondents identified their practice as
both art and design. Their responses were included in
the overall survey analysis but ignored in comparisons
between artist and designers.

Selective Laser Sintering (SLS®) and Zcorp 3D Print-
ing (3DP"") were identified to be the two main technolo-
gies used by participants (65 and 59 % respectively).
SLS® was found to be more popular among designers
and Zcorp 3D Printing among artists, and both pre-
ferred to use printing bureaus for printing. Artists gen-
erally developed close working relationships with the
bureau of choice, and heavily relied on their advice in
relation to RP material choice. Stereolithography (SLA®)
and PolyJet Technology (43 and 30 % respectively) both
employ photopolymers making photopolymers the most
common RP material used by participants.

The participants were well aware of issues related to
software obsolescence. The majority (68 %) thought the
physical print was more valuable than the digital design,
which indicates that conservation of the print should take
priority over the digital archive.

I prefer the original artefact, because I think, that:
that was that moment in time.
— Geoff Mann

When you are going to reproduce them I would lose
the control, that means that there could be a big
difference between the piece that is presented, the
reproduction could be different from the original.

— Luc Merx

I cannot replicate the piece anymore, because tech-
nology has gone so far that it knows when it is doing
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something wrong. So it fixes it, but what I was inter-
ested in was, well, when the laser hit a reflective
object it almost bounces, it spikes back out, because
it can’t tell the difference between what's a real mate-
rial object and what reflection is, it counts reflection
as a material, I found that very interesting.

— Geoff Mann

If you've got works on tape from PCs or silicon graph-
ics workstations from the nineties then you can-
not get that information off anymore or it certainly
wouldn’t be easy to or be at great cost, I'm sure.
It’s one thing that worries me about my own work
because I've got literally hundreds and hundreds of
fine art sculptures on disks that obviously, because
of the expense of production as well, they'll remain
on disc until such time as they can be printed and so
I'm hoping to archive them away...so every now and
again somebody comes up with a fine new idea that'’s
faster, cheaper and better and suddenly you find
that all of your archived material is then redundant.
It’s obsolete. You can’t retrieve it any more.

— Keith Brown

A good majority of 81 % have noticed a physical change
in their prints over time. Considering that the technol-
ogy is still in its infancy, these changes have occurred and
become noticeable within a few years. Surprisingly, and
perhaps in contradiction to the previous finding on the
value of the physical print, 84 % of participants indicated
that if a work becomes damaged or broken then they
would be happy for the work to be reprinted. Discoloura-
tion was a commonly noticed type of change and it was
found to be more acceptable with artists, who tended to
view it as a form of ‘patina’

I was very much interested in the change of colour,
in the change of the material and I always try to get
to the point that they just accept that it is not the
same as the digital file and that they accept that the
change of the colour is one of the main qualities of
those resins... I would be very happy if the change
of colour is just accepted the way it happens. I think
this is a problem of today’s design and architecture
that the designer ignores the material, for me it is
very clear that the design should react on the colour
changes and that it is a problem of the design if it
does not work anymore.

— Luc Merx

When I did a prototype of the object it discoloured
incredibly quickly you know it started to yellow
incredibly quickly and I actually set up a series of
tests where I put one in more sunlight and one in
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shade just to see how they deteriorate and actually
aesthetically I quite like that visual kind of thing.
— Mat Chivers

75 % of participants were happy to supply museums
with digital copies of their work, provided that there was
a copyright clause in place, but not to private collectors.
A concern was raised during interviews that there is no
way of limiting copies or editions which in turn would
impact on the value of the artwork.

Of all the respondents, 84 % would like conservators to
liaise with them regarding conservation of their work. This
is clear guidance for conservators to be in a dialogue with
artists when establishing best practice for the care of rapid
prototype collections especially since technological develop-
ments may soon render some current systems as obsolete.

The technology, and the artistic and business practices
surrounding it, are changing so fast that every model
produced that way is unique not just as a design, but
as a historical moment. Is that kind of thing worth
recording or conserving? Not for me to say, but since in
a personal way I think something of millennial impor-
tance is going on here, I'm very glad to hear someone’s
considering the question.

— Bathsheba Grossman

81 % of artists and 42 % of designers in the study manu-
ally finished work after printing. A variety of materials
are being applied for protection, aesthetics or in prepa-
ration for casting in other materials. Post-processing
techniques included sanding, electroplating, flocking and
spraying with commercially available lacquers and coat-
ings. Random glitches in the technology are often used
as part of the artwork which would be impossible to rep-
licate. Artistic manipulation of the work after printing
raises ethical problems regarding replication and means
that a print should be regarded as unique, and not as a
replaceable ‘consumer’ product.

Rapid prototyping: an overview

Initiated by Charles Hull’s invention of Stereolithography
(SLA®) in 1984, rapid prototyping (RP) has revolution-
ized the design and manufacturing industries. Design-
ers can easily visualize products and make adjustments
before manufacturing, thus reducing time-to-market
and thereby cutting costs [25]. Previously, skilled arti-
sans would have to spend weeks crafting prototypes by
hand [2]. Any necessary alterations would add additional
weeks to production. With rapid prototyping flaws in the
design can be detected quickly and easily altered early
in the production cycle. The risk of waste is significantly
reduced, particularly if undetected flaws led to the pro-
duction of faulty products [26].



Coon et al. Herit Sci (2016) 4:40

Chua and Leong give detailed descriptions of various
RP technologies [27]. However, what all RP processes
however have in common is layered fabrication of three-
dimensional models directly from cross-sectional digital
design data. The design model is converted into a STL
digital file, the stereolithography file format, developed
specifically for computer-aided design software which
allows users (through vector-based graphics) to design
and visualise models in 3D. The object is then ‘sliced’
into two-dimensional cross-sectional data. The physical
objects are ‘grown’ by building up the cross-sections layer
by layer (Fig. 2). For this reason, the term layered manu-
facturing (LM) has also been used.

Since the advent of stereolithography there has been
a surge in the development of different RP technologies,
which have been patented and commercialized. Some of
these may have already become obsolete [28] as could
be concluded from comparison of the early technology
reviews by Pham et al. [26] and Yan et al. [29], or they
may have been experimental and remained undeveloped
beyond the research phase; or are now known by differ-
ent names. For example, Photo Masking (PM) described
in 2010 by Chua et al. [30] appears to be similar to that of
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Solid Ground Curing (SGC) which according to Levy et al.
[28] disappeared from the market in 1999. The annual
reports published by Wohlers and Associates are useful
to keep track of developments [31, 32]. Their summary on
the history of RP reflects the competition between suppli-
ers of RP technologies, and lists suppliers and manufac-
turers of RP systems, which have ceased to trade [32].

However, the majority of systems are only variations
of six principal RP technologies, which can be further
grouped into (i) liquid based systems, (ii) solid based sys-
tems and (iii) powder based systems [25]. In 2012, the
ASTM International Committee F42 on Additive Manu-
facturing Technologies approved the standard terminol-
ogy which has recently been reviewed and adopted by the
British International Standards Institution [33]. Table 1
summarizes these terminologies along with proprietary
names and materials of the polymer-based RP systems
which include: Stereolithography (SLA), Selective Laser
Sintering (SLS), Fused Deposition Modelling (FDM) and
3D Printing (3DP"). A short description on PolyJet”" will
also be included under Stereolithography, as it appears to
be the leading platform for high-resolution three-dimen-
sional printing [30].

b
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Material properties and degradation

In-depth research into the material properties and build-
ing processes of rapid prototypes only started once RP
technologies were considered for production of end-use
products (‘rapid manufacturing’).

As a heritage material, semi-synthetic and synthetic poly-
mers are relatively young and so is the study of their deg-
radation in the cultural heritage context. The main focus
in heritage science has been plastic materials in collec-
tions needing urgent attention due to rapid degradation,
such as PVC, rubber, polyurethanes, cellulose nitrate and
cellulose acetate [21, 34]. The degradation mechanisms
of plastics are as varied as the different plastic formula-
tions, but there are common features in the processes
of polymer degradation [34] with the typical pathways
of degradation being hydrolysis, photolysis, thermoly-
sis and oxidation, which can be further differentiated as
photo and thermal oxidation. These reactions are due
to chemical reactions of plastics with oxygen, pollut-
ants, water, metal ions, light, heat, or any combination of
these. Chemical degradation reactions cause structural
changes within the polymer such as cross-linking, chain
scission, and the production of chromophores and polar
groups [21]. Due to environmental control in museums
(UV filtering, RH and temperature) one would expect
typical degradation pathways to be those involving oxy-
gen (thermo/photo-oxidative reactions), however due to
weak sites or impurities such as metal ions present in a
polymer, thermolytic initiation of degradation of some
polymers (PMMA, PVC) can occur. In the case of RP, as a
result of various processing parameters it cannot be ruled
out for photolytic initiation to occur via Norrish Type I
or II reactions due to the presence of oxidised structures,
unsaturated carbonyl (C=0) or C=C groups introduced
during synthesis and processing [35, 36].

Fig. 3 Fractal Table (2008-2009) by WertelOberfell using stereo-
lithography in epoxy resin. Image courtesy of WertelOberfell
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Fig.4 Myrstaw (2014) by Nick Ervink, printed on a Stratasys Objet500
Connex3 Multi-material printer in VeroClear resin. Image courtesy of
the artist

Fig. 5 Attracted to Light (2005) by Geoff Mann, laser sintered nylon.
Image courtesy of the artist

Degradation of traditional art and heritage materi-
als has always been more accepted than that of plastics,
which are often considered valuable only if in pristine
condition, particularly in the art market [18]. A level of
acceptance to discolouration, depending on the age of
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Fig. 6 Laura: RGB (2011) by Sophie Kahn. Full colour 3D print. Image
courtesy of the artist

Fig. 7 Suchab (2012) by Nick Ervinck, ABS fused deposition model-

ling. Image courtesy of the artist

plastics is developing as seen amongst the participants in
our survey (“Artists’ and designers’ views” section), some
calling it patina. Even for collectors of vintage plastics
‘patina’ is now considered evidence of authenticity and
originality [18]. However, unlike surface patinas on met-
als which provide a protective layer, the ‘patina’ on the
surface of plastics is indicative of chemical degradation
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such as oxidation, which once initiated on the surface will
proceed via a chain reaction into the bulk of the polymer
[37]. In museums, objects attain a heritage status as their
use changes from mechanical/functional to display, and
aesthetic properties may take priority over mechanical.

The sections to follow review research into RP with
regards to five main technologies utilising polymers,
material properties, building parameters and ageing.
Often only the base polymer is known for RP materials,
and as with the ‘traditional’ polymers, degradation can be
highly dependent on the presence of additives. Therefore,
treating RP materials as a family of materials could be
seen as oversimplification. However, as we will see, even
with the small amount of published research on RP mate-
rials, similarities in behaviour are starting to emerge. For
detailed reviews of base polymer degradation, the reader
is referred elsewhere [20, 21, 34, 38].

Liquid based systems

Stereolithography (SLA®)

Stereolithography (SLA) is currently the most established
rapid prototyping process (Fig. 3). It produces dimen-
sionally accurate prototypes and as a result, has been the
most widely used process in the industry [25, 29].

A prototype is built up from cross-sectional data
obtained from the stereolithography file (STL), which
is the standard format for all RP technologies. The pro-
totype is built on a platform in a vat of photo curable
resin. The platform is lowered to just below the surface
of the resin to a depth suitable for sufficient laser pen-
etration. The model is built in layers by scanning and
curing the surface of the liquid photopolymer with
lasers which have UV output. Initially, He-Cd (325 nm)
or Ar Ion lasers (351 nm) were used but developments
in the last 10 years in laser technology and since the
evolution from RP to RM, diode-pumped, solid-state,
Q-switched lasers are increasingly being used, typi-
cally emitting at 355 nm with output powers from
0.5 to 2 W and a pulse-width in the 10-30 ns range
[39-41]. First the contours are scanned corresponding
to the cross-section, then scanning of a hatch pattern
fills in the rest. The polymerization process is photo-
initiated, leading to the formation of a solid layer. The
platform is then lowered to the same depth below the
resin surface, enough for one layer of resin to be swept
across and scanned. The liquid resin does not provide
any structural support and in the case of overhanging
parts, structures have to be built in for support. After
printing is complete, the model is only 95 % cured and
referred to as ‘green; the model then has to be washed
in a chemical bath (isopropanol) and then post-cured
by exposure to broad-spectrum ultraviolet radiation [2,
25, 26, 29].
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SLA material studies

Due to trade secrets not much is known about the exact
chemical composition of photopolymers. The main pro-
prietary names are Sosmos®, Watershed™, Accura®,
Renshape™ and Visijet® Flex SL. Typically, these are
acrylic or epoxy photopolymers; however, unsaturated
polyesters or urethanes or hybrid systems consisting of a
combination of the two, can be used [41]. Somos® 7110
and Renshape " 5260 were identified to contain epoxy
and acrylic functional groups, aromatics and aliphatic
ether groups [42], Flex SL was identified as a polyether
(meth)acrylate-based resin [43], and Accura® SI40 is an
epoxy photopolymer resin specifically designed for rapid
manufacturing rather than prototyping, with properties
considered to be closer to traditional engineering plastics
[44].

A study of the impact of short term ageing (24 days)
on the mechanical properties of Accura® SI40 resin was
done by Mansour et al. [44]. Samples were produced
with a 3D Systems Inc. SLA 7000 machine (frequency-
tripled solid state laser, 354.7 nm) according to dimen-
sions specified by ISO standards for tensile, flexural and
impact analysis [45—-47]. The authors acknowledged the
possible effect of build orientation on mechanical prop-
erties; however, to maximise the number of samples
obtained from a same build, upright orientation (z-axis)
was adopted. All samples were produced, cleaned and
UV post-cured at the same time after which they were
kept in a dark controlled environment at 50 % RH, 20 °C.
Every 4-5 days mechanical testing was performed and
differential scanning calorimetry (DSC) carried out to
quantify the extent of curing within samples. A relation-
ship between mechanical properties and degree of cure
was established. Tensile properties improved, yet impact
strength and elongation at break were reduced, indicat-
ing that during the experiment, the material became stiff
and more brittle. This confirmed that even after post-
curing with UV radiation, SLA products are only partially
cured [44].

Anisotropic properties of SLA objects were reported
in a study assessing the effects of building orientation on
mechanical properties [48]. Using the 3D system Viper
si2 SL (with a solid state laser, 354.7 nm) samples were
fabricated according to dimensions for ASTM Type I [49]
with a photopolymer resin, Watershed™ 11120. Samples
were fabricated in different orientations: flat, on edge
(horizontally), and upright (vertically) within the build
chamber. In addition, samples were laid out in different
orientations on the building platform (along the x-axis,
y-axis and diagonally). Samples were post cured in a UV
oven for 30 min. The direction of layer-to-layer interfaces
was found to have a direct impact on mechanical prop-
erties and samples built horizontally had lower tensile
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strength than specimens built on edge or vertically, which
had the highest tensile strengths. This indicates a high
degree of anisotropy. The effect of ageing in three differ-
ent environments: ambient, desiccated and desiccated
but after 48-h pre-conditioning in an environmental
chamber at 23 £ 2 °C and 50 £ 5 % RH was studied over
periods of 4, 30 and 120 days. A decrease in mechani-
cal properties was observed in pre-conditioned samples
due to the influence of humidity. The ultimate stress val-
ues increased over a period of 30 days, following which a
decrease was noticed, indicating the onset of degradation
following a short initial period of curing [48].

Troger et al. [43] studied the degradation of two bio-
compatible acrylate-based resins (Flex SL® SE/SM-1500
and Flex SL® SE/SM-25) used mainly for medical appli-
cations. Samples were prepared with a 3D Systems Viper
si2 SL machine according to dimensions for tensile bars
type S3A [50] and a specialised 3mat-Xtree test model
was designed for thermal and humidity ageing tests [51,
52]. Samples were cleaned in an ultrasonic bath of iso-
propanol (1-2 min) and UV post-cured for 20 min for
Flex SL® SE/SM-1500 and 45 min for Flex SL® SE/SM-25.
Four sets of experiments were conducted to investigate
photodegradation (43 days in a greenhouse at 40-60 %
RH and 20-33 °C, 0-93.6 klux—average 14 klux, UV
radiation dose 1.2—-0.1 mW), thermal degradation in a cli-
mate chamber (70 °C for 7 days) and degradation in high
humidity (two experiments conducted in climate cham-
bers at 50 °C, 85 % RH and 70 °C, 100 % RH). Significant
colour change was visually observed in all degraded sam-
ples and assigned to chemical decomposition of additives
and thermo-oxidation of the polymer matrix resulting
in by-products initiating further photo-oxidative reac-
tions: auto-oxidation. An increase in mass from mois-
ture absorption in high-RH conditions was observed in
conjunction with a decrease in mechanical properties.
The extreme greenhouse conditions and exposure to UV
radiation accelerated degradation and all samples became
harder. The changes were difficult to characterize exactly
as the behaviour was not seen as typical for classical
polymers.

Two studies by Salmoria et al. [42, 53] using FTIR,
NMR and thermogravimetry investigated the curing
kinetics and thermal degradation of liquid and cured
Sosmos® 7110 and Renshape™ 5260 resins. Samples of
4.50 mm diameter and 0.45-mm height were produced
using a SLA-250/30 machine from 3D-Systems Inc. with
a HE-Cd laser (325 nm). Post curing was carried in a light
chamber with 8 fluorescent lamps Phillips TLK 40 W/05
with a radiation range of 300-360 nm. Thermal post-cur-
ing was also conducted with a Micro Quimica MQBEP
2000MP furnace in the Sosmos® 7110 study [42]. Ther-
mal curing was done at 124 and 149 °C. It was found that
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FTIR could be used to follow the cure conversion of the
resin by monitoring the peak assigned to C=C stretching
vibration of acrylic groups (1634 cm™?) or epoxy groups
(2990 cm ™Y which decrease due to chemical cross-linking
as curing proceeds. In the Sosmos® 7110 study [42], both
thermal and photo curing conditions showed first order
kinetics but the complete conversion of acrylic groups
did not occur in any conditions studied. The curing pro-
cess was accomplished and similar kinetic constant val-
ues for a thermal cure at 423 K (3.49 x 1072 min~!) and
the ultraviolet cure (3.66 x 1072 min~') suggests that
curing occurs through a similar mechanism under these
conditions. In the Renshape™ study [53] it was found
that the acrylate monomers (6.8 x 1072 min~') reacts 3.7
times faster than the epoxy monomer (1.8 x 1072 min™?).

Despite SLA’s reputation of producing dimensionally
accurate parts, shrinkage has been reported after thermal
degradation of thermoset photopolymers. Knowing the
dimensional accuracy of printing is essential in order to be
able to interpret change when studying dimensional change
as a consequence of degradation of these materials [42, 54].

Polyjet™
Objet Geometries Ltd. was founded in 1998 and produces
the line of PolyJet-based systems, marketed under the
name Eden™. As SLA it involves the curing of a liquid pho-
topolymer, however it differs in that it is not vat photopol-
ymerisation by laser but is based on inkjet technology.
The PolyJet™ system contains two cartridges supplying
the part and support material. Materials are deposited by
two jetting heads onto the building platform on the x and
y-axes. At the same time, a UV source (lamp) integrated
into the jetting head cures the material. Parts are built in
layers and once completed the non-toxic support material
can be washed away with water, which is an advantage as
no non-aqueous solvents are required (Fig. 4). A disadvan-
tage is that the support material cannot be reused [30].
Polyjet™ has designed their own system of photopoly-
mer ‘digital materials’ whereby the printer prints com-
binations of two or three Polyjet™ base photopolymers
to obtain a wide range of material properties simulat-
ing from elastomers and rubbers to production-grade
ABS. Materials come in a range of colours and under the
tradenames Vero (opaque rigid or clear) Tango, Durus
and Rigus. Due to the shape recovery effect of polymers
used for Polyjet, this 3D inkjet technology has led to the
emergence of the innovative concept of 4D Printing with
smart materials which react (change) to external stimuli,
with time thus becoming the fourth dimension [55, 56].
It is not yet known whether this technology has been
adopted by artists, for mainstream design or even in her-
itage science, but it could pose significant conservation
challenges in the future [56].
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PolyJet™ material studies

A single study of a PolyJet™ material relevant to this
review was published so far. The influence of time on the
mechanical properties of ObjetVeroblue840 resin was
investigated by Costa et al. [57]. Tensile testing [49] was
conducted over a period of 120 days and cantilever tests
were conducted over a period of 90 days on samples of
dimensions 60 x 20 x 4 mm. All samples were produced
in a longitudinal direction with a layer deposition thick-
ness of 16 pm on an Objet Eden 350 V machine which
uses a UV lamp to cure the liquid photopolymer as it is
deposited. There was a reduction of both properties stud-
ied over time, particularly in the first 30 days after which
values stabilized [57]. These results could be due to parts
having not been fully cured after prototyping, as is the
case with SLA. More research is needed into the extent
of cure of PolyJet parts, the effects of different environ-
mental conditions on degradation and building orienta-
tions on anisotropy.

ttm

Powder based systems

Selective laser sintering (SLS)

Selective Laser Sintering (SLS) works by a CO, (10.6 pm)
or Nd: YAG (1.06 um) laser selectively sintering the
contours of a cross section corresponding to the CAD
model onto a thin layer of powder spread on the build-
ing platform. The laser sinters particles by heating them
just enough for their surfaces to soften (melt) and fuse
at the point of contact (unlike complete melting where
the molten flow of the material can cause deformation).
The powder in the build chamber is heated and kept to a
temperature just below the glass transition temperature,
to reduce thermal distortion and to aid fusion between
layers. Un-sintered powder remains in place as support
[26, 58]. The processes of sintering have been theoreti-
cally and computationally modelled based on current
understanding of laser-matter interaction, and reviewed
[59].

In theory any thermoplastic material ground into a
powdered form should be suitable for laser sintering but
practically this is not the case. A range of factors can
prevent production of good quality prototypes such as:
different thermal properties of different materials, avail-
ability of powdered polymers with suitable particle size
and morphology, broad thermal processing window and
limitations in laser sintering systems. This has been dis-
cussed elsewhere [58]. The density and porosity of the
sintered part will depend on the size of the particles
and how densely these are packed in the build chamber.
Other SLS parameters such as laser wavelength, laser
energy, temperature distribution within the build cham-
ber can also affect the mechanical properties of the part
such as porosity or anisotropy [58].
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The two main providers of SLS system are 3D Systems
Ltd and EOS GmbH Electro Optical Systems (Krailling)
[60]. SLS systems differ mainly in the way powder is
deposited, either by a roller from feed chambers or by a
sieving action. The typical materials in use are polycar-
bonate (PC), acrylonitrile butadiene styrene (ABS), nylon
(PA 12), polyester (PET), polypropane (PP), polyurethane
(PU), poly(lactic acid (PLA) and wax.

Despite continuing developments to increase the range
of materials polyamide (PA) 12 is still the most com-
monly used SLS material (constituting ~95 % of all proto-
types) as it is easy to process and inexpensive [58] (Fig. 5).

A distinction can be made between amorphous and
semi-crystalline thermoplastics used in SLS. Limited suc-
cess has been achieved with amorphous polymers such
as PC which do not have a clear melting temperature
range but have a glass transition temperature at ~100 °C
above which the polymer gradually softens becoming
rubbery and as temperature increases finally becomes
a liquid, without clear transitions. They have a flow and
sintering rate less than that of semi-crystalline polymers
(such as PA 12) and so are more porous, weaker and less
durable. They do however produce more dimensionally
accurate parts with good resolution. Semi-crystalline
polymers such as PA 12, which have sharp melting points
and quickly become viscous liquids, can be sintered to
make very dense prototypes with properties comparable
to injection-moulded materials. However, they exhibit
greater shrinkage (3—4 %) resulting in less accurate parts
[28].

Selective laser sintering (SLS) material studies

Building parameters such as laser power, scanning speed,
layer thickness, powder bed temperature, building positions
and orientation of parts all contribute to the material char-
acteristics of laser-sintered polymers [58]. The most com-
monly used material for laser sintering is DuraForm®GF, a
glass-filled polyamide 12 by 3D Systems Ltd.

It has been shown that higher energy delivery by
laser radiation or increase in powder bed temperatures
increase part density, reduce anisotropy, and yield higher
tensile strength values, Young’s modulus and elongation
at break. This window is limited as at very high energy
densities the properties level-off or begin to decrease
[61].

An investigation into the effect of processing parame-
ters on PA 12, using ASTM type 1 [49] samples built with
a Sinterstation 25000 plus from 3D Systems Ltd. was con-
ducted by Starr et al. [62]. The laser power varied from 7
to 20 W and the bed temperature was kept at 166 °C. The
scan speed ranged from 2.540 to 5.080 mm s, and scan
spacing from 0.10 to 0.20 mm with layer thickness from
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0.10 to 0.15 mm. Samples were built in six orientations to
investigate the influence of build orientation. The maxi-
mum yield and ultimate tensile strength value recorded
for laser sintered DuraForm 12® were found to be similar
to injection-moulded PA 12. These values were achieved
for all orientations at the highest laser power. At lower
power differences in yield stress were observed, particu-
larly for samples built in the z orientation, i.e. vertically
[62].

To save on costs and minimize material consumption,
80-95 % of un-sintered powder left in the build chamber
after printing is recycled and a blend of virgin and reused
powder are often used. Due to processing conditions
such as heating and cooling of the building chamber,
un-sintered powder degrades, causing a gradual reduc-
tion in quality. Temperature in the bed chamber and
duration of the sintering process have major influences
on the rate of this process. This also varies according to
the location within the build chamber, and it was found
that PA 12 powder (PA2200, EOS GmbH) collected and
analysed towards the centre and the base of the build
chamber had a lower melt flow rate and are therefore
less usable [60]. The powder was collected from two
SLS machines EOSINT P700 (EOS GmbH) and Sinter-
station™ 2500HIQ (3D Systems Ltd). The term “orange
peel” has been used to describe the phenomenon which
occurs after too many repeated cycles without refreshing
with virgin powder where a rough surface resembling the
skin of a peeled orange arises [60].

Cooke et al. [63] found that in the majority of studies
into the anisotropy of SLS objects not all building orien-
tations were included and sample numbers were insuffi-
cient to provide statistically significant results. Using 288
DuraForm®GF samples produced using a Sinterstation
HIQ (3D Sytems Ltd.) they investigated three different
building orientations and the effect of “ageing” (defined
as moisture absorption) of samples stored in a non-
desiccated environment for 43 days. The samples were
found to be transversely isotropic (i.e. isotropic within a
layer) as the position of samples within the build cham-
ber greatly affected densification, which could be a result
of temperature distribution. Sensitivity of material prop-
erties to slight changes in building parameters was also
noted [64].

In contradiction to these findings, Majewski and Hop-
kinson found that section thickness and build orienta-
tions had no significant impact on PA 12 (PA2200, EOS
GmbH) laser sintered parts produced on the EOS For-
miga P100 machine in their study. However, a decrease in
molecular weight between samples produced early in the
build and ones produced later was noted, which could be
a result of longer exposure to higher temperatures [63].
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3D printing™

Z-Corporation’s 3DP"™ process is the fastest RP technol-
ogy available, and at half the cost of other systems has
become very popular (Fig. 6). It was estimated in 2006 to
be the third-best seller in RP machines [25].

3DP is based on ink-jet technology. A thin layer of
powdered material is spread on a building piston by a
roller from the powder feed piston. Ink-jetting a binder
solution onto the powder selectively joins the powdered
material. The loose powder around the part stays in place
to act as support. Once a cross-section is completed the
build piston is lowered and the powder feed piston is
raised to allow for another layer of powder to be rolled
over ready for the next layer to be bonded [24, 25]. The
object is then infiltrated for strength with an epoxy,
cyanoacrylate or phenolic resin [30].

3DP is very versatile as without changing the primary
binding material an array of material properties can be
achieved by using different powdered materials and add-
ing infiltrants. Z Corporation is the leading provider of
3DP technology. They have developed a composite in
powder form, which can be post-cured by spraying with
water making it the safest and ‘greenest’ post-curing
option. Their machines are also capable of automatically
removing and recycling loose powder [30].

There is also a 3DP"" colour system available where the
binder fluid is coloured [65]. This has made 3DP popular
amongst architects, artists and within the cultural herit-
age sector, for printing coloured models and replicas [24].
The ZPrinter® 450 uses a single tri-colour print head,
which is quick to change, and costs less than systems
with multiple print heads [30].

3D printing™ material studies
While the more established processes of SLS and SLA
received more attention, factors such as low cost and
speed make ZCorporation 3D Printing increasingly pop-
ular. Until recently it was mainly used for concept mod-
elling rather than for manufacture of end-use products.
In 2000 the first commercial colour rapid manufactur-
ing system was launched, the Z402C colour printer [66].
What sets 3D colour printing apart from other RP colour
technologies (Laminate Object Manufacturing = (LOM)
and SLS), is that the coloured ink is also the binder. 3DP™
provides high-resolution (up to 600 x 540 dpi) colour
prints [67]. However the bonds between particles are
not as strong as LOM or SLS manufactured parts where
materials are heated to a molten state for bonding and
strength of 3DP parts are mainly dependant on infiltra-
tion method [66].

The exact composition of materials are trade secrets,
however some information is available [67-70].
The zp 130 powder consists of a plaster containing
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crystalline silica (50-90 %), a vinyl polymer (2—-20 %) and
sulfate salt (0—5 %). The binder zb"'58 contains glycerol
(1-10 %), sorbic acid salt (0—2 %), an unknown surfactant
(<1 %), pigment (<20 %) and water (85-95 %). There
are various options for the infiltrant: the most popu-
lar are cyanoacrylate, epoxy or wax. Z Corporation has
also developed a water-cure system using their compos-
ite powder, zp 150, which consisting of plaster, a vinyl
polymer and carbohydrate (starch). The parts are cured
by spraying water and MgSO, (epsom salt). Rubber-like
properties can be achieved with their zp15e powder mix-
ture of cellulose, ‘specialty fibers, and additives which are
capable of absorbing a urethane elastomer, such as Por-
A-Mold [30, 68].

Very little research has been conducted into the mate-
rial properties (thermal, strength or fatigue) of 3DP"
parts and there is a need for research into material deg-
radation and behaviour at different environmental con-
ditions [65], especially taking into account the growing
popularity of this system.

Cyanoacrylate is a popular infiltrant due to ease of use
and rapid curing by anionic mechanisms which is ini-
tiated in the presence of a weak base such as adsorbed
moisture on the surface of substrates. This reaction con-
tinues until terminated with an acid. The depth of infil-
tration can be reduced if the model is not fully dried as
reactions take place closer to the surface, block pores and
prevent penetration of the infiltrant into the bulk of the
material [71].

In a degradation study of an epoxy infiltrated 3DP
artworks by Karen Sander, the infiltrant was identified as
an aliphatic epoxy resin. Accelerated degradation of ref-
erence samples prepared identically to the artwork, using
a commercial epoxy (LB Klar, epoxy pre-polymer mix
with polyamine hardener) was carried out, and analysis
revealed progressive formation of amides. Yellowing was
attributed to the formation of quinoid chromophores [72].

The colour properties and permanence of customised
3D printed colour samples produced on a ZCorp Z510
printer with Zp131 plaster-based powder and Zb60 Cyan,
Magenta and Yellow binders were studied by Stanic et al.
[24]. Three sets of samples were prepared: untreated,
treated with a cyanoacrylate infiltrant (Belinka Kemos-
tik, Slovenia) and treated with a two-part epoxy infil-
trant (Selemix 7-410 and Selemix 9-011, Iridia, Italy/
PPG Industries, UK). Colourimetry was used after pho-
todegradation in a Xenotest Alpha chamber for 72 h in
accordance to lightfastness testing standards [73-75] at
42 W m~2, 300-400 nm, 35 °C, black standard tempera-
ture 50 °C, 35 % RH.

Infiltrants not only contribute to mechanical proper-
ties but also enhance colour saturation. Cyanoacrylate
infiltration contributed to higher chroma and lightness

™
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values. The colour stability varied and was found to
depend on the binder colour, infiltrant used and the per-
centage of ink coverage. In both infiltrated and uninfil-
trated samples the magenta colour patches showed the
biggest total colour change, and in the uninfiltrated sam-
ples these were followed by yellow and then cyan. The
reverse was observed for infiltrated samples with cyan
exhibiting more colour change than yellow. All samples
irrespective of the infiltrant became less saturated and
faded. All uncoloured samples, infiltrated and non-infil-
trated, yellowed during accelerated degradation, but the
change was most pronounced in epoxy infiltrated sam-
ples [24].

Materials extrusion

Fused deposition modelling (FDM®)

Fused deposition modelling works on the principle of
phase change of a thermoplastic material (Fig. 7). A ther-
moplastic filament (0.178 c¢cm in diameter) is heated to
a semi-molten state and extruded by a nozzle moving
around on the x—y plane depositing traces on the work-
ing platform. The model is built up in layers according
to cross-sectional data. Lowering the platform in the
z direction to a specified distance allows for deposition
of subsequent layers. The molten material fuses with
the layer underneath. A second nozzle extrudes support
material where required. The traces can be set to fol-
low specified raster orientations and can be alternated
between layers. This layering in different orientations
gives FDM® parts anisotropic properties [76].

The most commonly used materials are poly(lactic
acid) (PLA), polyphenylsulfone (PPS), Polycarbonate
(PC), acrylonitrile butadiene styrene (ABS) and ABS-
containing materials, e.g. PC-ABS blend and are sold
under trademarks ABSi"", PC-ISO, ASA ULTEM 1010
resin.

Fused deposition modelling (FDM®) material studies

One of the most frequently used thermoplastic polymers
in FDM® processes is ABS. It can be used across all of
Stratasys FDM® machines [25]. ABS is a two-phase mate-
rial consisting of rubbery polybutadiene embedded in a
matrix of styrene which has been co-polymerised with
acrylonitrile, which gives the final material its unique
characteristics such as impact, heat and chemical resist-
ance [25, 77].

It is known that ABS has poor resistance to photo-oxi-
dation due to the unsaturated elastomer polybutidine [38,
78, 79]. ABS also has poor resistance to cyclic fatigue [77].

Research was undertaken into the anisotropic prop-
erties of FDM® objects using ABS built on a Stratasys
FDM 1650 machine with ABS P400 filament material.
Raster orientation, air gap, bead width, colour and model
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temperature were explored and tensile and compres-
sive tests were carried out and compared to injection-
moulded samples using ABS P400. Air gaps between
traces and raster orientation were found to significantly
affect tensile strength while other parameters had little
impact [76].

The effect of three processing parameters (fill density,
horizontal and vertical direction) on dimensional stabil-
ity and strength of FDM produced parts in ABS was dis-
cussed by Guralla and Regalla. The effects were found to
be conflicting, with a choice having to be made between
optimum dimensional stability and strength as different
processing parameters were required [80].

PLA is a co-polymer of lactic and glycolic acids and is
fully biodegradable when composted at temperatures
above its T, of 60 °C. PLA is susceptible to hydrolytic
degradation, the rate of which depends on factors such as
molecular structure, T and pH [81]. Hydrolysis is accom-
panied by oxidative degradation and trans-esterification
reactions [82-84]. It is likely that PLA will represent a
significant conservation issue due to its instability.

Conclusions

Rapid prototyping has excited artists and designers, and
objects are becoming part of museum collections. Addi-
tionally, heritage institutions use rapid prototyping to
engage with the public in new ways, and conservators use
it to produce replacement parts. Heritage scientists and
conservators are uniquely positioned to engage with art-
ists to collect details on materials and technologies used,
as well as acquire information on the early technologies
before these become obsolete.

Artists and designers seem to prioritise conservation of
the physical print over the digital file indicating a sense
of the ephemeral nature of the digital copy. This also
highlights the immense challenge of digital preservation
as well as the importance of preserving the physical art-
work. Through this literature review it became clear that
there are significant gaps in rapid prototyping materials
characterisation and conservation research.

Of the materials currently used in RP, which include
ceramics, metals and polymers, the latter are probably
going to represent the biggest challenge to conservation.
Therefore, literature was reviewed by specifically focus-
ing on five technologies in which polymers are used as
base materials: stereolithography, fused deposition mod-
elling, 3D Printing, selective laser sintering and polyjet.

So far, most research focused on mechanical proper-
ties of RP materials and products. The main concerns
were tensile strength, impact resistance and the effect
of short-term curing and ageing on these properties.
The effects of building parameters have been explored
for most technologies and anisotropy was highlighted in
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several studies. This could represent an important issue
in conservation as it could lead to deformation in the
long-term. However, more research needs to be done to
understand what role anisotropy could play in the degra-
dation of RP products.

A limited number of studies dealt with degradation
in the long term of RP, one related to Stereolithography
and one to the colour stability of 3D prints. The results
indicate the instability of base polymers as well as of
additives such as dyes. There is a significant gap in the lit-
erature regarding the nature of dyes and pigments used
in RP technologies and how these affect the photochemi-
cal stability of RP products. Before use in conservation
applications further research is required into RP material
properties, specifically to identify potential risks associ-
ated with direct contact between replacement parts and
historic material as differences in expansion/contrac-
tion properties or the release of plasticisers or other RP
components could be damaging to the original artefact.
Another consideration is the risk related to repeated con-
servation treatments if objects have to be re-visited to
remove degraded/discoloured replacement parts.

The range of RP processes and materials is continuously
developing and changing. Due to demand for low carbon
manufacturing, systems might become commonplace that
are particularly ‘green! However, very little research has
been done regarding recyclability of RP materials and the
effect of this on long-term stability of the end-product.
Poly(lactic) acid has gained popularity in FDM® and SLS®
due to its biodegradability which is beneficial in terms of
its environmental impact, but this will potentially lead to
even more complex conservation problems.

Despite their seemingly ephemeral nature, rapid proto-
types need to be considered as a conservation challenge.
Given that many objects are individually treated by artists
in post-production, non-destructive or micro-destructive
research methods may need to be developed and applied
such that they can be used on the objects themselves, e.g.
microfadeometry for studies of colour stability or micro-
indentation methods for studies of mechanical properties.
Heritage science should not only observe the manufactur-
ing revolution, it needs to actively inform the developments
so as to prevent conservation nightmares in the future.
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