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Abstract

51 JT NBTUFS T UIFTJT EFBMT XJUI UIF DPF&&dDIdrdetunk Gelle)dieiSié BM  F
improvement of the multi-material printer. The first step is to compute the theoretical thermal expansion

of a multi-material 1 t and 2" order octet-truss by using different ratios between the material with high

and low thermal expansion and by changing the skew angle. Afterwards, theas base material used resins

are investigated with regards to their coefficient of thermal expansion to get a selection of materials with

high and low thermal expansion for assigning them to the tested samples.

Thermal expansion tests of multi-material unit cells of 15 and 2" order octet-truss with a high ratio of
the coefficient of thermal expansion and various skew angles are conducted t@roof the analytic predic-
tion for achieving a negative volumetric coefficient of thermal expansion.

After a series of thermal expansion tests for the octet-truss, the literature was reviewedto check other
unit cells regarding their potential to shrink by assigning them materials with different ¢ oefficient of
thermal expansion. Maodified versions of the dodecahedron and the ohere called oquatraeder are prom-
ising in this case and further investigated. Especially the latter one is analyzed &its second hierarchical
order and offers an even more negative volumetric coefficient of therma expansion than the octet-truss.

Moreover, the home-made prototype of a multi-material printer is analyzed regarding its reliability and
use of resources. Actions like a list of requirements and the creation ofa morphologic box are taken to
find a suitable solution to improve the current system. By creating three different concepts of the mor-
phological matrix, the concepts are rated and the best one is chosen to be imlemented. The implemen-
tation of the measures that led to a proper working printer include a revision of the setup, the recoating,
as well as the washing and drying process. Furthermore, the design is reconsiderednd redesigned for
both faster and easier execution of changes. In this way a reduction in theuse of resources, the avoidance
of contamination, and the increase of reliability is assured.

3D-printing, Microstereolithography, Coefficient of Thermal Expansion
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1 Introduction

This mastF S h€&sitldeals with the research project about the ascertainment of the coefficient of thermé
expansion (CTE) of lightweight structures that shrink under thermal load instead of expanding. Moreo-

ver, the home-made 3D-printer that uses the technique of mask projection microsteeolithogra-

phy (MPuUSL), an additive manufacturing (AM) method, is improved. The following sections state the
problems that were faced during this work and also the motivation and researchobjectives to solve these
issues. Furthermore, the methodology shows the structured approach taken to coplete this thesis.

1.1 Statement of the Problems

Nowadays the requirements for structures and components are steadily increasing, especiallfor com-
mercial applications in microsystems, microrobotics, or biomedical fields. One way to deal with this
challenge is through the manufacturing of these components with microstereolithography. Microstereo-
lithography is a category of additive manufacturing that combines the areas ofrapid prototyping with
microengineering. Having a high resolution makes microstereolithography more than just simple rapid
prototyping. It is used for creating complex three-dimensional parts. [BJB02][GRS15] One of these parts
in micro architecture is the octet-truss. It is a typical sample of a lightweight structure that is capable of
bearing high loads, like tension or compression, at a low relative density. [ZLW14] Besides the advantage
of these structures regarding their mechanical capacity to withstand stresses, another fetor that plays
an important role for highly stressed materials is their behavior at a change oftemperature, particularly
for increasing temperature. These changes in temperature are crucial for some compon#s in automo-
tive industry or aerospace like telescope mirrors or satellite antennas that lead to undesied deformation.
[YGT14][GIL10] As a result of these thermal deformations that mostly lead to an expansion the parts or
complete components malfunction and thus failures happen and jeopardize the ma&hine, process or even
people. This issue of the undesired expansion of components is one of the ajor problems this thesis
deals with.

The other main problem refers to the hardware, the 3D-printer, that is used to manufacture the samples
GPS UIF UIFSNBM FYQBOTJPO UFTUT %S ;IFOH M53FK8DFBBRBBDHBCWE)
several home-made printers in use. One of these printers is the multi-materialprinter that uses mask
projection microstereolithography to manufacture structures that consist of two materials. Due to the
fact that this multi-material printer is a prototype and was built from scratch one year ago, the printer
is not fully developed yet. Although the process of additive manufacturing, especially 3D-printing, is
known as an efficient and sustainable method of producing complex structures the multi-material printer
is wasting resources and has room for improvement in this area[MS16][DZ17] Currently the need of
resources and thus the overall efficiency is not adequate to consider this mehine as sustainable because
resins and ethanol are used in quantities above the ordinary. Besides the lack oéfficiency, the multi-
material printer shows other major problem s - availability and reliability. Even though a prototype is not
supposed to produce a high number of samples or work several shifts over dayand weeks it still has to
have a certain availability. [BM15] The large off time of the multi-m aterial printer and the accompanying
hours for repairs hinder the production of even a small-series of samples and slow dwn the progress in
research.

These issues of the undesired thermal expansion of structures and the not fully develoged prototype of
the multi-material printer lead to the following research goals.

Introduction 1



1.2 Motivation and Research Objectives

The research objectivesP G U IJT NIBeSit/dresderived from the above listed issues. To encounter and
deal with this unintentional behavior of expansion under thermal load the tunability o f the coefficient
of thermal expansion offers a smart opportunity. By combining componentsof high and low CTE material
within a lattice the characteristics of this structure change and open a wide range regardingthe defor-
mation under thermal load especially towards a negative volumetric CTE. [XP16]

For this reason, the first objective is to explain the theoretical bakground behind the idea of the tuna-
bility of the CTE towards the negative direction that is picked up by Xu and Pasini. [XP16] In this way
the possibility of a negative volumetric coefficient of thermal expansion is demonstrated by deriving the
analytic equations for a 15t and 2" order octet-truss unit cell (UC).

After presenting the opportunities that are given by using a structure with a negative volumetric CTE to
solve the problem of undesired thermal expansion, the next step is to fgure out appropriate components
for building up a multi-material structure to achieve this goal and verify the analytic predictions. There-
fore, the priority is to investigate the polymers that serve as the basematerial of the lattices regarding
their own individual CTE by conducting heating tests. This is necessary because the base rtexials de-
termine the range of the volumetric CTE of the structure. The next step is to build up and print 1% and
2" order octet-truss unit cells of suitable base materials to conduct the heating tests withcomplete
structures to see if the experimental results match the theory. In case of a devition the aim is to figure
out why the results differ.

Another goal is to find different unit cells that have a negative volumetric CTE, which can enable an
even larger shrinkage than the octet-truss. Therefore, existing single-material unit cells are esluated to
consider their potential for achieving a negative volumetric CTE. Two promising unit cells are picked
and modified to show in simulation their behavior under thermal load. The purpo se is to simulate a 29
order structure of the unit cell with the higher potential regarding its negative volumetric CTE.

A different, but not less challenging objective of this thesis is the improvement of the prototype of the
multi-material printer. As mentioned in the previous chapter, the two main problems of this printer are
the availability and efficiency. This is why the focus is on analyzing the current state of the multi-material
to detect its weak points and to get starting points for improvements. Moreover, it is planned to use
strategic approaches for developing solutionsto the issues. The final step of this process and also of this
thesis is the implementation of the developed solutions and thereby thecreation of an improved and
thus more reliable and efficient prototype of a multi-material printer.

By stating the motivation and research objectives of this thesis it is @inted out that on the one side the
focus is on the demonstration of the chances and opportunities of multi-materia structures with a neg-
ative volumetric CTE. On the other side, it is the goal to improve the hardware of the multi-material
printer to achieve a stable running process and also a higher efficiency regeding the need of resources
like resins and ethanol.
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1.3 Methodology

For the fulfillment of the research objectives, a clear structured approach s necessary and is explained
in this section.

At the beginning of this work, the chapter on the state of the art provides the knowledge needed to
understand the subject and the working methods. It starts with an introduction of the additive manufac-
turing technologies followed by an explanation of the process of mask projectionmicrostereolithography
used to manufacture the samples. Additionally, characteristics of polymers are eglained because poly-
mers serve as the base materials of this research project.

Following the state of the art, the theoretical background is explained to give an understanding of how
negative thermal deformation works and thus how to achieve a negative vdumetric CTE for the octet-
truss. This chapter is fundamental for the subsequent heating tests and deliveranalytic predictions of
the CTEs that are used as reference values to compare the experimenta¢sults to the theory.

After offering and demonstrating the theory of this first research part, th e setup used for conducting the
experimental part is explained. The equipment like the multi-material printer and the Ember3D printer

that are manufacturing the samples as well as the hot plate and the INSTRON heating chambethat are

used to conduct the heating tests are described. Moreover, the MATLAB program thiaserves as the
measurement software is exemplified including the camera that is taking the required pictures. Also, the
tested polymers are described before mentioning the test procedure for the thermal expansiortest on
the hot plate and in the INSTRON heating chamber.

Then starts the investigation of the coefficient of thermal expansion. First the CTEsof the base material
serving polymers are determined by conducting the thermal expansion tests on the hot jfate and com-
puting the CTE values through MATLAB software. Evaluating the results of the basenaterials enables
the choice of appropriate components among these polymers for further research.

Building up multi-material structures is the next step. Starting with 1 st order unit cells the heating tests
are now conducted in the INSTRON heating chamber with the same measurement methods as befe.
The results of the examination of the 1% order samples are compared with the analytical predictions to
see if there is any deviation or if the results perfectly match. Afterwards, investigaions of 2" order unit
cells are conducted and analyzed the same way as the *1order samples were. These results are also
compared with the theory before a final conclusion about the thermal expansion tests is stated.

To accomplish the next research goal different single-material unit cells other than the octet-truss are
reviewed. Consideration is given as to whether or not they are suitable for amulti-material lattice to

achieve a negative volumetric CTE. The two most promising unit cells are modified andassigned with
two components to simulate their behavior under thermal load. The one with the higher potential re-
garding the negative CTE is further investigated as a 2¢ order structure to see if the potential is as high
or even higher than the octet-truss.

In the end, the multi-material printer is improved by the following approaches . The current state of the
multi-material is analyzed and noted down to find starting points and room for improvements. Then
methods of product development like the list of requirements, morphological matrix, etc. are used to
find the best solution for the new multi-material printer. After a rating, the b est concept is picked, the
changes are implemented and the improved system is built up.
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This methodology of how to approach and solve the research objectivess summarized and illustrated
in the flow chart of Figure 1.
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Figure 1: Flow chart of methodology
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2 State of the Art

The following chapter describesthe process of additive manufacturing in general before referring to a
sub-category - the mask projection microstereolithography. Moreover, characteristics 6 polymers like

the coefficient of thermal expansion, the glass transitiontFNQFSBUVSF BOE UIF &¥dH T N
scribed.

2.1 Additive Manufacturing

The technology of additive manufacturing is capable of fabricating complex 3D compaments by building

the object layer-wise. This technique increases the standard of complexity in shapeompared to subtrac-
tive processes like milling or turning. By using the computer aided design (CAD) model of the object
that is converted into a stereolithography (STL) file the process of creating prototypes b faster than the
conventional methods and does not require special tools for the manufacturingprocess. Applications of
additive manufacturing technologies range from prototypes (Rapid Prototyping), over small-scale series
production (Rapid Manufacturing), to tooling applications (Rapid Tooling). With the enhancement of

the additive manufacturing processes they are now widely used in many branches of industrylike auto-

motive or for medical applications. [SH 14][YHB17] On the one side the procedures of additive manu-

facturing depend on the feedstock and on the other side they depend on the technologis that are used.
Figure 2 illustrates the diversity of additive manufacturing methods.

additive
| manufacturing methods |

1
[ B 1

Figure 2: Survey of additive manufacturing methods [AND15]
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The procedure of fused layer modeling (FLM) uses a solid wire of acrylonitrile-butadiene-styrene (ABS)
or polylactide (PLA) and a preheating nozzle or extruder to fuse the feedstock andprint layer by layer

in this way. Also, this time a solid powder or granulate feedstock is used instead of a wire for selective
laser sintering (SLS) and selective laser melting (SLM). Both methods melt their feedstak opolyamide

for SLS and metal alloys for SLM owith a laser beam. With a binder nozzle, the 3D-rinting (3DP)

procedure is agglutinating cement-ceramic-powder and thus printing the object. The last additive man-
ufacturing method using a solid feedstock is the process of layer laminated manufacturing(LLM). The

base material for this procedure is a foil that is needed to print a layer and cut by either a laser beam or
a knife. Unlike the previous methods, stereolithography (SL) uses a liquid kath of photopolymers and

the technology of photopolymerization activated by a laser beam for the printing process. [AND15]

By starting the manufacturing process straight from the CAD and respectiveSTL file the additive manu-
facturing methods have several advantages compared to traditional methods. The bends and also the
challenges of these methods are described in the following section before explaining spedially the
process of mask projection microstereolithography.

2.1.1 Advantages and Disadvantages of Additive Manufacturing

As already indicated the freedom in design increases dramatically by using additivemanufacturing,
which is the biggest advantage of this method. It enables the fabrication ofcomplex structures like hollow
shapes or objects of different material. Moreover, the process is capable fastarting right after finishing

the design because no other tooling is required. This is a huge benefit forapid prototyping. Due to the
fact that no special tooling is required, changes in design are very easily éasible. Additionally, this kind
of manufacturing saves material because it does not turn or mill the component fom a solid block and
thus creates less waste than traditional machining. [BGB15]

One of the downsides of additive manufacturing is that the surface often requires pat-processing to
achieve the desired surface quality. Furthermore, the build rate for fabricating large-series is slower han
the one for traditional machining. The third drawback is the high investment tha t a production with
high-end printing requires to manufacture the same quality as turning or milling. These advantages and
disadvantages of additive manufacturing are summarized and listed in Table 1. [BGR5]

+ freedom of design and complexity - post-processing required
+ no tooling required - not appropriate for large-series
+ prototyping, quick change in design - high investment

+ save of material

Table 1: Advantages and disadvantages of additive manufacturing

2.1.2 Mask Projection Microstereolithography

The process of mask projection microstereolithography is a version of stereolithgraphy and a principal
part of this work. Hence, the process is described in detail and covers the essdial parts like the orien-
tation of the projection, the digital micromirror device, and the process of photopo lymerization and
recoating.
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The process of mask projection microstereolithography uses a light emitting diode (LED as an ultravio-
let (UV) light source instead of a UV laser beam and a dynamic pattern generatoridynamic mask) like
the digital micromirror device (DMD) . The purple lines in Figure 3 illustrate the path of the light. At first
the light passes through several optics like lenses, filters, and mirrors so that tle light strikes parallel to
the surface of the dynamic mask. By the DMD the light is digitally patterned and projected as the cross-
section image through a single or a set of optical lenses to resize the imageUltimately, the image is
focused on the surface of the photopolymer resin and cures the resin by initiding the crosslink through
photopolymerization. This effect is visualized by the red layers inside the photopolymer container. After
the first layer has been cured, the linear actuator moves the platbrm downwards so that the previous
layer gets recoated. Then the platform is lifted to the surface again so tha the subsequent layer can be
hardened. [BBRO1][CWLO09][LAM14] This printing process, where the resin is cured from above is also
called top-down configuration. The setup of this method is shown in Figure 3.

Dynamic Mask
—————

Imaging Computer
Optics

V Ny

Light Source Conditioning 1  Mirror
Optics
Photopolymer Linear
Container Actuator

Figure 3: Process of mask projection microstereolithography [LAM14]

The process of MPUSL is controlled by a computer which regulates both, the dynamimask and the linear
actuator. At the beginning, a CAD model is converted into a STL file and sliced acording to the layer
thickness, which is around 40um or even lower due to limitations on controlling the UV penetration for

a multi-material printing process. [CMW10] This is followed by exporting th e images of each layer as
Bitmap images (BMP), and arranging the images in the correct order, whichis particularly important for
multi-material structures. Then each layer is assigned a certain step for the heightoup one layer thick-
ness or remain same height - and exposure time in the rows and columns of the comuterized numerical
control (CNC) code. [HCLO8] Multi-material structures additionally require washing cycles for every
change of material.

Besides the projection from above it is also possible to cure the resifrom below and thus change the
projection direction. These two projection methods are compared in the following section before ex-
plaining the main parts of MPuSL, the digital micromirror device, the photop olymerization, and the
process of recoating.
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2.1.2.1 Orientation of Projection Direction

For the projection of the images during the printing process there are basially two different methods of
how to cure the resin. Either the light hardens the polymer from the top or from the bottom. The process
in Figure 4 (a) with the projection direction from above is curing the first la yer straight at the surface
and onto the platform. Then the platform is lowered so that new resin floats on top of the previous
printed layer and the UV light is able to cure the next layer. The benefits of printing from above are that

a lot of empirical values already exist and that the sample is not attached to atransparent window,

usually a polydimethylsiloxane (PDMS) window. On the downside, it should be mentioned that there is
a slower printing velocity in comparison to the printing method from belo w because there is a wait time
until the surface is even again after lowering the platform. Also, the method is limited by the depth of
the resin vat because the resin has to surround the entire object and depending on the resin aa high

amount of resin is also needed. [LAM14]
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Figure 4: Printing from above (a), printing from below (b) [PHL11]

The process with the projection from below, also called bottom-up configuration, which can be seen in
Figure 4 (b) works in a similar way asthe printing from above process. Both methods have in common
that they cure the layers with UV light and thus building the object on a platform. But the difference

between these printing processes is that at the method of printing from below the UVlight cures the

layers through a transparent PDMS window from the bottom of the resin vat. This means that for the
recoating the sample gets lifted and thus the resin has to cover only the arface of the PDMS window
and not the whole sample as it is the case for the printing from above method This save of resin is
besides the biggest difference also the greatest advantage of the bottom-up configuratio. Moreover, the

sample size is not limited to the size of the resin vat as it is for the top-down configuration. Also, the

wait time for the recoating is avoided in this way because as soon as thesample gets lifted, resin floats
underneath and covers the PDMS window so there is never an uneven surface at the btam of the resin

vat. Whereas there are many advantages of this method there is one largdisadvantage othe adhesion
of the sample to the transparent window. By curing the resin from below it adheres to both the platform

and the bottom of the vat. As a consequence, forces are necessary to releafee adhesion on the bottom

side to go on with the printing process. In this case, tiny features may possiby get damaged, which
lowers the quality of this approach vastly. [LAM14]
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In Table 2 the advantages and disadvantages of both approaches are sumarized.

+ many empirical values + faster than printing from above

+ not attached to PDMS window + less photopolymer required

- slower than printing from below + technically not limited in the height
- limited by the depth of the resin vat - adhesion to the PDMS window

- high amount of resin needed
Table 2: Advantages and disadvantages of the printing processes from laove and below

2.1.2.2 Digital Micromirror Device

The digital micromirror device plays a crucial part in the process of mask projection microstereolithog-

raphy because it creates the pattern for the layers that are printed. The DMDmade by Texas Instruments
contains an array of ~786,000 micromirrors (1024 x 768). Every micromirror h as a dimension of
13.68 um on each side and is activated by electrostatic forces to be independently tiltable +12° b pro-

duce the cross-section image. The bundle of light at the angle of +12° createsthe favored pattern

whereas the micromirrors in the -12° position reflect the light to a mockup or light absorber which is

leading to black spots on the resin surface. Figure 5 illustrates the path of the UMight bundle and shows

that the projection lens collimates the UV light before curing the resin. This setup ensues an accurate
exposure, resolution, and adjusted layer thickness. [BAR11][CWL09] [LMS06][TS00]

Digital Micro-mirror Device (DMD)

> 4] -4
ON ON

OFF

Light

Absorber
| 1 '
— el UV Light Source
v s, «—— Projection Lens
Motion Stage t

UV Curable Resin

Figure 5: Operating mode of a digital micromirror device [LMS06]
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2.1.2.3 Photopolymerization and Recoating

With the UV light being projected on the curable resin, which is a mixture of monomer and photo-
initiator, the polymerization process is triggered. Thereby radicals are generatedby the photoinitiator
absorbing the incident photons. These radicals form larger reactive molecules that grow util two of
these reactive molecule chains meet together. The result is a stable polymer cin and the cross-linking
of multiple polymer chains leads to a solid phase. This simplified proces of photopolymerization is
shown in Figure 6. [LIMO7][SFWO05]

Free Chains Crosslinked
Network
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Figure 6: Process of photopolymerization [LAM14]

After a layer has been cured there has to follow a recoating process tgrint the subsequent layer, which
is demonstrated for the top-down configuration. Therefore, the platform is lowered into the vat with the
liquid resin so that new liquid resin floats on top of the hardened layer. In the next step, the platform
gets lifted up again but stops one layer thickness below the previous positon. Before the following image
is projected on the surface, a wait time is necessary because the lowering and liftig process undulates
the resin and creates an uneven solution surface which is pictured in Figure 7.As soon as the solution
surface becomes uniform again the wait time is over and the projecting process starts again.
[CWLO9][MLC99][PZC12]

Thelast fabricated Uneven solution Refreshed resin
layer surface surface

/i\|i1|

Solution Platform
Figure 7: Recoating process of mask projection microstereolithography [CWL®)
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2.2 Characteristics of Polymers

Polymers are an alignmentof multiply monomers. The process of photopolymerization that triggers this
chain reaction is described in section 2.1.2.3 From the chemical point of view the polymerization is
shown in the formula for polyethylene:

H H H H
i O — [—C—C—
H U HH | [1S10]

ethylene polyethylene

A number of single monomersn of ethylene are connected during the process of polymerization to form
the long chain polyethylene. The following subsections will discuss the coefficientof thermal expansion,
HMBTT USBOTJUJPO UFNQFSB WYtsdpdy@d&s.PVOH T NPEVMVT

2.2.1 Coefficient of Thermal Expansion

The coefficient of thermal expansion Udescribes how much a solid component, in this case a polymer,
expands or shrinks undera thermal load and at a constant pressure. [CM14] To get this coefficient Uthe

data about the change in temperature AT, the change in length A and the initial length | of the sample

are required. With the information and the formula

-LSDEH
T T¢6 H

the coefficient of thermal expansion is computed. The CTEs of polymers have aery broad range from
for instance 10 x 10 1/°C for polyurethane to 250 x 10 1/°C for polyethylene. [MWO05]

[KFGO8]

2.2.2 Glass Transition Temperature

An application of the polymer above the glass transition temperature Tc changes its mechanical charac-
teristics. The change is comparable to the transition of a hard (T< Tg) to a soft (T c>T) spring. Below T ¢
the molecular polymer chains are frozen, whereas the polymer chains abovéhe glass transition temper-
ature perform like a soft spring because of the molecular movement. Due to he fact that the polymers
have chains of different length, they are not completely homogeneous. This meanghat when the tem-
perature gets closer to the T not all polymer chains turn into a soft state at the same time and thus the
characteristics are changing at this point. [KMN14] The transition has also an influence on the coefficient
of thermal expansion. Above Tg the CTE of the polymer is significantly higher than below Te. [STROOQ]

State of the Art 11



223 <RXQJ'V ORGXOXV

5IF :PV ndddlus E is defined as the ratio of stress édivided by the strain Y This ratio, also called
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P
L—g [HNK10]

This ratio describes the linear elastic behavior that is reversible and independent 6the path. [AE13] To
visualize this characteristic Figure 8 shows the graph of the linear elastic area.
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Figure 8: Definition of Young's modulus E =A & A YBS12]

7TBMVFT PG UIF :PV @HpdyneR Ea8Meath from almost OMPa to around 20.000 MPa.
[SCH14] With adding particles to the polymers this range can even be increased.

The chapter about the state of the art provides a survey of the different addiive manufacturing methods
and the advantages and disadvantages of this technology compared to thé&aditional machining. More-
over, the process of mask projection microstereolithography is elucidatedwith the two directions of
projection, its digital micromirror device, and the photopolymerization and recoati ng process. In the end
characteristics like the coefficient of thermal expansion of the polymers are descriked.

In the following chapter the theoretical background for achieving a negative volumetric CTE of multi-
material hierarchical structures is presented.
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3 Theoretical Background

The first main objective of this thesis is dealing with achieving a negative thermal expansion of unit cells.
For this reason, the first step is to highlight the theory behind this idea of getting structures with a
negative volumetric CTE. As a typical unit cell, the octet-truss is ideal becauseightweight structures like
the octet-truss are known for their advantage of having a high stiffness at low density. [ZLW14] In
addition, the structure allows a combination of different materials within the lattice to adjust the coeffi-
cient of thermal expansion of the structure.

This opportunity of adjusting the deformation of an octet lattice at a certain thermal load is indicated

and shown in simulations by Xu and Pasini. [XP16] By operating with an octet-truss it is demonstrated

how the idea of the tunable CTE works. The basic component of the octet-trusss a tetrahedron which

consists of six struts and is defined by the skew angleR asillustrated in Figure 9 (a). Besides the tetra-

hedron, the octet-truss, which is also called a F' order unit cell is assembled of eight tetrahedrons and
shown in Figure 9 (b). The next hierarchical step is a 2" order unit cell, which consists of bars aligned
with 1%t order unit cells and is pictured in Figure 9 (c).

(@) (b)

Figure 9 (a) Tetrahedron, (b) 1st order unit cell, (c) 2 order unit cell

The blue struts (for illustration purposes) of the tetrahedron at the bottom and at the top are assigned
to a material with a high CTE, whereas the yellow struts have the characteristic d a low CTE material.
This distinction has to be made to achieve the negative thermal expansionHeating up the tetrahedron
causes a higher expansion of the blue than the yellow struts. In this case the heighh of the tetrahedron
odistance between top and bottom strut odecreases. Displayed in Figurel0, the thermal influence and
thus the expansion of the individual struts of the tetrahedron is strongly amplified, where h points out
the height of the tetrahedron before and hi the height after the thermal load is applied.

Figure 10: Thermal influence on the height of the tetrahedron with materials of diff erent CTE
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With a reduction of the height of the tetrahedron the height of the octet-truss also decreases. This defor-
mation is affected by the skew angle B temperature difference AT, the CTE of the blue material  which
is representing the high CTE, and the CTE of the yellow material | that represents the low CTE. The
CTEs Uin x-, y-, and z-direction of a 1%t order unit cell are expressed belowby the following analytic
equations:

Wasd Useed U
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The image on the right-hand side illustrates the directions within the 1% order unit cell and thus visual-
izes that the coefficients of thermal expansion in x- and y-direction - U 45 and U 4 5 ¢ equal the CTE U
where the CTE in z-direction, L}ége,gis dependent on the CTE of both materials and especially the skew
angle B In chapter 10.1 this equation is derived in detail.

For the 2" order unit cell the struts are assembled of ' order unit cells and called bars. The alignment
is along the z-axis and illustrated with five 1% order unit cells in Figure 11.

X y

D
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Figure 11: Bar of 2@ order unit cell 60° aligned of five 1storder unit cells 60°

The 2" order unit cell consists of bars that all have the same CTE, the one of the % order unit cell in z-
direction. Hence, the analytic equations for the higher order sample are derived as folowed:
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These equations state that the 29 order unit cell of an octet-truss shrinks uniformly in all directions wit h
the CTE U,ége.gWith these results for both unit cells the volumetric CTE is computed by looking at the
change in volume.
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The two graphs below point out the impact of the different CTE ratios at a skew angle of 60° as well as
at 55°. The CTE ratios of 6:1, 2:1, and 1:1 are used to cover a certairrange and to see the impact of a
steep increase in the ratio. Figure12 shows how both criteria are changing the volumetric CTE of the I
and 2" order unit cell. The temperature difference AT for this computation is 128°C which is calculated
from heating up the sample from 22°C room temperature to 150°C.
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Figure 12: Impact of the skew angle Pand the CTE ratio on the volumetric CTE

It can be seen that for both skew angles the CTE ratio of 6:1 and hierarchickorder of one has the highest
value and decreases dramatically to the lowest volumetric CTE at the hierarchicalorder of two. The

values start for both angles at around 71x 10 1/ °C and end at -109.94x 10 1/ °C for the skew angle of
60° and at -299.38x 10 1/ °C at 55°. A similar decline happens for the ratio of 2:1, where it ends upat

zero for the skew angle of 60° and at -31.70x 10 1/ °C at the angle of 55°. In contrast to the other ratios,
the 1:1 ratio remains stable as expected at 27.0% 10 1/°C for 60° and at 34.08x 10° 1/ °C for 55°
because it behaves like a single-material unit cell. The reason why all 1 order unit cells have a positive
volumetric CTE is that the negative thermal expansion in z-direction is compensated ly the expansion
in the x- and y-direction. However, for the 2" order unit, where only U 4 5 gnatters, a negative volumetric
CTE is achievable.
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To put it in a nutshell, the influence of the skew angle Pand the CTE ratio on the volumetric CTE is
clearly pointed out in Figure 12. A high CTE ratio between the two materials enables a negative volu-
metric CTE at a hierarchical order of two and the reduction of the skew angle from 60° to 55° enforces
this effect strongly. Thus, a CTE ratio of 6:1 and a skew angle of 55° enale a negative volumetric CTE
of roughly -300 x 10 1/ °C for a 2" order unit cell.

This analytic prediction about the thermal deformation of octet lattices of 1 st and 2" order structures is
investigated in the following heating tests after explaining the experimental setup.
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4 Experimental Setup

Conducting the thermal expansion tests and the measurements to determine the CTE of the base aterial
and complete structures requires special equipment and certain test procedures. This chapter prodies
an overview about the equipment that is used for this research including multi-material printer, Autodesk
Ember 3D printer, INSTRON heating chamber, hot plate, the measurement method and the polymers

that are used. Moreover, the test procedure on the hot plate as well as the therméaexpansion test in the
INSTRON heating chamber are explained.

4.1 Equipment

The equipment is the base of every test procedure. Thus, the devices and compents that are used for
the thermal expansion tests are described in the following sections beginning withthe prototype of the
multi-material printer.

4.1.1 Multi-Material Printer

The 3D-printer that is used for manufacturing the samples of unit cells is a home-nmade multi-material
printer (Large Area, Multi-Material Additive Manufacturing System using integrated resin exchange, U.S.
Provisional Patent Application No.: 62/313,954, 2016) and is shown in Figure 13.

Z-axis

1t order unit cell

arm with _ _
printing stage y-cartridge with

resin tubes and

PDMS brush

y-axis
fan

x-cartridge with
PDMS window and _
wash tank X-axis
UV light and
mirror

. . 3 . A R
Figure 13: Multi-material printer including sample of 1st order unit cell 60°

It is built up on three axes ox, y, and z. The x-axis holds the x-cartridge with the fan, washing chamber,
and the PDMS window on it. The y-axis supports the y-cartridge which holds the print head, various
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material feedstock, as well as the PDMSrush. The z-axis guides the elevator with the printing stage.
For projection of the printing image a DMD is used and the system works withthe printing from below
method. The printing area of the multi-material printer is designed for 20 x 15 mm with a resolution of
1024 x 768 pixels where the size of one pixel is 19.5um. Theoretically the height of a printing is limited
by the height of the actuator of the elevator in the z-axis, but technically it is restricted by the strength
of the support material that has to carry the load of the sample and be able to resist the wind power
during each drying cycle of the entire printing process. For the minimum layer thickness, the limit is
10 um and the upper limit is dependent on traits of the resin like light ab sorption. The exposure time for
the utilized polymers is 15 s.

The printer is controlled through Arduino and LabVIEW software. The LabVIEW program needs as input
the sliced images of a CAD model in .BMP format as well as a CNC code tassign each layer the right
polymer and exposure time respectively the washing cycle. In Table 3 an overviewof the technical spec-
ifications of the multi-material printer is provided.

Printing area 20 x 15 mm
Min. layer thickness 10 um
Usual exposure time 15s
DMD resolution 1024 x 768
Pixel size 19.5 pm

Table 3: Technical specifications of the multi-material printer

4.1.2 Autodesk Ember 3D printer

An Autodesk Ember 3D printer, illustrated in Figure 14, is used for manufacturing single-material sam-
ples like the ones for the determination of the base material.

Figure 14: Ember 3D printer by Autodesk [wwwOQ]

This system operates with the printing from below technique and has a maximum build volume (x, vy, 2)
of 64 x 40 x 134 mm. Its xy-resolution is 50 pm and in z-direction olayer thickness ois between 10um
and 100 pm. A maximum printing speed of 18 mm/hour can be achieved at a layer thickness of 25um.
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Suitable for this system are acrylate photosensitive resins by Autodesk and alsgelf-provided resins.
These technical specifications are listed in Table 4 below. [wwwO]

Build volume (x, y, 2) 64 x 40 x 134 mm
Xy-resolution 50 um
z-resolution (layer thickness) 10 0100 pm
Max. speed 18 mm/h

Table 4 Technical specifications of Autodesk Ember 3D printer [wwwoO]

4.1.3 Heating chamber

An INSTRON environmental heating chamber, seen in Figurel5, is used for heating up the samples of
the unit cells under equal environmental conditions. The temperature range of the chamber can be set
from -100°C up to +350°C. For heating up the chamber the method of forced convection is used with a
fan on the backside of the chamber. [www1]

e A

Figure 15: INSTRON heating chamber

4.1.4 Hot Plate

For the thermal expansion tests of the base materials a hot plate by VWR igsed. The temperature range
for this device with a ceramic plate is from 5°C above ambient roomtemperature to 500°C. Its tempera-
ture stability is +1%. The hot plate is illustrated in Figure 16 below. [www 2]

Figure 16: VWR hot plate [www3]
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4.1.5 Pixel Measurement Method

Measuring the thermal expansion and computing the CTE value of the basenaterial and complete struc-
tures like the unit cells requires high precision and reliability. For this reason, pictures from the initial
state and the final state are taken with a CANON EOS 7D Mark Il with an efective pixel number of
20.2 MP and compared with the help of MATLAB code. This MATLAB tool useshe pixel measurement
method. The first step is to select the edges, corners, and center of the initial stee. Then the same spots
are selected in the picture of the final state. An example of picking the red points of measurement is
shown at a 1% order unit cell 60° in Figure 17.

Figure 17: Method of measurement of a 1storder unit cell 60°

The software subsequently provides the coordinates of the points so that the vector legth | is computed
by:

HI¥:TgF ESE:F ;6

By knowing the length of the initial and the final state as well as the temperature difference AT the CTE U
is computable.

4.1.6 Tested Polymers

The six polymers that are used for the printing tests include three acrylate photosensitive resinsby Au-
todesk called Autodesk black, Autodesk clear, and Autodesk cyan as well as the flexie resin from form-
labs and two self-provided resins pureA and pureB. PureA is composed @7.95% bisphenol A ethoxylate
dimethacrylate, 0.05% of sudan | as a photoblocker and 2% of phenylbis(2,4,6trimethylbenzoyl)phos-
phine oxide as a photoinitiator. This relation of initiator and blocker is required for the printing process.

PureB, consists of the same amount of sudan | and phenylbis(2,4,6-trimétylbenzoyl)phosphine but dif-
fers in its main component - trimethylolpropane triacrylate. A characteristic of these polymers, the
:PVOH T N P&pravided by previous tests and listed in Table 5.

Autodesk black 550 MPa
Autodesk clear 550 MPa
Autodesk cyan 550 MPa
formlabs flexible 10 MPa
pureA 5 MPa
pureB 800 MPa

Table 5: Young's modulus of the tested polymers
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4.2 Test Procedure

After individually describing the devices, measurement method, and components that areprecondi-
tioned, now the procedures for the thermal expansion tests are presented. First the teting process on
the hot plate to determine the CTE of the polymers is described before the tlermal expansion test with
the INSTRON heating chamber for getting the CTE of the unit cells is explained.

4.2.1 Thermal Expansion Test on the Hot Plate

The determination of the CTE of the base components occurs with the help of thehot plate. Therefore,
five samples of each polymer with the dimension of 15x 2 x 2 mm are printed on the Ember System by
Autodesk. Then these samples are put on the ceramic platform of the hot plate aR2°C room temperature
and a picture from the top view of this state othe initial state ois taken by a high-resolution camera.
After setting up the samples and taking the picture, the temperature of the hot plate is set to 150°C and
15 minutes later, after the samples are uniformly heated up, a picture of the final state is taken. In this
way, the elongation of the samples is recorded and the change in length is computed withthe MATLAB
tool. In Figure 18 this test procedure of the thermal expansion test on the hot plate is shown.

CANON EOS
7D Mark Il
five polymer
samples
hot plate

Figure 18: Experimental setup for investigation of the CTE of the base material

After a test for one series of sampleds finished, there is a wait time of at least two hours required. This
time is necessary so that the hot plate reaches the 22°C room temperature agaiafter switching off the
power. Then the test cycle starts again with the next series of polymers.

4.2.2 Thermal Expansion Testin the Heating Chamber

In contrast to the previously described thermal expansion test, the determination of the coefficients of
thermal expansion of complete structures like the unit cells requires an enviraamental heating chamber.
The unit cells are built of single struts so there are free spaces within the structure ad because of the
low thermal conductivity of polymers the hot plate is not an appropr iate method to heat up the samples
of the unit cells uniformly. [HORO6] The heating chamber on the other hand uses a fan and thus forced
convection to meet the requirement of having a constant temperature everywhere around the ample.
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Unlike with the hot plate, the conduction of this thermal expansion test starts with a preheating of the
heating chamber for three hours. The reason for this is that the stage, on whch the sample is put on is
a metal platform. This means that by heating up the chamber the metal isalso expanding. But for the
documentation and video recording a constant environment is necessary so that the temperature inside
the chamber has to be 150°C and the expansion of the metal platform has to be finishé before putting
the sample in. Additionally, a box is set up in the middle of the platform, where the sample is put in to
protect the sample from getting moved by the wind caused by the fan. Whenthe preheating is finished
the sample with 22°C room temperature is put in the box and a picture of the initial state is taken and a
video is started. After 15 minutes, the picture of the final state is taken and the video is stopped. These
two pictures serve as the base of the measurements of the thermal expansion whereas the videas used
asa method to visualize the deformation of the sample. In Figure 19 the experimental setup is illustrated
with a 1% order unit cell 60°.

fan

box

metal platform 1%t order unit cell 60°

Figure 19: 1st order unit cell 60° in INSTRON heating chamber

The computation of the CTEs for the structures is also accomplished with the MATLABGftware. Further
tests are practicable right afterwards because the heating chamber is already preheate Depending on
the symmetry of the sample, one or two measurements are required to compte the volumetric CTE
because the thermal deformation is only detectable from the front side and thus in width and height and
not in depth.

By explaining the equipment and the test procedure for both cases a general understatiing for the ther-
mal expansion tests is created before the tests are conducted in the subsequent step
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5 Thermal Expansion Tests

An important concept for this thesis is transferring the theory of a tunable CTE for multi-material hier-
archical structures, which was predicted by Xu and Pasini for metals, to polymers vith lightweight char-
acter. [XP16] For conducting and investigating this case, first the base materials have to beexamined to
pick the appropriate constituents. After selecting the suitable components for the tiermal expansion
tests, the investigation starts with a 15t order unit cell before inspecting samples of 2 order unit cells.

5.1 Investigation of the Coefficient of Thermal Expansion of the Base Materials

The first step of creating a hierarchical multi-functional structure is the investigation of the base materi-

als regarding their coefficient of thermal expansion. The examination has to be done because neither
Autodesk nor formlabs provide CTE values and for the home-made resins pureA and pureBhe CTE

values are also unknown. In general, the coefficients of thermal expansion of pdymers have a large

range, from for instance 10 x 10 1/°C for polyurethane to 250 x 106 1/°C for polyethylene. [MWO05]

The thermal expansion tests are conducted on the hot plate as described in sean 4.2.1. and the subse-
guent Figure 20 represents the computed average CTE values of the tested resins Autodesk blgckuto-
desk clear, Autodesk cyan, formlabs flexible, as well as the home-made resins peA and pureB.

. CTE of the base materials
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Autodesk Autodesk Autodesk formlabs pureA pureB
black clear cyan flexible

Figure 20: CTEof the base materials

All three coefficients of thermal expansion of the Autodesk resins are verysimilar and fall within the
range of 90.71 x 10° 1/ °C to 109.48x 10 1/ °C where Autodesk clear has the highest and Autodesk black
the lowest value. FPSNMBCT GMFYJCMBE%%E which is slightly higher than the Autodesk
values and pureA has the biggest CTE of all six resinat 151.19 x 10 1/ °C. Noticeable by far is the lowest
CTE of the home-made resin pureBAt 18.06 x 10° 1/ °C its CTE is at least five times lower than all the
other CTEs. The individual standard deviation of each base material, which is pointed out ly the vertical
lines within the graph, reaches from 13.95x 10°1/°C to 23.70x 10 1/ °C with an average standard
deviation of 19.53 x 10 1/ °C. Although there is a wide range of the CTEs they are still within the scope
of the literature values.
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For selecting the appropriate resin combination for the thermal expansion tests theCTE values of all
tested materials are set in relation to each other and the CTE ratios are noted down in &ble 6.

Autodesk Autodesk Autodesk formlabs ureA ureB
black clear cyan flexible P P

ALz T 1:1.2 1:1.2 1:1.3 1:1.7 5:1
black
Autodesk 1.2:1 U 1:1 1:1.1 1:1.4 6:1
clear
AUHBRESS 1.21 11 D 1:1.1 1:1.4 5.9:1
cyan
formiabs 1.3:11 1.1:1 1.1:1 v 1:1.3 6.4:1
flexible
pureA 1.7:1 1.4:1 1.4:1 1.3:1 T 8.4:1
pureB 1.5 1.6 1.5.9 1.6.4 1:.8.4 B

Table 6: CTE ratios of the base materials

From the analytical computation in chapter 3 we know that a large negative thermal deformation is
achievable by either choosing a skew angle of 55° over 60° or by increasing the TE ratio of the constit-
uents. Since the skew angle is a design aspect the focus is on the high CTRtios in Table 6. As seen
from the bars in Figure 20 the CTE ratios between the three Autodesk resins, formlabs flexible and pteA
all vary within a small range from 1:1 to 1.7:1. Bigger CTE ratios are presented in the row and column
of component pureB. For this reason, pureB is picked as the material with he lowest coefficient of ther-
mal expansion. In combination with pureA the highest CTE ratio of 8.4:1 is possile, but because of the
high expenses and the low availability this option is crossed out. Low awailability is also the reason for
not considering Autodesk clear resin. Another option is formlabs flexible resin wherethe CTE ratio of
6.4:1 is the second highest behind the one of pureA to pureB. But it hasa crucial drawback because of
its high viscosity. This is especially disadvantageous for printing samples with avery small strut diameter
of 200 um or lower. From experience we know that resin leftovers are more likely to stick in free spaces
and the additional weight of the resin will cause cracks or failures of the thin struts over a printing time
of a few hours. Also, extra washing cycles are required for a proper printirg result which increases the
printing time and the amount of ethanol needed . For these reasons formlabs flexible is also not an option
for the thermal expansion tests. After eliminating three components only Autodesk black and Autodesk
cyan are left as possible constituents for pureB. Both resins are suffiently available so the decision &
made in favor of the higher CTE ratio of 5.9:1 of Autodesk cyan to pureB.

Therefore, the upcoming thermal expansion tests for the B and 2" order structures are conducted with
Autodesk cyan as the material with the high CTE value and pureB is used for the strutsvith the low CTE
value. The CTE ratio of 5.9:1 is close to the computed analytic result for a ratio d 6:1, and the tests
should verify these predictions.
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5.2 Investigation of the Coefficient of Thermal Expansion of Hierarchical Structures

The impact of heat on a 1% order unit cell of an octet-truss is investigated with thermal expansion tests
before a higher 2" order unit cell is evaluated. The objective is to validate and verify the theoretical
assumptions regarding the tunability of the CTE especially towards the negative diretion.

5.2.1 15t Order Unit Cell 60°

The first structure that is tested is a 1% order unit cell with a skew angle of 60°. As previously described
in chapter 3, the unit cell is assembled out of eight tetrahedrons whereas the lbue struts are assigned to
the Autodesk cyan resin with a CTE of 106.57x 10 1/ °C and the yellow struts consist out of the pureB
resin with a CTE of 18.06x 10 1/ °C. How the struts of the different material are arranged within the

octet-truss can be seen in the CAD-model and the printed sample shown on the left-handide and right-
hand side, respectively in Figure21.

Figure 21: CAD-model and printed sample of ¥t order unit cell 60°

Before the thermal expansion tests are conducted the sample is measured with the ZEISS microgpe.
The dimensions of the sample from the top and from the side are shown inFigure 22 at a magnification
of 7.5. Length of the struts and diameter of the struts are designed to be in aratio of 6:1.

Figure 22: Dimension of 15t order unit cell 60°
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For the thermal expansion tests every sample is only used once because by heating up to 150°C it
passes the glass transition temperature of pureB, which is around 62°C, ashso the traits of the material
change after coolingit down again. [GJS08] Due to the symmetry of the sample, two samples are used
to detect the thermal deformation and thus compute the volumetric CTE. Accordingto the analytic com-
putation the height in the z-direction is supposed to shrink whereas the dimension in x- and y-direction
should expand by the CTE of Autodesk cyan. The analytic predictions for thé case of a * order unit cell
60° with a CTE ratio of 5.9:1 and at a temperature difference of 128°Care as follows:

U LULUWagdsrxd@ysr’ s 1%

8K5> yavpélo?6@a k5> j5jucl0?%5272604ae .
L FysuxTsr’' s 1%

. i%57260ae

However, the analysis of the video and the measurement with the pixel measurement softwareshow an
overall shrinkage of the 1% order unit cell. The results are visualized in a net diagram in Figure 23 to
demonstrate the CTE along each strut and around each axis. In this way, the defrmation and respec-
tively the CTEs are easier to illustrate than in a bar chart. But because the CTEare illustrated in a circle
around the axes that are vertical to the surface of the sample, the axes change copared to the ones of
the analytic prediction. These new axes are illustrated in the right top corner of Figure 23.

CTE of the 1st order unit cell 60°
0°/360°
\00 x106 1/°C

45°

=== X-/y-axis
el 7-3XIS
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=@==z-axis (average)

225° 135°
180°
x-1y -axis -74.17 -87.06 -170.95 -224.07 -186.54 -166.08 -149.51 -137.03
(average) 38.74 -37.07 -84.93 -182.94 -231.64 -165.35 -126.67 -37.08
Z-axis -99.24 -141.39 -42.72 -144.55 -80.94 -119.48 -85.52 -106.58
(average) -88.83 -199.11 -75.21 -169.80 -48.11 -53.04 70.73 -105.69
x-ly -area -302.43// -211.11 (average)
z-area -252.99 /] -262.14 (average)
volumetric -398.01 // -324.17 (average)

Figure 23: CTE of the ! order unit cell 60°
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To transfer the CTE values from the measurement to the analytic predictions the 6llowing conversion is
necessary. From the CTEs of the z-axis in the net diagram in 135° and 315° direction the arage value
results in the U of the prediction. Also around the z-axis but this time at an angle of 45° and 225° the
CTE of U is computed. The CTE U is computed by looking at the height in x-/y -direction of the net
diagram. This means in 0°/360° and 180°. Hence, he measured CTEs for the x-, y-, and z-direction are

UL Fstvvyisr’® s 1%
U LFsuaVvlisr’' s 1%

ULFsu@xisr’ s 1%

It can clearly be seen that only U is roughly meeting the predicted value, whereas the other CTES ag
showing contrary behavior. The CTE values in the principal directions are all negative, henceghe thermal
expansion in x-, y-, and z-area is also negative as well as the overall voluratric CTE. The result for the
volumetric CTE of -398.01x 10 1/ °C is in contrast to the theory that predicts a positive volumetric CTE
of about 71 x 10 1/ °C for a 1% order unit cell 60° and a CTE ratio of 6:1.

With the experimental results being in contrast to the analytic prediction the accuracy of the measure-
ment method is questioned. For checking the exactness of this method, the measurementare repeated
five times with the same pictures in x- and y-direction of the initial and final state of the sample to get
the error of measurement. Figure 24 illustrates the minimum and maximum CTE values in each direction
as well as the average value. Thereby it can be seen, that for the 0°/360, 90°, and 315° directions the
results show positive and negative CTEs. Moreover, the analysis of these mearements results in an
average standard deviation of 73.31x 10 1/ °C. This large standard deviationin- or decreases the values
of above listed CTE values of Uy, U, and U by more than 50% and shows that the error of measuremert
is not negligible.
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Figure 24: CTE error of measurement of the pixel measurement method
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By observing the average CTE values in x-, y-, and z-direction the new resultare now:

UL FSu@wwsr’' s 1%

U L FstxizTsr’' s 1%

UL F{x&Wsr’ s 1%

Only the average U with -96.45 x 10 1/ °C is getting closer to the predicted value of -71.46x 10 1/ °C
and would be within the range of the standard deviation, but the CTEs Usand U are still far off even
with considering the large standard deviation. An assumption for this behavior might be a change of the
characteristics of the resins by passing the glass transition temperature.

Although the first thermal expansion test deviates from the analytic prediction a shrinkage is visible in
the measurements and the video so the thermal expansion tests are continued with a 2 order hierar-
chical structure.

5.2.2 2" QOrder Unit Cell 60°

This 2" order unit cell 60° is assembled out of 180 I order unit cells 60° and scaled to a cubic dimension
of 14 x 14 x 14 mm. All bars consist of five connected F' order unit cells and the sample is completely
symmetric. An impression of the CAD-model as well as the printed 29 order unit cell 60° out of Autodesk
cyan and pureB is given in Figure25. The variation of the color within the printed sample is caused by
the dyeing of the pureB struts by Autodesk cyan during the washing process.

Figure 25: CAD-model and printed sample of 29 order unit cell 60°

Pictures from the microscope with a magnification of 7.5 for the quarter section of the complete 2" order

unit cell 60° and a 40 times magnification of the bar are shown in Figure 26. It can be seen that almost
all the joints at the corners are incompletely printed. This is traced back to having a strut diameter of

only around 170 pm at a strut length to strut diameter ratio of 6:1. At the corners the joints are fairly

exposed to the airflow of the fan that dries the sample after the washing process. The low stiffness of
struts at the corners is the reason why they are getting bent during the drying process. As a result of the
bending the next printing layer is no longer attached to the previous one and hence theconnection of
the strut is interrupted.
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Figure 26: Dimension of 27 order unit cell 60°

Although the sample is not perfectly manufactured the heating test is conducted and theresults are
shown in Figure 27. The CTE values are averaged like in the previous measurement to reduce thdevi-
ation.

CTE of the 2" order unit cell 60°
0°/360°
300 x1061/°C

00
315° # 45°
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x-1y -Iz -axis -71.91 254.74 -41.58 231.85 30.90 -233.26 -13.46 -191.98
area 23.25
volumetric 35.81

Figure 27: CTE of the 24 order unit cell 60°

In the table shown in Figure 27, the listed CTE values alternate between positive values - expansion -
and negative values - shrinkage. In the 0°/360°, 90°, 180°, and 270° directions the vhies vary around
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zero by considering the standard deviation of about 73x 10 1/ °C. The CTEsUin the directions of 45°
and 135° are both positive and bigger than 200x 10 1/ °C, whereas in the opposite directions the CTEs
are around -200 x 10 1/ °C. This big difference is probably caused by a shift of the center pointput by
adding up the deformations they roughly cancel each other out like all the others do. Hence, the volu-
metric thermal expansion of the 2" order unit cell is 35 x 10 1/ °C which is close to zero. These results
of the measurements are not close to the analytic prediction of the volumetric CTE of
about -100 x 10 1/ °C for the 2" order sample and are not an even lower CTE than the one observed for
the 1%t order unit cell. By evaluating the video of this test, the sample is neither expanding nor shrinking,
which confirms the measurements.

A reason for the nonnegotiable thermal expansion might be the incompletely frinted joints of the sample.
A more likely reason is that the 150°C preheated chamber is heating up the > order unit cell with its
thin struts within the first few seconds so that the sample has already reached its final $ate before closing
the door of the heating chamber and starting the video, respectively taking the gdctures.

To solve these two problems the idea is to increase the stiffness of the struts by changing #ratio from

6:1 to 5:1 and by conducting the thermal expansion test without preheating the chamber to detect the
deformation of the sample. The drawback of this approach is that the defamation will probably not be

visible in the video because of the relative movements of the metal plaform and the box around the
sample. Additionally, a change of the skew angle from 60° to 55° is executed besuse according to the
theory the predicted shrinkage should be larger and thus easier to examine.
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5.2.3 2" Qrder Unit Cell 55°

By changing the skew angle from 60° to 55° the cubic shape of the ample becomes an ashlar and the
symmetry reduces from three to two directions - x and y oin comparison to the 2" order unit cell 60°.
The new dimension of the 2" order unit cell 55° is 14 x 14 x 10.58 mm and represented in Figure 28.

Figure 28: CAD-model and printed sample of 24 order unit cell 55°

This printed sample of the 2" order unit cell 55° with a strut length to strut diameter ratio of 5:1 shows
that still not all the struts in the joints are printed but enough of them a re existent so that there is a
connection between the bars. Measurements of this sample at a magnification o#0 are illustrated in
Figure 29.

Figure 29: Dimension of 2d order unit cell 55°

In this heating test, the INSTRON heating chamber is not preheated so that the initid temperature inside
the chamber equals the room temperature of 22°C at the beginning. After setting upthe sample, a picture
of the initial state is taken and the video is started before the temperature of the heating chamber is set
to 150°C. Fifteen minutes later the picture of the final state is taken for the analysis of the test. While
evaluating the graphical material, the video shows movements of the metal platform andthe box caused
by their own thermal expansion, so that in the video a deformation of the sample is not visible. But by
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comparing the picture of the initial state with the one of the final state the measurements for the CTE
are feasible with the pixel measurement method. The results are shown in Figure30.

CTE of the 2" order unit cell 55°
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Figure 30: CTE of the 29 order unit cell 55°

For the CTE, the values around x-, y-, and z-axis vary from -26.7X 10° 1/ °C to 126.38 x 10 1/ °C where
the distribution is skewed towards the higher positive CTEs. As a result, the CTBralues of the areas as
well as the volumetric CTE are positive. The volumetric CTEof 102.84 x 10°1/°C is clearly positive
which indicates an expansion of the sample. After eliminating the preheating ofthe chamber as a possible
reason for the nonnegotiable shrinkage of the sample, the actual reason rast be different. Hence, two
more hypotheses are investigated to figure out why shrinkage of a # but not of a 2" order unit cell is
observable:

1. The incompletely printed joints are not able to connect the bars in a strong enough way, which
means that the bars are not able to influence each other.

2. A reduction of the diameter changes the characteristics of the struts and thus the sizehas an
impact on the result although the strut length to diameter ratio remains the same owhich will
be referred to as the size effect.

The first hypothesis is still referring to the not fully printed joints of the sa mple which might have an
impact on the interaction of the bars of the 2" order unit cell during the thermal deformation. To solve
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this problem of the weak connection between the bars the joints of the 2% order unit cell 55° are rede-

signed as solid cones to assure a strong connection. Figur81 shows the CAD-model and the printed
sample with the new designed joints of the 2" order unit cell 55°.

Figure 31: CAD-model and printed sample of 29 order unit cell 55° with new joints

With the dimension of the struts and the test conditions remaining the same as for the previous 2" order
sample, the thermal expansion test is conducted and the results can be seen iRigure 32. Because of a

lack of resin and the enormous off time of the multi-material printer only one sample of the 2" order
unit cell is available for the testing.

x106 1/°C

X-ly -axis 37.65 106.30 72.15 22.53 70.25 100.90 69.26 117.99
x-1y -area 165.18
Figure 32: CTE of the 29 order unit cell 55° with new joints
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All CTE values shown in the net diagram of Figure32 and the table beneath are positive in all directions
and by computing the thermal deformation of the observed x-/y -area the expansion is 2.12%. This means
that the 2" order unit cell 55°, even with the newly designed joints is not able to shrink and the weak
joints are not the reason for this problem. Thus, the first hypothesisis proved wrong and now the second
hypothesis is contemplated.

Examining the second hypothesis that suggests that the size effect is the origin of this problemmeans
observing the struts of a 2 order unit cell 55° before and after the heating test to see if there are any
abnormalities. The struts of the 2" order unit cells have a decreased diameter of about 20Qum which is
only 33% of the diameter of the 1 order unit cell although the ratio between the length of the strut and
the diameter has been lowered from 6:1 to 5:1. This adaptation of the size is caused by the available
printing area of the multi-material printer which is 20 x 15 mm.

By looking at the pictures from before and after the heating test of a 2" order unit cell 55°, small cracks
within the struts of pureB are visible in Figure 33 (b) at a magnification of 63.

(a) (b) OA

200 pm 200 pm

Figure 33: (a) PureB struts of 2¢ order unit cell before and (b) after the heating test

In Figure 33 (a) the struts of pureB do not show any cracks in comparison to the picture on the right-

hand side which represents the sample after the heating test. The cracks are markeavithin the red

circles and it can be seen that they are going across the complete strut. To emphasize éhcracks a picture
with a magnification of 125 is taken of section A and shown in Figure 34.

100 pm

Figure 34: Crack of a pureB strut of 29 order unit cell 55°
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The crack shown in Figure 34 is more than a split within the strut. It is breaking the strut apart and

creating a notch. More of these kinds of cracks are distributed all over the strus of pureB of the 2" order
unit cell and they are the reason why the sample is not able to shrink ard instead slightly expands. In
contrast to the struts of pureB, the struts of Autodesk cyan are not haing any cracks after the heating
test. As an example, the struts at the corner of the 29 order unit cell 55° are demonstrated in Figure 35.

200 pm

Figure 35: Autodesk cyan struts of 2@ order unit cell 55° after the heating test

This phenomenon is probably caused by the different traits of the base material. Autodesk cyan has a
:PVOH T DbdERESB&MPa which is lower than the one of pureB at around 800 MPa. Furthermore,
the CTE of Autodesk cyan is 5.9 times higher than the one of pureB which probaly causes lower tension
within the struts.

Explaining this case by mentioning the traits of the materials raises the question whywe are able to
observe shrinkage at the ® order unit cell 60°, but not at the 2" order unit cell. We will have a closer
look at the struts of resin pureB of the 1% order unit cell 60° before and after the heating process. As
shown in Figure 36 (b) there are some small cracks visible in comparison to Figure36 (a) which illus-
trates the strut before the heating test.

() (b)

200 pm 200 pm

Figure 36: PureB strut of 15t order unit cell before (a) and after (b) the heating test

But these cracks are not as serious as they are at a higher order sarfg At a diameter size of around
600 um the cracks are not damaging the strut so much that the strut is breaking. This comgnsation of
the cracks by the larger diameter of the I order unit cell 60° is enabling the sample to shrink.
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In conclusion, we can say that the size of the minimum strut diameter has an impact on the performance
of the thermal expansion test and thus on the CTE. The size effect is deternmed to be the critical factor
why the higher order sample are not shrinking after also considering the hypotheses of &ffer joints or

the error of measurement.

5.2.4 Conclusion

The thermal expansion tests of the ' order unit cell 60° show that in contrast to the analytic prediction
where the sample is supposed to shrink in only the z-direction, the sample is shrinking in allthree direc-
tions. The reason for this unexpected behavior might be caused by changein the characteristics of the
resin by passing the glass transition temperature. This already high negative themal deformation of the
15t order unit cell leads to the assumption that the 2" order unit cell has to have a much higher negative
volumetric CTE than the theory predicted. But instead of shrinking, the higher hierarchical structures
are expanding. By considering different reasons for this cause, such as aerror in the measurement
method or not fully printed joints, it is figured out that cracks within the thin struts break the struts and
prevent the sample from shrinking. Further examinations of the 1%t order unit cell struts also demonstrate
that at a larger diameter the cracks are not harming the struts, in contrast they are compensated by
them. Hence, the size of the diameter has an impact on the results of the thermal expansin tests.

At this point the experimental part is halted because the current multi-material printer is very unstable

and has an enormous off time. Moreover, the multi-material printer wastes a huge amount of resources
like the resins and the ethanol for each printed unit cell, especially for 2" order structures when frequent
material changes are required. Based on these facts the decision has been made tpdate the printing

system. Simultaneously, ideas for a different kind of structure are gatheral, designed, and simulated
regarding a negative thermal expansion.
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6 Design of new Multi- Material Unit Cells with negative Coefficient of Ther-
mal Expansion

In the previous chapters the thermal expansion of ' and 2" order octet unit cells with different skew
angles have been investigated. Now different single-material unit cells arereviewed and two are selected
and modified to multi-material structures with theoretically analyzing their behavior und er thermal load.
This simulation is aiming for an alternative for the CTE of the octet-truss or an even better opportunity.

Review of Single-Material Structures for Unit C ells

Besides the mentioned octet-trussstructure for a unit cell, several other unit cells exist and seven are
subsequently described Vaidya and Anand are using truncated octahedron and rhombic dodecahedron
unit cell models that are pictured in Figure 37 (a) and (b) for fabrication of support structures because
of the advantage of this lightweight structure and also because of the providedflexibility for creating
support in different directions by multiple faces of these unit cells. [VA16]

(@) (b)
[VA16]
truncated octahedron rhombic dodecahedron
(c) (d)
[BF16]
rectangular prism crossed faces rectangular prism crossed center
(e) )
[GR15]
diamond dodecahedron
(@
[WWH16]
quatraeder

Figure 37: Models of existing single-material unit cells
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A different way to create a unit cell is through Beyer and Figueroa T E F.TThéirQlesign of a unit cell
for additive manufacturing is based on a rectangular prism. For the first one in Figure 37 (c) the faces
are containing crosses but the core of the unit cell remains empty, whereaghe rectangular prism with a
crossed centerin Figure 37 (d) has diagonal struts in the inside but the faces are left blank. [BF16]
Furthermore, the diamond and the dodecahedron unit cell of Galba and Reischle areshown in the images
(e) and (f) in Figure 37.[GR15] The last unit cell in Figure 37 (g) that is mentioned by Weil3mann et al.
is here called quatraeder. This design, consists of squares at the bottom and at the fpwhich are linked
by eight struts with their joints facing outwards. [WWH16]

Not all of the above listed single-material unit cells are appropriate for creating a high negative CTE
structure by assigning materials with different coefficient of thermal expansion. The unit cells (a) and
(b) in Figure 37 consist of a hollow frame that leaves less opportunities even by adding internal cros
struts because of the closed shape. The shape of a rectangular prism of ¢hunit cells in Figure 37 (c) and
(d) leaves no opportunity to achieve a negative volumetric CTE because struts ardacing straight in x-,
y-, and z-direction. Thus, an expansion in all directions is inevitable. Other problems with similar con-
cerns are shown by the diamond unit cell (e) in Figure 37 that is very branched with 12 open ends. This
means that even by assigning different materials the unit cell has still the chance of expnding freely.
Adding several connections or a frame around the diamond would change the structure conpletely and
building up a higher order diamond unit cell is very complex and not promising.

More promising is a modification of unit cell (f), the dodecahedron that is v isualized in the CAD-model
in Figure 38 with the blue struts assigned to Autodesk cyan resin and the yellow ones to pureBesin. By
adding the blue vertical struts of Autodesk cyan to the original model, the middle squares get divided
into triangles. This separation has the same effect on the dodecahedron as ihas on the tetrahedron in
chapter 3 which means that there is a potential of achieving a negative volumetric CTEfor this unit cell.
For a variation of the dodecahedron the skew angle /s used within the triangle.

Figure 38: CAD-model of modified multi-material dodecahedron

A small change of the quatraeder unit cell in Figure 37 (g) will also have the potential of achieving a
negative volumetric CTE of the multi-material unit cell under thermal load. A dding a third horizontal
square at the middle of the quatraeder that has double the lateral length of the top and bottom squares
and assigning these squarego the Autodesk cyan resin, whereasthe other struts are assigned to pureB
resin, will influence the volumetric CTE. The dimension of the quatraeder is defined by the length of the
strut of Autodesk cyan a and the length of the strut of pureB b and thus the ratio between both those
struts a:b. These adjustments as well as the parametea and b are shown in Figure 39 in a CAD-model
and because of the arrangement of the materia$, shrinkage in z-direction is expected.
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Figure 39: CAD-model of modified multi-material quatraeder

After considering the existing single-material unit cells regarding their potential of a negative volumet-
ric CTE as a multi-material structure the modified versions of the dodecahedron and tle quatraeder offer
the largest possibilities and thus are considered for the following analyses.

Simulative Prediction of Quatraeder and Dodecahedron

To get the volumetric CTE of the quatraeder and the dodecahedron both unit cells are built upin Sie-
mensNX with single struts and degrees of freedom in the joints, so that the struts are capale of moving
due to a change of length. Afterwards, the length in x-, y-, and z-direction is measured to get the initial
length for the computation of the CTE. Then the thermal expansion of the Autodeskcyan and pureB
struts is added at a temperature change AT of 128°C. This change in length of the struts causes a defor-
mation of the unit cells and leads to the new dimension after an increase of temperature fom 22°C to
150°C. The final length after the heating is measured and with the initial length and the temperature
difference the CTEs U, U, and Yare computed as well as the volumetric CTE. For the investigation of
the quatraeder and the dodecahedron regarding their volumetric CTE the aspect ratio between the struts
of Autodesk cyana and pureB b increases from 1:1 to 1.25:1, whereas the dodecahedron varies in its
skew angle Arom 60° down to 45°.

6.2.1 Simulative Prediction of 1t Order Unit Cell Quatraeder and Dodecahedron

The Figure 40 demonstrates the trend of the volumetric CTE for the 1% order unit cells of the quatraeder
and the dodecahedron at a thermal load AT of 128°C at different states.

At an aspect ratio of 1:1 the 1% order quatraeder has a positive volumetric CTE of 141.51x 10 1/°C

whereas the dodecahedron with a skew angle of 60° has a lower but still positive CTE of

82.88 x 10° 1/ °C. Changing the characteristics for the quatraeder by increasing the aspect ratibetween

a and b from 1:1 up to 1.25:1 leads to a steep decline of the volumetric CTE with the endpoint

at -99.57 x 10° 1/ °C. The trend of the dodecahedron also decreases but not as sharp as the omd the

quatraeder and endsat -37.62 x 10 1/ °C with a skew angle of 45°. According to the graph, cross-over
of both trends occurs between a strut ratio of 1.1:1 and 1.2:1 for the quatraeder and a skew angle of 55°
to 50° for the dodecahedron. Both volumetric CTEs are approximately30 x 10 1/°C at this crossing
point. During all the variation of the dimension s, the CTE of the quatraeder remains stable in x- and y-
direction and for the dodecahedron in z-direction with 106.57 x 10 1/ °C, the CTE of Autodesk cyan.
Thus, the quatraeder achieves its negative volumetric CTE by shrinking in the z-direction and the doéc-

ahedron by having a negative thermal deformation in the x- and y-direction.
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x 10°%

x-1y -axis (q) 106.57 106.57 106.57 106.57
z-axis (q) -71.26 -119.65 -214.38 -305.90
volumetric (q) 141.51 91.80 -5.54 -99.57
x-1y -axis (d) -11.73 -25.71 -44.91 -71.48
z-axis (d) 106.57 106.57 106.57 106.57
volumetric (d) 82.88 54.60 15.87 -37.62

Figure 40: Volumetric CTE of 3 order quatraeder and dodecahedron

Although the 1%t order unit cell of the quatraeder starts at a higher positive volumetric CTE than the
1%t order unit cell of the dodecahedron, it ends up at a more negative value. As a conclusion, the volu-
metric CTE of the quatraeder has a bigger slope over the same period congred to the dodecahedron.
Therefore, the dodecahedron is neglected and only the quatraeder is considered in the following ives-
tigations of a 2" order structure.

6.2.2 Simulative Prediction of 2" Order Unit Cell Quatraeder

The 2" order quatraeder is assembled of 120  order quatraeders, where the small squares on top and
bottom consist of 20 1% order unit cells and the big square in the middle is made out of 40 1% order unit
cells. The linking bars that were formerly assigned to pureB are now each aligned out of five ® order
quatraeders. The assembled CAD-model of the ® order quatraeder can be seen in Figure4l.

Figure 41: CAD-model of 2 order quatraeder
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By comparing the simulative results of the 15t order with the 2 " order quatraeder in Figure 42 it can be
seen that the higher order unit cell starts at a lower volumetric CTE than the 1% order unit cell and that
with -54.54 x 10 1/ °Cit already has a negative value at an aspect ratio of 1:1. Both trends run almost
parallel but with the 2 " order quatraeder having a slightly steeper slope. With the 29 order quatraeder
having a negative volumetric CTE of -360.94x 10 1/ °C at an aspect ratio of 1.25:1 it is more negative
than the 2" order octet-truss with a predicted volumetric CTE of -299.38x 10 1/ °C at a skew angle of
55° and a CTE ratio of 6:1. The biggest difference between the 1 and 2" order quatraeders is that the
CTEs of the 2¢ order quatraeder in the x-, y-, and z-direction are all negative at any strut ratio, where
the 1% order quatraeder has to compensate the expansion in x- and y-direction by shrinking in zdirec-
tion.

x 106

x-ly -axis (1 5t) 106.57 106.57 106.57 106.57
z-axis (1Y) -71.26 -119.65 -214.38 -305.90
volumetric (1 s) 141.51 91.80 -5.54 -99.57
x-ly -axis (2 ) -17.04 -39.78 -81.50 -118.96
z-axis (2 ) -20.59 -44.62 -88.92 -128.73
volumetric (2 d) -54.54 -123.54 -249.22 -360.94

Figure 42: Volumetric CTE of and 2"d order quatraeder

This simulative prediction of the 15 order dodecahedron and especially of the ® and 2" order
guatraeders demonstrates the possibility of these structures regarding a negativerolumetric CTE. The
2" order quatraeder shows an even higher potential than the 29 order octet-truss.

With finishing the analysis of the new designed unit cells, the research aboutthe negative CTE in prac-
tical and theoretical way stops to face the problems of the current multi-material printer and to improve
the system.
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7 Improvement of the Multi-Material Printer

Due to the fact that the multi-material printer is a complete new set up prototype some steps arenot
working out quite well yet and incidents occur during the printing process. In this chapter, the current
state is listed with issues that have an important impact on the performance of the multi-material printer.
Moreover, ideas are gathered for improving the system and recorded in a list ofrequirements followed
by the development and design of the new system by using a morphological matrix and comparing dif-
ferent concepts. The best concept is chosen and the changes and improvements are implemented. Finally,
the results are stated in comparison to the current multi-material printer.

Current State

Having a look at the multi-material printer and the printing process external izes several problems which
have a dramatic influence on the printing results as well as on the availability of the printer itself. The
most urgent problems refer to the setup and the design of the printing process.

In Figure 43 it is illustrated how the y-axis actuator and the x-axis actuator are mutually arranged. Before
and after every change of resin the printhead crosses the x-axis actuator and becese of leakage the resin
drops from time to time onto the spindle. The movement of the x-axis actuator during the printing pro-
cess transports the resin into the ball bearing and after a while the resin gets &ached to the bearings
which cures and congests the actuator. As a consequence, the ball bearing has be fully disassembled,
cleaned and reassembled. More critical is that the x-axis actuator sticks in itgosition while the printing
process continues. A printing failure and spilling of resin and ethanol on top of the desk are the results
of this incident.

y-cartridge with
resin tubes

—

X-axis actuator

A

Figure 43: Y-cartridge with resin tubes crosses the x-axis actuator
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Congestion of the x-axis actuator can be also caused by a blocked westube. This happens if pieces of
the sample break apart or resin clusters get stuckin the drain. The main reason for this problem is the
thin inner diameter of 3.175 mm of the waste tube. Besides the danger of congestig the x-axis actuator
through the spilling of an ethanol and resin mix, this setting is also an enormous danger for the whole
system. The electronics like the microcontroller are placed on the same desk as the mukmaterial printer
and a huge overflow of the x-cartridge causes a floodingof the desk. This problem of the congested drain
is shown in Figure 44,

congested
drain

Figure 44: Congested drain

Another problem is the design of the x-cartridge. The x-cartridge consists out of nineparts that are
printed on the Autodesk EMBER system and is shown in Figurel5. For assembling the x-cartridge the
parts have to be glued together but the design does not have any planned fixing points or jns between
the single parts so that every x-cartridge is unique. Consequence of this design ithat the x-cartridge is
often not exactly horizontal which means that the printing stage is not set completely flat on the PDMS
window. Adjustments have to be made if possible for this case, otherwig the x-cartridge has to be broken
apart and glued again or the parts have to be printed again if these steps arenot working. Either way

the height of the printing stage has to be adjusted in the code after replacingthe x-cartridge which is
time consuming. Another disadvantage that goes with this issue is that the accuracy othe multi-material

printer gets lost because after the change of the height, the PDMS window inot anymare perfectly in

focus.

Figure 45: Exploded view of the x-cartridge [CHE16]
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Furthermore, the dimension of the washing chamber of the x-cartridge is not suitable for this printing
process. During the washing cycle water spills over and drops of ethanol drip onto themirror which

changes the focus on the PDMS window and reduces the quality of the printed sarple or even leads to
a printing failure. This incident is visualized in Figure 46 (a) and in Figure 46 (b) with the current

solution of placing a bottle with paper beneath the washing chamber. In this way, the paper wipes the
drops of the outer face of the washing chamber at every movement of the xaxis actuator.

(@) (b)

Figure 46: (a) Spilling washing chamber and (b) bottle with paper to prevent dripp ing

Besides the dimension of the washing chamber, the washing procedure has todreconsidered. Currently
the sample is washed with ethanol from the bottom. This works for resins with a low viscosity but a
higher viscosity resin is hard to wash out because there will remain some resi close to the printing

stage. Resin leavings in the sample will mix up the new deposied resin and will reduce the purity of the

sample.

Another critical point of the x-cartridge is its low bending stiffness. Adhesive forces especially duringthe
printing of the first few layers cause bending of the x-cartridge at the transition point right above the x-
axis actuator. The bending stiffness of this design is computed by using a baas an analogous model:
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of area with the width w of 70 mm and the height h of 20 mm of the area at the transition. For releasing

the first few layers of every printed sample from the PDMS window the x-cartridge gets berded by mov-

ing the printing stage upwards. This action stresses the x-cartridge at the point wherethe part that is
screwed on the x-axis actuator and the part with the drain are glued together. The consequences after
printing several samples are cracks at this transition Through these cracks the position of the x-cartridge
changes by the time and an ethanol-resin mix spills over the x-axis atuator which causes congestion
and blocks the x-axis actuator. An example for this case is shown in Figurel7.
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Figure 47: Crack at the x-cartridge

For drying the sample, a home-made fan is used. The fan is attached to tb x-cartridge and blows at an
angle of approximately 30°. During the drying process, ethanol and resin are blown out of the sample
straight towards the z-axis actuator. This pollution leads to a malfunction of the z-axis actuator and
contaminates the desk. At the moment, a surgical mask protects the zxis actuator from congesting,
which can be seen in Figure48.

v

Z-axis actuator

surgical mask

N

fan

v

Figure 48: Surgical mask to protect the z-axis actuator

The last point that is notable to mention is the amount of resources the printer uses for the printing
process. For the coating, an amount of 1.501.7 ml of the resin is necessary to cover the PDMS window
at each change of resin. A usual sample, like the 2 order unit cell with a skew angle of 60° has a height
of 14 mm osubtracting the height of the support material oand consists in total of 692 layers. Hence
there are 173 switches between the resins and the amount of used resin adds up to around 294.nl|
each Additionally, the printer uses 26 ml of ethanol for each change of resin including the cleaning
process of the PDMS window and the washing of the sample which is in total 4.9 of ethanol.
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These described issues including their impacts are summarized in Table 7 and show thathe current
multi-material printer is very insufficient and unstable.

Congested drain: - Congestion of x-axis actuator
- Flooding of the desk with ethanol

Small washing chamber: - Contamination of the mirror with ethanol
- Loss of printing quality

Low stiffness of x-cartridge: - Cracks and damage of the x-cartridge
- Congestion of the x-axis actuator

Waste of resources: - High amount of resins and ethanol required
- Very costly

Table 7: Summary of the issues with impacts of the current multi-magrial printer
The aim is to improve the system regarding its availability as well as its eficiency regarding the use of

materials. ldeas and objectives for the improvement of the system are noted dwn in the following list
of requirements.

»
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List of Requirements

By considering the current disadvantages of the multi-material printer the objectives for an update of
the system are mainly an improvement of the availability and efficiency so that the need of supply is
reduced dramatically and the multi-material printer operates in a sustainable way.

The pollution of the system by resin and ethanol has to be avoided bymaking a change in the arrange-
ment of the system. This means that the x- and y- axis are not supposetb cross each other. Additionally,
the contamination by the fan has to be eliminated. Referring to the x-cartridge the inclinati on of the

PDMS window has to be adjustable and a change of the height is desirable. Ats the waste tube is
supposed to work properly to drain off the liquids after each washing and cleaning cycle. Moreover, an
increase of the stiffness of the x-cartridge is necessary to withstand the bendindorces during the printing

process. For the washing process, a redesign of the washing chamber as well aee washing process
itself has to be considered. Currently the washing chamber is too small and the praess of washing from
below is not sufficient. Regarding the entire process and the resources, the challenge is tsave at least
50% of resin and 50% of ethanol for three reasons. First of all, a smaller amount of resins and ethanol
increases the efficiency of the multi-material printer. Secondly, the reduction leads to a more sustainable
production. Last but not least, the saving of resources goes along with a samg of money. This means
that the costs per sample get lowered. Desirable would also be a reduction bthe cycle time which means
printing two layers of each resin including the two washing cycles in less than 150s.

Theserequirements of the updated multi-material system are summarized and listed in the Table 8 below
and are separated in necessary requirements (NR), area requirements (AR), and desirdd require-
ments (DR). They serve as a guide and orientation for the improvement of the multi-material printer.

No pollution of the system by No crossing of resin tubes and actuators
NR 1 . 2
resin and ethanol No contamination by the fan
NR Adjustable inclination of the After assembling the x-cartridge the possibility
PDMS window of readjustment has to be provided
AR Reliable liquid drain Inner diameter > 3.175 mm and/or additional
pump for the waste liquids
NR Increase stiffness of x-cartridge N(_ew design of the frame with higher bending
stiffness
NR Redesign of washing process Washing from just below is not sufficient
. . Area: > 20 x 15 mm
AR Redesign of the washing cham- Depth: > 20 mm
ber . -
Narrow enough to avoid spilling
AR Reduce the need of resin Saving goal: > 50%
AR Reduce the need of ethanol Saving goal: > 50%
DR Reduce the cycle time Goal: <150 s

Table 8: List of requirements for the updated multi-material printer
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Development and Design of the new System

After analyzing the current state of the multi-material printer, revealing the problem s, and setting up
the list of requirements the next strategic approach for the improvement of the system is made in terms
of a morphological matrix to find and evaluate concepts of a new system.

7.3.1 Morphologic al Matrix

At the beginning of the development of the updated system the morphologc matrix is a common method

to figure out the different combinations that are given by various opportunities in each area. After brain-

storming and reconsidering the possibilities of the current system Table 9 povides a survey of the options
for improving the system.

washing setup coating resin change

drying

Table 9: Morphological matrix
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There are two different ways to handle the change of resin. One way is to workwith a single PDMS

window that is used for both resins and cleaned at every change of the material. he other way is to

utilize two PDMS windows, one for each resin. In this case no cleaning of the PDMS windowss necessary
so that ethanol, which is used for this cleaning process, is saved.

For the process of recoating the dropping method is one option. Releasing aertain amount of resin

drops on the PDMS window assures a completely covered printing area so thathe layer is printable.

Another option that works similar to the dropping method is the spraying m ethod. Thereby, the resin

gets sprayed onto the PDMS window with an injector. The coating of the PDMS window is also possible
by permanent coverage with resin like a resin bath on top of the printing area. However, this method

works only in combination with two PDMS windows because otherwise an enormous waste of resin for
a change is inevitable. The fourth recoating possibility is the use of a roll soaked wih resin to cover the
PDMS window.

Arranging the setup for the multi-material printer offers, like the recoating process, four different possi-
bilities. Firstly, the printer is built up on three axes like it is the current state. Secondly, also using three
axes but arranged in a different way. Hereby, the x- and y-axis are set upparallel so that a crossing of
these two axes is avoided. Thirdly, the y-axis gets eliminated so that in taal only two axes are in use.

However, this possibility requires necessarily the option with two PDMS windows to redize an accurate
working and high-quality printing process. Fourthly, the x- and y-axis get substituted by a turntable that

includes two PDMS windows as well as a method for washing and drying the sample

Reconsidering the washing process opens various solution that operate bthemselves or work in combi-
nation with each other. For the first two solutions, the ethanol gets injected into t he washing chamber
through several small holes either from the bottom of the washing chamber or from the side. In this way,
the resin gets washed out of the sample and drains off with the ethanol through a waste tube on the
bottom of the washing chamber. A more conservative operating method § a simple dipping of the sample
into a bath of ethanol for a certain time period and shaking it by using either a vibrator on top of the

printing stage or moving the sample up and down within the ethanol bath.

After washing the sample, the next step is to dry it before printing a new layer with the other resin. This
process of drying is feasible by using a fan that blows out the ethand leftovers. Moreover, using com-
pressed air is another option for drying the sample. In this case the sample movesup and down between
two notches that are connected to an air compressor and blow the samplery.

In conclusion, there are at least two options of each area for developing nav concepts of a multi-material
printer. In the following section three different concepts are explained and discussed regarding their
benefits and drawbacks before picking the best concept in a final evaluation.

732 &RQFHSW $ *&X400DMW@HW LAX® WWLQWHU?

The first concepU $PODFQU " i$\SEBUWP3IN B WM iSHkcddts S prototype of the multi-
material printer that is in use. Concept A uses a single PDMS window for the printing process. The
coating is achieved by dropping the resins oro the printing area and the setup is arranged with three
axes, where the y-axis crosses the x-axis. For the washing process, tsample gets washed from below
and drying is enabled by using a fan. This concept serves as a benchmark faghe other two concepts to
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see if they are better or worse than the current multi-material printer. The advantages and disadvantages
PG $PODFQU " i$V.BIFGUBMMIBI OU F SableAGIHelotWJ TUFE JO

+ new resin for each cycle - very high amount of resin and ethanol required
+ low cycle time - contamination of the surroundings
+ drying speed - danger of congestion of the drain

- danger of congestion of the x-axis actuator

- insufficient washing process
Table 10: Advantages and disadvantages of Concept A "Current MUutiO DWHULDO 3ULQWHU

7.3.3 &R QF H 3MNiti-%daterial PrinterwithP DUDOOHO $[HV?

$PODFQU #Matdfid BrinterwithP BSBMMFM "YFTw VTFT POF 1%.4 XJOEPX BO
ing for recoating the printing area with resin. To avoid contamination the x- and y-axis of this system do

not cross and are assembledn parallel. Also, the washing process is planned differently so that the
ethanol gets injected from the side to wash off the resin. Moreover, forthe drying process the option of

drying the sample from two sides with compressed air is chosen. Benefits and drawacks of this method

are listed in Table 11.

+ new resin for each cycle - high amount of resin and ethanol required
+ appropriate washing process - slow drying process

+ no contamination
Table 11: Advantages and disadvantages of Concept B "Multi-Material Printer with Paallel Axes"

734 CRQFHSW &O0HO0XKOWIDO 3ULQWHU ZLWK WZR 3'06 :LQGRZV?

The third way of how to assemble the multi- NBUFSJBM QSJOUFS JMatdriad Print&rWvith i.V ML
UXP 1%.4 8JOEPXTw "T UIF OBNF BMS FisEsAwd OBEDVBrdGWE, aheXdr eeghT U F N
resin. The supply of resin for the recoating is provided by a resin bath on topof each PDMS window so

that the printing area is covered with resin all the time. For this kind of setup only two axes, x- and z-

axis, are required because the cleaning process for the PDMS windows no longer exist§Vashing the
sample is achieved through a combination of washing from the side and theethanol bath. First the

sample gets washed from the side, while the used ethanol fills up the washing chambeuntil the ethanol

reaches the bottom of the notches for the compressed air. Then the printing stagemovesup- and down

within the resin bath while a vibrator on top of the printing arm excites the sta ge to improve the washing
process. Afterwards, the sample is dried by compressed air as done in the previs concept. The pro and
counter arguments for this concept are noted down in Table12.

+ low amount of resin and ethanol required - slow drying process
+ excellent washing process
+ no contamination
+ high reliability
Table 12: Advantages and disadvantages of Concept C "Multi-Material Printer with tvo PDMS Windows"
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These three concepts that make use of the various options of the morphological ratrix lead to different
results for the new system of the multi-material printer, respectively serve as a benchmarkike the cur-
rent version. To figure out whether the two new concepts are better than the current multi-material
printer and if so, which one of these two offers the larger room for imp rovements, the concepts are rated
in the following section.

7.3.5 Rating of the Concepts

For the rating of the concepts different assessment criteria are considered that are wighted regarding
their importance. A weighting of three means that the criteria is very imp ortant for a proper working
system. Hence, criteria like reliability, need of resin, cleannessomeans no contamination oor the quality
of the washing process have a weight of three. However, the total cycle time has aveight factor of one
because for a prototype the clock cycle is notasimportant as it is for a machine that is supposed to work
in mass production. For the criteria of maintenance effort, need of ethanol, and drying time the factor
two is assigned because of their mediocre necessity for a successful printing systerkor a better distinc-
tion, every criterion is rated with one, three, or nine for each concept. The ratings are multiplied by the
weighting for each criterion and the products are added up to achieve the total points for the concept.
In Table 13 a survey of the assessment criteria as well as the weighting and the tal points for each
concept are provided.

reliability 3 1 3 9 27 9 27
save of resin 3 1 3 3 9 9 27
save of ethanol 2 1 2 1 2 3 6
cleanness 3 1 3 9 27 9 27
maintenance effort 2 3 6 3 6 3 6
washing quality 3 1 3 3 9 9 27
drying time 2 9 18 3 6 1 2
total cycle time 1 9 9 1 1 1 1
sum 47 87 123

Table 13: Assessment matrix of the concepts for the multi-material printer

On the basis of the assessment matrix the rank of the concepts is cleawith 123 points $PODFQU $ i.VM
.BUFSJBM 1SJOUFS XJUI UXP 1%.4 8JOEPXTw HFUT UIBHNPSTFRUMM QPG ON
the save of resources, as well as the cleanness and the washing quality. The low scoredhe total cycle

time does not affect the results too much because of the weighting of one. Secad place in this rating

goes to ConceptB iMulti-Material Printer with Parallel Axes wThis concept gets a score of 87 points and

loses the most points in areas like the save of resin and ethanol as well as in tharea of the washing
RVBMJUZ JO DPNQBSJTPO UP $PODFQU $ BUIFSYBODFSIO U FSWSBFOU U
with 47 points. This result is traced back to the low reliability, the enormous waste of resources, the lack

of cleanness and an insufficient washing quality. The high scores for the drying time and the totalcycle

time are not able to compensate this loss of points.

To sum it up, we can say that Concept B and Concept C are both bé&tr than Concept A which is currently
in use. However, the assessment matrix points out that Concept C offers th most promising results for
improvement. This is the reason why Concept C is chosen to be implemented to achiey primarily a
higher reliability and a reduction in the need of resources.
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Implementationof &RQFHSW &QBWHIM DO 3ULQWHU ZLWK WZR

The final step, after analyzing the current system, setting up a list of requirements, creating a morpho-

logical matrix with various options for a new system, generating concepts andtheir rating, is the imple-
NFOUBUJPO PG UIF CFTU DPOIBRUFBISRMODFIPWES X MUIUXP 1%.4 8J0O
be the system that is able to best fulfill the research objectives regarding high aailability and saving of
resources.

For the implementation a complete new design of the x-cartridge is necessaryBut before describing the
individual parts in detail the new x-cartridge is shown in the exploded view in Figure 49 to get an idea
of how the new multi-material system is assembled.

washing and .
_— ¢ splitter
drying chamber P

resin frame —»
PDMS holder —»

x-cartridge —»
actuator

adapter

Figure 49: Exploded view of the new x-cartridge

The two PDMS windows are placedon the left- and the right-hand side of the washing and drying cham-
ber which is placed in the middle of the x-cartridge. A splitter divides the airflow of the compressed air
to each side of the drying chamber and the part at the right bottom corner is the actuator adapter that
connects the x-axis actuator with the x-cartridge. The connection with inserted nuts at the transition

enables an adjustment of the height and the slope after assembling the x-cartridge. &rthermore, the

bending stiffness at the transition has been increasedby the factor of 2.9 from 25.67 Nmm?2 up to

74.25 Nmm?2 by using the formula of chapter 7.1 XJUI UIF TBNF : PV OEbul wNHikewWwMttd Tw
of 60 mm and the height h of 30 mm of the new design.

Both PDMS holders for the PDMS windows have a frame on top to serve aa resin vat. This connection
is sealed with a rubber foil and by using two separate parts, the cleaning processt a change of resin is
simplified and also allows a quick substitution. In the frame, there is a hole designed for a resin tube
that is connected to a12 V peristaltic pump that is controlled by Arduino for the automatic refill of the

resin vat by pumping 1 ml every 7 min during the printing process. This is hecessary because by lifting
the printed sample and moving it towards the washing and drying chamber, resin leftovers remain in

the free spaces of the sample and are removed from the resin vatThe CAD-model of one of the two

PDMS holders and the frame for the resin vat are represented in Figures0.

Improvement of the Multi-Material Printer 52



resin frame ———— <+«——— pipe for refill

<«— PDMS holder

Figure 50: CAD-model of the PDMS holder and the frame for the resin vat

For washing the sample from the side and filling the washing chamber with ethanol, two 12 V peristaltic
pumps are used and a third one is needed to suck the waste liquid otiof the washing chamber before
the drying process starts Additionally, a vibrator that is already attached on top of the printing a rm
shakes when the sample is dipped into the ethanol bath. The dimension of the wahing area is
24 x 24 x 21.6 (25) mm with a slope towards the drain. The red circle in Figure 51 points out that the
washing process from the side is made up of nine rectangular pockets of the gie of 1x0.25 mm. These
pockets have an inclination of 15°, are arranged beneath the notch fo the drying process, and face
towards the top of the chamber. The size of the notches is 24nm long by 1 mm high with an inclination
of 5° towards the bottom of the chamber. This design change prevents the ethaol from spilling and
dropping on the mirror as was the case in the previous setup. Also, the inner diameter ofthe drain
increases by up to 4mm and by adding the pump it is ensured that the tube does not get congested.

notch for air _
\ <«———— Splitter

holes for

ethanol

washing and
drying cham-
ber

—_—

<+«———— drain

Figure 51: CAD-model of washing and drying chamber and splitter

A 12V DC electric valve, which is closed at the powerless status, and a regulator provide constant air
pressure during the drying process. The air is led through a splitter to reach th sides of the chamber.
The adjusted air pressure depends on the minimum size of the struts asvell as the length to diameter
ratio of the sample. In this case for a second order sample with a strut dameter of around 200 pm and
a length to diameter ratio of 5:1 the pressure of the compressed air is set to7.0 bar.

Combining the washing and drying function in one chamber creates a compact setup ad protects the
system from getting contaminated.
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Figure 52 illustrates the applied changes of the new design of the multi-material printer. The whit e dot
on top of the printing arm is the vibrator that shakes the printing stage during the washing process. The
supply of resin and ethanol is ensured by their respective tubes at the frame andhe washing chamber.

vibrator

v

A 4

resin tube pureB

<+— compressed air tube

<+——— ethanol tube

resin tube Autodesk
cyan

A

Figure 52: Setup of the new design of the multi-material printer

Results

The new setup for the multi-material printer comes with a lot of characteristic changes. The utmost
objective was to increase the reliability of the system regarding repairs and downtimesas well as the
dramatic reduction of the use of resin and ethanol. With a complete revision of the washing and drying
process the system is able to run stable and no mix of ethanol and resin iblown into the z-axis by a fan.
Reducing the number of axes from three to two axes eliminates the problem @ the y-cartridge leaking
while crossing the x-axis actuator. Also, the increase of the diameter of the drain andadding an addi-
tional pump prevents the system from congesting. Considering the efficiency ofthe new system, the
amount of resin that is needed for a printing cycle of two layers of eachresin is now just 0.5 ml because
of the automatic refill every seven minutes. In comparison to the 1.7 ml needed for the former printing

method there is a reduction of 72.0%. The change of the washing method and theabolition of the clean-

ing of the PDMS window leads to a decrease of the need of ethanol from 26ml to 12 ml which is 53.8%
less than before.

As a drawback of the updated multi-material system it should be mentionedthat a reduction of the time
for a printing cycle could not be accomplished. In contrast, the time increased by 33.3% from 150s to
200 s. This rise is caused by the fact that it has to be made sure that leftoves within the sample are
washed out completely and the sample is perfectly dried before dippingit into the other resin vat. For
ensuring this, the washing and drying time of the new system have been increasedBut by considering
that the multi-material printer is made for manufacturing very small-series and not m ade for mass pro-
duction the time, as already seen in the rating of the concepts, playsa minor part. Also, by the high
reliability this drawback cancels out by printing time consuming samples overnight which was not pos-
sible with the previous unstable system.
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In conclusion, we can say that the new design of the multi-material system is an enornous improvement
regarding reliability and saving of resources which counterbalances the smalldrawback of the longer

printing cycle. The finalresults PG $PODFQU.BURSMBM 1SJOUFS XJUI UXP 1%.4 X
pared with the points in the list of requirements in Table 14 to show the rate of fulfilment and to veri fy

the improvements.

Adjustable inclination of the
PDMS window

The new design enables adjustments in height
and inclination even after assembling

Bending stiffness at the transition increased

Increase stiffness of x-cartridge from 25.67 Nmm?2 to 74.25 Nmm? (factor 2.9)

Dimension: 24 x 24 x 21.6 (25) mm
Narrow and deep enough for printing area
(20 x 15 mm) to avoid spilling

Redesign of the washing cham-

AR 6 ber

Reduce the need of ethanol Ethanol saving: 53.8%, goal: > 50%

Table 14: Rate of fulfillment of the list of requirements

This chapter about the improvement of the multi-material printer offers a way on how to approach
setting up a new system. It starts with an analysis of the current state, figuing out the issues and the
room for improvements by listing the requirements for the new multi-material p rinter. Then a morpho-
logical matrix is created providing the foundation for the creation of various concepts and with the help
of an assessment matrix the best concept is chosen. Finally, the implementan of the improvements
leads to a more reliable and resin saving multi-material printer and the results are verified by comparing
them with the initially set objectives in the list of requirements.

In the last chapter of this thesis the work is reviewed by discussing the results andoffering ideas for
future research work.
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8 Conclusion and Future Work

In the end, the gained knowledge about the coefficient of thermal expansion of multi-material hierar-
chical structures as well as the improvements of the multi-material printer is reviewed and prospects of
future research work are provided.

Results

The results of the analytic prediction show that a negative thermal expansion ofa 1% order octet-truss is
only achievable in the z-direction and lowers with an increase of the CTE ratio ofthe two base materials
and also with a decrease of the skew angle from 60° to 55°. For the T order unit cells there is still an

expansion in x- and y-direction and thus the volumetric CTE is positive. Byincreasing the hierarchical
order from one to two only the CTE U,égepf the 1t order sample matters and due to the fact that it is
negative, the whole 2" order unit cell shrinks uniformly. From the results, it can be seen that the skew
angle Bhas a higher impact on the volumetric CTE than the ratio between the two canponents. The
minimum volumetric CTE for a 2" order unit cell of an octet is -109.94 x 10® 1/ °C at a skew angle of
60° and -299.38x 10 1/ °C at an angle of 55°, both at a CTE ratio of 6:1.

At the thermal expansion tests of the multi-material structures of the 1% order octet-truss 60° shrinkage
is clearly observable in all directions and thus the structure has a negative volumetric CTEBut this

experimental result is in contrast to the analytic prediction that states that the sample is supposed to
shrink in the z-direction and has a positive volumetric CTE for the 1% order unit cell. Considered as a
possible reason for this deviation is the transgression of the glass transitin temperature of pureB and
thereby a change of the characteristics of the resin. The experimental reults of the 2" order samples for
60°, 55°, and 55° with new joints have a volumetric CTE of around zero @ even slightly positive despite
the results of the 1% order sample. Possible reasons considered for this case are an errof measurement
by using the pixel measurement method, the not always completely printed joints of the samples, and
the size effect. After examination of these reasons the latter osize effect ois determined to be the main
reason for the deviation between the theory and the experimental results. A decreas of the strut diam-

eter for higher order samples leads to cracks that break the struts apart and preventhe structure from

shrinking. In contrast, the cracks force the 2"® order structures to expand.

By reviewing existing 1% order single-material unit cells, the shape of the dodecahedron and the
guatraeder are spotted to be potential multi-material structures with the capability of a negative volu-
metric CTE. Simulative results point out that the quatraeder offers bigger oppottunities regarding the
thermal deformation by considering different strut ratios and for the do decahedron changing the skew
angle. Results for the 29 order quatraeder demonstrate that the negative volumetric CTE
of -360.94 x10°1/°C is even more negative at a strut ratio of 1.25:1 than it is for the octet-truss
with -299.38 x 10® 1/ °C at an angle of 55°.

For the multi-material printer, several challenges are considered to improve thesystem regarding relia-
bility and the need of resources. An analysis of the current system pointoout in the list of requirements
the room for improvements. With the help of a morphological matrix three concepts are created, rated,
and the best one is chosen for future implementation. The new concept changes therinter from one to
two PDMS windows and with this the recoating process is improved. Moreover,compressed air is used
instead of a fan for the drying cycle. These changes are the key factors foa better and more stable
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system. Additionally, the reconsideration of the washing process enables printing at a higher qualiy and
with less blending of the different materials.

To put it in a nutshell, these improvements lead to a reduction in the use of resin by 72.0% and the use
of ethanol by 53.8%. The 33% increase in time for the printing process is compensated by the higher
reliability and the elimination of break downs. This is also the reason that the printer is still a prototype
and manufacturing only small-series and not high volume.

Future Work

Further steps to proceed in this research area are to increase the printing area of the mii-material
printer to eliminate the size effect for higher order structures. Moreover, the goal is to print at least five
samples to conduct a series of tests to increase the accuracy of the thermal expaion tests. By using a
bigger sample size, outliers can be easily detected and removed. Also, new resins shld be considered
that are resistant and avoid cracking at high temperatures. If possible, it would aso be good to have an
even higher CTE ratio than the Autodesk cyan to pureB ratio of 5.9:1.

Besides the adjustments for the approach of the thermal expansion tests, the structuref the quatraeder
should be investigated for the 15t and 2" order to confirm the simulative results and widen the area of
unit cells with potential for a negative volumetric CTE. Also, the mechanical properties of this quatraeder
unit cell should be investigated and compared with the multi-material octet-truss.

Summary

In conclusion, we can say that the theory offers some approachesa deal with the problem of undesired
thermal expansion. With the 1t order unit cell of an octet-truss a negative deformation in the z-direction
is achievable, while the 2" order unit cell offers the possibility of a uniform negative deformati on. But
the results of the subsequently conducted thermal expansion tests are in contrasto the analytically
predicted values leading to the discovery that the total size of the struts of the microscale structures
influences the results of the tests. The smaller the strut diameter, the more vulnerablethe struts are to
cracks resulting in poor or unexpected test results. Besides the octet-truss, in simulation th quatraeder
shows a high potential for achieving a negative volumetric CTE in a range thatis even lower than the
one for the octet-truss.

In addition to the investigations of the unit cells regarding the negative thermal expansion, changesto
the multi-material printer are also studied to improve the system wit h regards to its reliability and effi-

ciency. The new system uses two PDMS windows and a redesigned washing and drying chareb with

compressed air instead of a fan. In this way, the research objectives arenet and the disadvantage of the
longer printing time is compensated by the fact that clock cycle is not the main criterion for a prototype.

With these improvements, the new multi-material printer can run stable with out any off times and will

save an enormous amount of resources. In this way, more samples dbwer costs can be built and with
testing a larger series of unit cells the thermal expansion tests lead to more accurateesults.
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10 Appendix

Derivation of the Coefficient of Thermal Expansion in z-direction

Assumption of linear elastic thermal expansion whereas nonlinearities are not cmsidered.

Definitions:
[1: length of material with high CTE
PX length of material with low CTE

U:  CTE of material with high CTE

U:  CTE of material with low CTE

hyi:  height of the triangle

he:  height of the tetrahedron

Ar:  temperature difference between initial and final state
aa skewangle

Computation of the height in tetrahedron at initial state:
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Computation of the height in the tetrahedron at the final state (after heating up the sample by AT):
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Images of the Base Material of the Thermal Expansion Tests

At T =22°C At T = 150°C

Autodesk black

Autodesk clear

Autodesk cyan

formlabs flexible

pureA

pureB
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Images of the 15t and 2" Order Unit Cells of the Thermal Expansion Tests

At T =22°C At T = 150°C

1t order unit cell 60°
X-y-axis

15t order unit cell 60°
Z-axis

2"d order unit cell 60°
X-y-z-axis

2" order unit cell 55°
X-y-axis

2"d order unit cell 55°
Z-axis

2" order unit cell 55°
new joints
X-y-axis

Appendix 65



