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Tämän kandidaatintyön tavoitteena oli löytää sopivia parametreja jauhepetisulatus 

tekniikalla valmistetuille ristikkomaisille tukirakenteille. Sekä havaita mitkä ovat 

keskeisimmät ongelmat ruostumattoman teräksen jauhepetitekniikassa. Työ koostui 

kahdesta osasta, kirjallisuuskatsauksesta sekä kokeellisesta osasta. Kirjallisuuskatsauksessa 

tavoitteena oli etsiä tietoa tukirakenteista sekä niiden tarkoituksesta metallien lisäävässä 

valmistuksessa. Tärkeimmät löydökset kirjallisuudesta koskivat onnistuneesti rakennettuja 

tukirakenteita. Kaikille onnistuneesti rakennetuille tukirakenteille ominaista oli 

tukirakenteiden ja kappaleen kosketuspinnan optimointi, tukirakenteen materiaalin riittävä 

määrää sekä riittävän tiheä verkko tukirakenteen ja kappaleen kosketuspinnassa.  

 

Kokeellisessa osassa etsittiin sopivia parametreja ristikkomaisille tukirakenteille, jotta 

rakenteet kestäisivät lämmöntuonnista johtuvat, valmistettavan kappaleen lämpöjännitykset. 

Kokeet toteutettiin neljässä osassa, jotka olivat omia kokonaisuuksia. Jokaisen kokeen 

jälkeen testikappaleet tutkittiin ja dokumentoitiin. Näiden pohjalta tulokset eriteltiin sekä 

uusi koe-erä suunniteltiin. 

 

Työ osoittaa että ristikkomaisissa tukirakenteissa on todella paljon erilaisia parametreja, 

jotka vaikuttavat toinen toisiinsa. Näin ollen ei voida suoraan todeta, mikä parametri on 

kaikista tärkein, tässä työssä kuitenkin löydettiin osalle tärkeistä parametreista arvot. Työssä 

kävi ilmi, että tukirakenteen hampaiden koko oli luultua tärkeämpi. Myös olettamus 

mahdollisimman vankkarakenteisesta tukirakenteesta osoittautui vääräksi, sillä parhaimmat 

tulokset saavutettiin kohtuullisen tiheällä ja ohuella rakenteella. Työssä luotiin myös 

ohjenuora tukirakenteen suunnitteluprosessille sekä onnistuneiden tukirakenteiden 

optimoimiselle.   
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The goal of this bachelor´s thesis was to find suitable parameters for criss-cross support 

structures manufactured by powder bed fusion. As well as to notice the most crucial 

problems of stainless steel when manufactured by powder bed fusion. Thesis consisted of 

two parts, first literature review and then experimental part. The goal of literature review 

was to find knowledge of support structures and their meaning in additive manufacturing of 

metals. The most important findings of literature review were considering successfully built 

support structures. To all of them were typical the optimization of the contact area between 

the part and support, sufficient volume of support structure and enough dense mesh at the 

area between the support and part. 

 

In experimental part it was searched suitable parameters for criss-cross support structures 

in order to resist thermal stresses of manufacturing part. The experiments executed in four 

separate sets that were as own entirety each. After every series the parts were examined 

and documented. Leaning on these results, were results represented and new test set was 

designed. 

 

The thesis shows that criss-cross support structures have many parameters, which are 

interacting. Thus it cannot be said which is the most important one, but in this thesis it was 

founded parameters for some of the important parameters. In thesis was showed that the size 

of teeth of support structure is more important than the assumption was. The assumption that 

the thicker the support structures are, the better they will work out, was also wrong. Because 

the best results were achieved with thinner and reasonable dense of mesh. In thesis was also 

created a guideline for designing and optimizing of succeeded support structures.   
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1 INTRODUCTION 

 

 

Manufacturing industry is going through a major change which means transition towards the 

digital aided manufacturing. In the mass production, computer numerical controlled (CNC) 

metal machine tools are replacing the conventional milling machines and lathes. At this area 

additive manufacturing (AM) of metals offers a considerable alternative for manufacturing 

industry, because it offers a huge freedom of designing the part geometry and material 

savings. Even though the freedom of design is advantage, designer must be experienced to 

get advantage out of it. (Kranz, Herzog & Emmelmann 2015, p. 1.) 

 

Nowadays a large hype is going around the additive manufacturing and there is a lot of 

different scenarios of the direction to which the manufacturing process will develop. Among 

the industry, different applications of using additive manufacturing of metals as a 

manufacturing process, has expanded recent years. There are a lot of applications especially 

among the medical and military industry, but also in aerospace industry. AM offers a great 

opportunity to customize the parts, for example a knee replacement for humans or a detailed 

and complex brackets for airplanes. (Zhai, Lados & Lagoy, 2014, pp. 812–813; Guo & Leu, 

2013, p. 225.) 

 

Because of the hype, many times the restrictive factors are begin forgotten, especially with 

metallic additive manufacturing. Even though the manufacturing process itself is 

revolutionary, there is a lot of work with post processing the part. Most of the post processing 

time goes to remove the support structures. Parts cannot be built without support structures 

that conduct heat away from the part. So it is very important to design and optimize the 

supports properly, to get manufacturing costs and time as low as possible. It can be said that 

support structures are a major bottleneck which is restricting the growth of a manufacturing 

process. 

 

This bachelor’s thesis is made in co-operation with Laboratory of Laser Materials Processing 

at Lappeenranta University of Technology and company called DeskArtes. Company was 

founded in 1989 but the research project started already in 1985. There were a research group 

at the Helsinki University of Technology which consisted of students. Two Finnish 
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companies asked the group to develop an industrial design software and the group developed 

the software. Nowadays they have seven different softwares and thousands of users. 

Company profiles itself on its website as follows (DeskArtes 2016a), “DeskArtes provides 

Value Adding Software Technology for Additive Manufacturing, Rapid Prototyping, 3D 

Printing, simulation, data verification and data healing as well as 3D Industrial Design 

Software.” At the moment DeskArtes is developing the new support structure generator for 

metal which is part of 3Data Expert software. Now there is a beta version available, but still 

the program is at the stage of developing. The tests were made in Laboratory of Laser 

Materials Processing (LUT Laser) of Lappeenranta University of Technology (LUT). 

 

1.1 Goals and methods 

The goal of this thesis is to find suitable parameters for criss-cross support structures that fill 

their purpose but consume as little amount of powder as possible. This includes follow 

questions:  

1) Which are the most important parameters when modifying the criss-cross 

support structure?  

2) Which are the most critical issues that can fail when manufacturing the parts 

and supports interface?  

3) What are the main advantages of criss-cross structure when comparing to other 

type of support structures?  

 

More detailed research question is how beam thickness, the size of criss-cross mesh and 

solid mesh thickness affects criss-cross support structure on work piece when manufacturing 

by powder bed fusion? Research problem is the manufacturing problems with appearing due 

to poor heat conductivity of stainless steel. 

 

Literature review were done first at this thesis. The goal of literature review was to find basic 

knowledge of support structures and what kind of problems others have come up with when 

support structures is built and also to-find critical parameters that affects to whole 

manufacturing process. After the literature review, the design and testing of criss-cross 

support structures were done. The tests were made with cube and plate and the support 

structures were designed with 3Data Expert -software of DeskArtes. 
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1.2 Limitations of thesis 

The literature review is concentrated only in articles which are introducing powder bed 

fusion technologies based on fibre lasers. Also all the articles done before year 2006 were 

not accepted for a reference because the whole AM technology has developed remarkably, 

so the information that articles contains, is out of date. LUT Finna was used to search 

information from different science databases like Scopus and Science Direct. Google 

Scholar was also used when information was searched.  

 

Experimental part of the thesis is limited for using only powder bed fusion with fibre laser 

and only material of stainless steel. Stainless steel because it has bad heat conductivity and 

that is why there is lot of problems when manufacturing additively from stainless steel 

powder. Cube and plate were chosen as test parts because it was wanted to know how criss-

cross supports are behaving with different support parameters. Plate has more thermal 

stresses that are bending the part, so supports are directed higher forces. Tested parameters 

were thickness of a solid structure and criss-cross beam thickness, size of a mesh and teeth 

size of support structure. 

  



11 

 

2 ADDITIVE MANUFACTURING 

 

 

Additive manufacturing is the layer-by layer manufacturing process. It is based on 3D 

computer aided design (CAD) model, which is virtually sliced into layers. After that it is 

manufactured by adding more material layer by layer, not removing material, as in 

conventional machining. This is why it is called additive manufacturing. AM has become a 

real option for series production and real manufacturing, instead of being just a prototyping 

application. One of the largest reasons for that is freedom of design. More complicated 

shapes can be made with AM with the same manufacturing time as simpler shapes. Also the 

mechanical properties are 99% the same as with conventional machining. (Herzog et al. 

2016, pp. 372–373, 383–384.) 

 

AM is the general term for all kind of industrial manufacturing that is manufactured layer-

by layer, no matter of materials. Additive manufacturing actually consists of seven 

subcategories of different technologies and these subcategories are even divided into dozens 

of different technologies. So it can be said that AM consist easily from a hundred of different 

technologies, devices, mechanisms, materials and ways of doing things. Nevertheless, this 

study is concentrating on manufacturing parts from metal powder and especially from 

stainless steel. The official name for method is powder bed fusion (PBF). Other terms that 

are used for the same method are laser beam melting (LBM), selective laser melting (SLM), 

selective laser sintering (SLS), direct metal laser sintering (DMLS), laser metal fusion 

(LMF), laser cusing and industrial 3D-printing. There is lots of more terms that are used for 

this kind of method, because every time a new operator appears on field they want to name 

their method in own way. (Herzog et al. 2016, pp. 371–372; King et al. 2015, p. 2; Piili 

2016a.) It has to be noted that these terms very often are trademarks, so they cannot be used 

reliably in scientific articles. 

 

2.1 Powder bed fusion 

Metal powder is used in PBF as a construction material of parts and laser is used as an energy 

source that melts layers together. There can be different type of lasers but this thesis 

concentrates only system with fibre laser, which is the most common laser for PBF of 

metallic materials. Fibre laser is the most used laser with PBF systems, because they have 
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many advantages when comparing to other types of lasers. Fibre lasers have more flexibility 

in beam manipulation, small impact area, small beam digression and high efficiency with 

low overall running costs. The same advantages are also concerning to high power fibre 

lasers. (Herzog et al. 2016, p. 372; King et al. 2015, p 2; Miranda et al. 2008, p. 2072.) 

 

Every system contains a thermal source which is laser, build platform and powder roller or 

recoater which spreads the powder. Principle of the system is simple as shown in the figure 

1. Once layer is spread, laser melts layers together and after that build platform goes down 

as much as layer thickness is. Layer thickness is in most commercial PBF systems 20 µm or 

40 µm (Piili 2016a). Then recoater spreads a new layer of powder. This will be repeated as 

many times as required, until the part is ready. The whole process occurs in closed chamber 

which is filled with inert gas to avoid oxidization. Usually nitrogen or argon is used as inert 

gas. Part is always build on building plate so it is fixed to it, therefore it has be post processed 

to remove it away from building platform. Therefor supports are needed between the part 

and build platform. Main purpose of those support structures is to conduct heat away from 

the part but also support horizontally overhanging parts from collapsing and keep workpiece 

in its place as recoater has huge xy-directional forces. (Herzog et al. 2016, p. 372; King et 

al. 2015, p. 2.) 

 

 

Figure 1. Principle of powder bed fusion process (Thompson et al. 2015, pp. 39). 
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Nowadays, there is a huge hype around industrial AM and how it is claimed to dramatically 

change the world. However, there are still few problems that needs to be solved before AM 

can seriously compete against other manufacturing processes in industry. The largest 

constraint at the moment is part accuracy. For example, there are problems with surface 

quality, because layer by layer manufacturing causes a staircase effect, which needs to be 

post processed if very good surface quality is needed. Another parameters that has a large 

effect on part accuracy are part building orientation, thermal errors and support structures. 

(Das et al. 2015, pp. 343–344.) 
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3 SUPPORT STRUCTURES IN POWDER BED FUSION 

 

 

Powder bed fusion is all the time developing and enabling manufacturing parts with more 

complicated shapes, even shapes that were impossible to create with conventional machining 

and design for manufacturing. There is no need for extra tools unlike machining. Although 

PBF has many advantages, there is still restrictions for manufacturing very complex parts 

with overhanging structures. This sets a whole new challenge for design of 3D models for 

powder bed fusion. (Hussein et al. 2013, p. 1019.) 

 

3.1 The meaning of support structures 

It is investigated that if overhanging structures exists and those have angels less than 45 

degree from horizontal, overhanging structures must be supported. This angle is considering 

only when manufactured from stainless steel, different materials have different angels when 

structures needs to be supported. (Hussein et al. 2013, p. 1019; Piili 2016a.) As presented in 

figure 2, overhanging structures with angle 45 degree and less needs to be supported. 

Otherwise the surface quality is bad and the overhanging structure will collapse. 

 

 

Figure 2. How overhanging angle affects to manufacturing (The Digital Thread 2016). 
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As seen in figure 3, it has to be considered in design of 3D models for PBF how to actually 

do supporting and what kind of supports should be used. Supports are sacrificial and crucial 

for success of PBF, so the aim is to use as little amount of material as possible for supports 

so that the post process time will decrease. It also takes time and energy to build supports. 

So the disadvantage of large supports is how expensive they are build and post process, 

because of prize of manufacturing time and prize of material. (Hussein et al. 2013, pp. 1019–

1020; Strano et al. 2013, pp. 1247–1248.) 

 

 

Figure 3. Bracket for Airbus A350 with support structures on the left and post processed 

part on the right (Herzog et al. 2016, p. 384). 

 

Anyhow, there is factors which defines amount of material for supports. Supports has to be 

large and strong enough to conduct heat away and also be strong enough to hold structures 

still in order that they will not have any deformations so that the process will not fail. On the 

other hand supports should be easily removable, because it takes time to post process parts 

and achieve a good surface quality. This means that supports should have only a small 

contact area with the part, which on the other hand means that supporting is not 

comprehensive and heat conducting might not be good enough. So there is a lot of 

optimization between different parameters when support structures are built. (Hussein et al. 

2013, pp. 1019–1020; Strano et al. 2013, pp. 1247–1248.) 

 

3.2 The functions of support structures 

The part building orientation plays an important role in order to minimize the amount of 

support structures. The quantity of supports can be significantly reduced by the right build 
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orientation, which affects straight to manufacturing costs. The optimum building orientation 

can be defined by using calculation. Firstly the part must be raised from the platform because 

there has to be enough space for sawing the part off the platform. As shown in the figure 4a, 

the part is turned around the x- and y-axis (on build platform), always 5 degrees once to find 

optimal orientation for building as shown in figure 4b. (Strano et al. 2013, pp. 1248, 1250–

1252; Hussein et al. 2013, p. 1020.) 

 

 

Figure 4. Non-optimum part building orientation (a) and optimum part building orientation 

(b) (Strano et al. 2013, p. 1250). 

 

Limit of angle when structure is self-supporting in case of stainless steel is 45 degrees and 

structures under that angle must be considered to support. This angle varies as material 

varies, for example it is 40 degrees with titanium and aluminum (3D Printing Materials, 

Titanium 2016; 3D Printing Materials, Aluminum 2016). At the moment the knowledge of 

self-supporting angle varies a lot and the main reason for that is because there is not standard 

for this yet. The volume of support structures is calculated by using matrix for every 

orientation. After investigation, the lowest amount of supports is chosen and the supports 

are generated. As figure shows 4b, the lowest amount of supports is reached when the part 

is upright and there is no overhanging structures that needs to be supported. (Strano et al. 

2013, pp. 1248, 1250–1252; Hussein et al. 2013, p. 1020.) 

 

Surface quality is important thing considering to acceptable quality of final product, so it 

must be taken into account when supports are designed. It would be best, if support structures 

could have minimal contact area for surface quality. Therefore surface will survive with 

minimal damages when removing the supports and it will not need that much surface 

treatment and post processing afterwards. On the other hand there has to be enough contact 



17 

 

area between surface and supports, otherwise the overhanging surface will collapse like 

shown in figure 5b. Also if there is no support structures the overhanging part will fracture 

as presented in figure 5a. (Hussein et al. 2013, pp. 1020, 1022–1023.) 

 

 

Figure 5. Overhanging part fracture (a) when no support structures are used (b) (Kozo & 

Shiomi 2006, p. 1190). 

 

Support structures are also necessary so that the part will be anchored to the building 

platform. If the part is not anchored, it might move during the process, due to force of 

recoater. And if the part moves, the process will fail, because the next layer will not place 

right. If individual structures will not be supported, again the whole building process will 

fail because there appears thermal distortions and due to that, there will be dimensional 

distortions as well as presented in figure 6. In the worst case thermal stresses can cause even 

cracks. The other important issue in designing of support structures is that the supports are 

strong enough to resist those thermal stresses and further the dimensional distortions. The 

amount of supports must be optimized to achieve required strength to resist distortions, but 

at the same time using as little powder as possible. (Hussein et al. 2012, pp. 609–610; 

Hussein et al. 2013, pp. 1019–1020; Thomas 2009, p. 52.) 

 

 

Figure 6. The plate above support has bended due to thermal stresses and the manufacturing 

has failed. 
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Main task for support structures is to conduct heat away from the part to reduce thermal 

stresses. Thermal conductivity is connected to size of support structures and the contact area 

of surface underneath. Stainless steel itself has a very low thermal conductivity, so this put 

a large challenge for manufacturing and design. Sometimes there has to be supports even the 

angle is over 45 degrees, because otherwise the heat conductivity is not good enough only 

through the part. Due to low thermal conductivity of stainless steel, it would be best if 

supports could have large contact area and there could be a large volume of supports. But 

again this is against the thoughts of saving material, time and energy in manufacturing and 

post processing. (Cloots, Spierings & Wegener 2013, pp. 631–632; Hussein et al. 2012, pp. 

609–611.) 

 

3.3 Main support structure parameters 

Even though there is a large number of different types of support structures, there is certain 

parameters that are important with all type of structures, but especially with hollow 

structures. These parameters can be defined by following investigations of Hussein et al. 

(2013) and Hussein et al. (2012): 

1) Contact area between the part and support (Hussein et al. 2013, p. 1026). 

2) Volume of support (Hussein et al. 2013, p. 1026; Hussein et al. 2012, p. 611). 

3) Size of mesh at the contact area, between the support and part (Hussein et al. 

2013, p. 1026). 

 

Contact area between the part and support and size of mesh at the contact area are extremely 

important parameters, because they define how large areas are remaining as non-supported. 

If there is too large non-supported area, the work piece bottom will collapse or drain and the 

surface quality is ruined. If the contact area is too large, the support is very hard to remove 

and work piece will need a long post processing time. Another important parameter is 

volume of support structures. If there is not enough solid structure the support is not able to 

conduct enough heat away from work piece to building plate and the thermal stresses will 

remain in the work piece. And so, the work piece will bend due to forces of thermal stresses. 

At the worst case, the structure is not strong enough to prevent thermal distortions and 

consequently dimensional distortions and the whole process will fail. 

  



19 

 

4 OTHER COMMERCIAL SUPPORT DESIGN SOFTWARE 

 

 

In this thesis 3Data Expert software of DeskArtes was used to design the support structures, 

but there are also couple other commercial software in the markets. It was found two 

software which has same kind of possibilities to create support structures as 3Data Expert. 

These software were netfabb of Autodesk and Magics of Materialise. These two different 

software has both various type of support structures that can be created and it depends on 

material and work piece structure which to be used.  

 

Netfabb has almost same kind of structure as criss-cross support, which netfabb call Volume 

Support. There is possibility to create three different kind of Volume Supports: a wired wall, 

a punched plate or solid as seen in figure 7. So the wired wall (at the left) is closest to criss-

cross structure, the main difference is that there is no teeth connection. (Netfabb 2016, pp. 

207–218; Materialise 2016b.) 

 

 

Figure 7. Volume Supports created with netfabb Professional 7 (Netfabb 2016, p. 215). 

 

Magics has six different non solid structures: point, line, gusset, web contour and blocks, as 

presented in figure 8. There is also three solid structures: cone, volume and own designed, 

so there is possibility to create hollow structure for supports which are the closest to criss-

cross structure. Magics has possibility to connect support to part with teeth for easier removal 

and for teeth can be defined break-off points to prevent part damage when post processing. 

However there is some similar structures, but not purely criss-cross structure. (Materialise 

2016a, pp. 1–2.)  
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Figure 8. Different support types that can be designed with magics (Materialise 2016a, p. 

2). 
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5 AIM AND PURPOSE OF EXPERIMENTAL PART 

 

 

The aim of experimental part was to find suitable parameters for criss-cross support 

structures when manufacturing by powder bed fusion and material of stainless steel. Because 

there was no research done considering this kind of criss-cross support structures before, 

there was no knowledge how they would behave during manufacturing. Criss-cross structure 

also differs from another support types, so the parameters for support structure had to be 

searched first.  

 

Experimental part was divided into two sections which were design and manufacturing. 

Designing of support structures were made with DeskArtes 3Data Expert and design of parts 

were made with Solid Works. The procedure of experimental part was executed one test 

series at a time. Firstly there was design of one support structure series and after that the 

series was manufactured. Once the series was manufactured, the results were examined and 

documented. The new test series was designed based on previous series results. All the tests 

were made in co-operation with DeskArets, at the Lappeenranta University of Technology 

with Electro Optical Systems (EOS) machine, which is corresponding to EOS M-series. 

 

5.1 Limitation of research question 

Research question was how beam thickness, the size of criss-cross mesh and solid mesh 

thickness affects criss-cross support structure on work piece when manufacturing by powder 

bed fusion? The research problem was the manufacturing problems with appearing due to 

poor thermal conductivity of stainless steel. 

 

Research question was limited to considering three different parameters which to be tested. 

Though there are many parameters that can be changed in criss-cross support structures, but 

the purpose was to identify suitable basic parameters first. The experimental part was limited 

considering only material of stainless steel, because stainless steel has poor heat conductivity 

which causes a lot of problems during manufacturing. The heat must be transferred away 

through supports from the part to build, because the powder around is isolating.  
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6 INTRODUCTION OF CRISS-CROSS SUPPORTS MADE BY 3DATA 

EXPERT 

 

 

There is different kind of support structures which are used when manufacturing parts by 

different AM systems. The support structure that is used is selected from the effectiveness 

of particular material. (Thomas 2009, p. 27.) Because of the whole manufacturing process is 

quite new, there is not much researches done considering support structures, especially 

considering criss-cross support structures. There is also a lot of confidential information 

considering about the supports, because many companies are trying to resolve the problems 

of support structures, but are not willing to share information openly and publicly. (Piili 

2016a.) 

 

Criss-cross support structure is a kind of a net-like structure as presented in figure 9. 

Structure is developed by DeskArtes, so criss-cross name is own name invented by 

DeskArtes for this kind of support structure. Enough strong structure but easy to remove is 

the main advantage to be pursued. There is also some material savings, but it is not 

significant when comparing to other kind of supports. Still the powder that is remaining 

inside the structure, can be removed out and can be used again. In additive manufacturing 

powder is always used again. (Piili 2016b; Mäkelä 2016.) 

 

 

Figure 9. Criss-cross support structure for a cube, made with DeskArtes 3Data Expert. 
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From above and from below criss-cross support structure, figure 10a, looks like a grid paper 

as shown in figure 10b, in 3Data Expert it is called X-spacing. X-spacing defines the size of 

a solid mesh, like presented in figure 10. The size of mesh is critical, because too sparse 

mesh will not support the bottom of part enough and there will be runoffs. The reason why 

the mesh is not regular from the edges is that the program, 3Data Expert, is only at the stage 

of development. It will be regular at the time the program and its code is being finalized. 

(Piili 2016b; Mäkelä 2016.) 

 

 

Figure 10. Criss-cross support structure for cube (a) from above (b), made with DeskArtes 

3Data Expert. 

 

 

Figure 11. X-spacing defines the size of a solid mesh. 

 

From the sidelines the criss-cross support structure looks like criss-cross, as presented in 

figure 12. The size of a criss-cross may vary and it do not always need to be a cube shaped. 

With cube shaped is meant that the criss-cross beams are like diagonals of a square, they can 

be diagonals of a different sized rectangles as well. (Piili 2016b; Mäkelä 2016.) 
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Figure 12. Criss-cross support structure from sidelines, made with DeskArtes 3Data Expert. 

 

Critical parameter when design the criss-cross is the thickness of criss-cross beam, figure 

13b, and thickness of solid support, figure 13a. The criss-cross structure must remain that 

there will be material savings, but at the same time it has to be strong enough to resist thermal 

distortions and conduct heat away. If the thickness of solid and criss-cross beam is increased 

too much the whole support will be solid or may remain closures. (Piili 2016b; Mäkelä 

2016.) 

 

 

Figure 13. Thickness of solid support (a) and criss-cross beam thickness (b), both can be 

changed. 

 

Criss-cross support structure has teeth which are connecting the support to part. The idea 

with teeth is to reduce the connecting area between support structure and part, so that it will 
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be easier to remove. The critical parameter considering teeth when design the support is that 

how deep to part will the teeth go, because the deeper they penetrates, the more difficult the 

support is to remove. Teeth must be enough strong also, so they will restrict thermal 

distortions and conduct heat away. There is no use for strong support if teeth is weak. The 

parameter that defines this is called up-overlap in 3Data Expert software. Also seen in figure 

14, between the edge of part and support is a little gap that is not supported. That parameter 

which defines how long that distance will be, is called non-support edge offset. It also defines 

how strongly the part will be attached to supports. (Piili 2016b; Mäkelä 2016.) 

 

 

Figure 14. Criss-cross support structures teeth connecting to part, model made with 

DeskArtes 3Data Expert. 
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7 DESIGN OF CRISS-CROSS SUPPORT STRUCTURES 

 

 

The design of support structures was made with software of DeskArtes called 3Data Expert. 

According to DeskAret’s (2016b) webpage: “3Data Expert is a professional tool for 

preparing 3D models for Additive Manufacturing and Simulation applications.” It has lots 

of different features to models are prepared for manufacturing, as DeskArets (2016b) itself 

says as follows, “3Data Expert is the 3D data processing tool you need to get your AM 

business running.” 3D models of the test parts were made with Solidworks and saved as a 

.stl (stereolithography) format and then opened with 3Data Expert to design the supports for 

test parts.  

 

Every test series has been moved from platform 10mm for each direction, x-, y- and z-axis. 

That was done because to ensure that whole part is at positive side at the coordinate system. 

Also because of moving from platform, the supports height was defined to be 10mm high. 

The support parameter file mtl_basic-45deg-solid-cc.par was chosen, because criss-cross 

(cc) supports was created for stainless steel and for that the supported angle is 45 degrees. 

 

7.1 Design of first series of tests 

DeskArtes gave a ready support file, which consisted a criss-cross support structure with a 

parameters that gave a beautiful and clear criss-cross structure for support. So it was the 

basis for the first supports to design and test. At first series there were four different supports 

for both cube and plate, so there were eight separate parts to build, like presented in table 1. 

Version 1.1 was exactly with parameters that DeskArtes gave, other three different supports 

were modified from that. The parameters that are mentioned in table, were changed, other 

parameters were held at the default that the software gives automatically. Note that in the 

table, criss-cross is abbreviated as cc.  
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Table 1. First test series support parameters. 

Support 

version 

x-spacing 

[mm] 

Solid 

thickness 

[mm] 

cc cell 

width 

[mm] 

cc cell 

height 

[mm] 

cc beam 

thickness 

[mm] 

up 

overlap 

[mm] 

non-support 

edge offset 

[mm] 

1.1 1 0.3 2 2 0.3 0.2 0.5 

1.2 2 0.3 2 2 0.3 0.2 0.5 

1.3 2 0.6 2 2 0.6 0.2 0.5 

1.4 1 0.6 2 2 0.6 0.2 0.5 

 

The 1.4 version had too large solid thickness and criss-cross beam thickness comparing to 

x-spacing, so there was no criss-cross structure at supports but created a solid structure, as 

shown in figure 15. That is why this version was not built.  

 

 

Figure 15. Support version 1.4 which has not criss-cross structure but solid structure. 

 

7.2 Design of second series of tests 

After the first test series was manufactured, the second test series were designed based on 

the results of the first test series, parameters are shown in table 2. For all versions up-overlap 

was raised up to 0.3mm that the teeth would be attached to part with higher area. Non-support 

edge offset was defined to be half of the solid thickness, so that it did not get too long 

distance. Support versions are for both plate and cube geometries, so at this time ten parts 

were begin to build. 
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Table 2. Second test series support parameters. 

Support 

version 

x-spacing 

[mm] 

Solid 

thickness 

[mm] 

cc cell 

width 

[mm] 

cc cell 

height 

[mm] 

cc beam 

thickness 

[mm] 

up overlap 

[mm] 

non-support 

edge offset 

[mm] 

2.1 3 0.6 3 4 0.8 0.3 0.3 

2.2 3 0.6 3 6 0.8 0.3 0.3 

2.3 3 0.6 3 3 1 0.3 0.3 

2.4 3 0.6 3 6 1 0.3 0.3 

2.5 2.5 0.6 2.5 5 0.8 0.3 0.3 

 

7.3 Design of third series of tests 

Because previous two test series were failed, the third series had to be manufactured with 

different parameters to find suitable parameters for criss-cross support structures. Test series 

one and two both had few supports that were built successfully but when the part was begin 

to build above them, they failed. It was noticed that if the x-spacing was too wide, there was 

not enough own structure that would support itself. The aim for third series was to design 

structure that would have as dense mesh as possible with maximum solid and beam 

thickness, so that there would still be criss-cross structure. Also the non-supported edge 

offset was defined to be zero. That was because when observed other parts at the factory of 

future, it was noticed that those did not have any non-supported area and those were built 

successfully. Those parts had different kind of support structure and had designed with 

different software, but it was considered worth of trying. 

 

Table 3. Third test series support parameters. 

Support 

version 

x-spacing 

[mm] 

Solid 

thickness 

[mm] 

cc cell 

width 

[mm] 

cc cell 

height 

[mm] 

cc beam 

thickness 

[mm] 

up overlap 

[mm] 

non-support 

edge offset 

[mm] 

3.1 1 0.4 1 1 0.3 0.3 0 

3.2 0.8 0.3 0.8 0.8 0.25 0.3 0 

3.3 2 0.8 2 2 0.6 0.3 0 

3.4 2.2 1 2.2 2.2 0.6 0.3 0 

3.5 2.5 1 2.5 2.5 0.8 0.3 0 
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7.4 Design of fourth series of tests 

There were few successfully build parts upon the support structures in third test series so 

those supports were kept as leading example when designing the fourth test series. That is 

why the parameters which defines the size of mesh were kept same as previous series as 

shown in table 1. The up overlap was raised to 0.5 mm to get deeper penetration for teeth 

but the non-supported edge offset was kept zero. 

 

Table 4. Fourth test series support parameters. 

Support 

version 

x-spacing 

[mm] 

Solid 

thickness 

[mm] 

cc cell 

width 

[mm] 

cc cell 

height 

[mm] 

cc beam 

thickness 

[mm] 

up overlap 

[mm] 

non-support 

edge offset 

[mm 

4.1 1 0.4 1 1 0.3 0.5 0 

4.2 0.8 0.3 0.8 0.8 0.25 0.5 0 

4.3 2 0.8 2 2 0.6 0.5 0 

4.4 2.2 1 2.2 2.2 0.6 0.5 0 

4.5 2.5 1 2.5 2.5 0.8 0.5 0 

 

Because the fourth test series mesh parameters were kept same as the third test series, the 

single beam is thin. So there is possibility that the thickness is not enough to conduct heat 

away from part. With this in mind it was it was decided to try out how it will affect for results 

to grow teeth. The teeth parameters are presented in table 5. Teeth base length is same as 

solid thickness with every version, cause then the tooth is properly attached to support. 

 

Table 5. Teeth parameters for fourth tests series. 

Support version Teeth distance 

[mm] 

Teeth base length 

[mm] 

Teeth tip length 

[mm] 

Teeth height 

[mm] 

4.1 0.1 0.4 0.5 2 

4.2 0.1 0.3 0.5 2 

4.3 0.1 0.8 0.5 2 

4.4 0.1 1 0.5 2 

4.5 0.1 1 0.5 2 

 

The table 5 shows that there is various teeth parameters as well. And these were only tried 

with last test series as vanguard for further studies. Otherwise the bachelor’s thesis would 

have expanded too large.  
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8 EXPERIMENTAL SET-UP 

 

 

The tests were made at the factory of future at Skinnarila, Lappeenranta, co-operation with 

LUT laboratory of laser processing and company called DeskArtes. The equipment was 

running only during the day time in order to be noticed if any errors appeared.  

 

8.1 Used equipment 

The whole system, as presented in figure 16, contains powder bed fusion machine, scanner, 

laser and the controlling program. The powder bed fusion machine used in tests was 

modified for research use from company Electro Optical Systems (EOS) machine, which is 

corresponding to EOS M-series. The maximum diameters of build part is 245x245x215 mm. 

Nitrogen was used as inert gas in closed chamber, oxygen level was 0.7% and building 

platform was pre heated up to temperature of 80°C.  

 

 

Figure 16. The whole powder bed fusion machine system used in this thesis. 

 

Scanner was hurrySCAN 20 of Scanlab, which transforms and moves the laser in the closed 

chamber. Scanner moves the laser beam with mirrors in xy-directions. The laser source is 
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200W continuous wave (CW) ytterbium fiber laser with wavelength of 1070 nm. The focal 

length of equipment was 400mm and the size of focal point was 100 µm. Controlling 

program was the process software (PSW), which is EOS own controlling program. 

 

8.2 Used material 

The used powder was EOS StainlessSteel 316L, which composition can be seen in table 6. 

The supports were built with layer thickness of 40µm, but the parts were built with the layer 

thickness of 20µm because better surface quality is wanted when manufactured the part 

itself. The supports may have more poor surface quality. 

 

Table 6.Composition of EOS StainlessSteel 316L powder (EOS 2016, p. 3).  

C Si Mn P S Cr Mo Ni N Cu 

0,03% 0,75% 2,0% 0,025% 0,01% 19,0% 3,0% 15% 0,1% 0,5% 

 

EOS StainlessSteel 316L is a corrosion resistant iron based alloy which has excellent 

mechanical properties. That is why it is suitable widely for engineering for example lifestyle, 

automotive, medical and aerospace industrial. Parts manufactured from this powder can be 

machined and polished if needed. (EOS 2016, pp. 1–7). 
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9 EXPERIMENTAL PROCEDURE 

 

 

There were no tests made of this kind of criss-cross support structures before this thesis tests. 

So for the firsts series there was no information about how the supports will behave when 

manufacturing. That is why the tests were made first for cube (20 x 20 x 20mm) and plate 

(20 x 30 x 7 mm), to get some knowledge of manufacturing criss-cross supports. Practically 

the aim was to find suitable parameters for solid thickness, criss-cross beam thickness, x-

spacing and for teeth size. 

 

9.1 Tested parameters 

There were practically four parameters that were tested and varied between the series. Those 

four parameters were solid thickness, criss-cross beam thickness, x-spacing and criss-cross 

mesh size. After there were results for these four parameters it was possible to start to 

determine some parameters for teeth. This division was made that the number of variable 

parameters will not get too large, otherwise it would have been impossible to find any 

suitable parameters. 

 

9.2 Additive manufacturing 

The machine was prepared before manufacturing with configurations and powder was placed 

ready, after manufacturing the machine was cleaned. Before manufacturing, the support 

structure models were sliced into 40 µm slices and parts into 20 µm slices to be set ready for 

controlling program, the process software (PSW). After manufacturing the excessive powder 

was stored for further use from chamber and from among the support structures after 

manufacturing. After the powder was stored the building plate was taken out from the 

chamber and results were examined. The parts were built with a little angle to x-axis, as 

shown in figure 17, that the reacoater will move smoothly over the parts.  
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Figure 17. The screen capture from PSW while processing. 

 

Manufacturing of each series was made at once and manufacturing process was supervised 

the whole manufacturing time. If any abnormal was noticed, it was checked to prevent failure 

of manufacturing. The machine itself is automatic, but if there appears any error it cannot 

solve the problem but to stop manufacturing. Figure 18 illustrates the line where recoater got 

stuck while manufacturing and the machine had just stopped manufacturing. Also there can 

be noticed the angle which recoater has to parts and moving direction. 

 

 

Figure 18. Reacoater got stuck against the edge of part and have stopped manufacturing. 
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9.3 Examination of support structures 

All the results were photographed that are presented at results with discussion. Because parts 

were attached to building plate it was not able photograph some parts and support structures 

from sidelines as precisely as they would have been if they had been sawed off from building 

plate. The figures that are presented in results were chosen because they presented the 

phenomenon at the best way. The support structures and parts were not evaluated by numbers 

because it turned out that the manufacturing and design is not as simple process as thought. 

There was a little number of succeeded parts and supports so the whole thesis was 

approached with phenomenal analysis.  
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10 RESULTS AND DISCUSSION 

 

 

The results and discussion is divided similarly as the design, every test series is handled as 

an own case. Between every series the manufacturing was done at the same way, only the 

parameters were changed. The results are evaluated approximately and discussed. All the 

parameters can be found from tables 1–5. 

 

10.1 Results and discussion of first series of tests 

The parameters can be found from table 1. Firstly, when manufacturing started, all was going 

well and supports seemed to build cleanly. However, when half of building height, 5mm, 

was reached, supports of cube and plate 1.2 started to collapse (see figure 19). Figure 19 

shows the collapse of version 1.2 cube and plate. 

 

 

Figure 19. Manufacturing the first test series.  

 

As it can be seen from figure 19, there is black splatter in version 1.2, which tells that the 

layer is not placed upon a previous one, when comparing to versions 1.1 and 1.3. The black 

splatter appears when the powder of the new layer is not melted upon previous layer, so the 

powder is just melting and is not staying still. The manufacturing of version 1.2 cube and 

plate had to be stopped, that they would not have affected to other parts manufacturing. 

Figure 20 shows that at the end, versions 1.1 and 1.3 were not built properly either.  
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Figure 20. Reacoater got stuck against the edge of version 1.3. 

 

When figure 19 and 20 are compared, it can be noticed how cleanly the powder is spread in 

figure 19 when there is no contact with built parts. When the contact happened it started to 

affect to manufacturing, like presented in figure 20. The figure 20 is shown that the powder 

was not spread evenly around versions 1.1 and 1.3, so it indicated that those parts were not 

built properly either. The powder was not spread evenly because of thermal distortions of 

parts, their edges were a bit upper, and so the powder was not spread above edges. Estimated 

manufacturing time was 12 hours, but when manufacturing was stopped, time left was 7h 

30min. The recoater got stuck to the edge of the plate, when support version 1.3 was built 

(see figure 20) and the whole manufacturing process had to be interrupted.  

 

Version 1.2 had too thin thickness in solid and criss-cross beam when comparing to x-

spacing. So the support structure did not support itself enough and it collapsed, as presented 

in figure 21. Figure 21 presents the damaged plate edge of version 1.3 where recoater got 

stuck and also the damaged cube edge of version 1.3, where the recoater has torn off the 

corner. 
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Figure 21. Version 1.2 supports have collapsed. 

 

Version 1.1 had same thickness in solid and criss-cross beam, but smaller x-spacing. There 

was denser structure so the structure supported itself enough to get built. However, version 

1.1 was too weak to prevent the thermal distortions of the part. As shown in figure 22, the 

non-supported edge of part have bent upwards.  

 

 

Figure 22. Version’s 1.1 non-supported edges have bent upwards. 

 

The bending upwards is due to that there have not been enough support material that should 

have conducted heat away or the teeth penetration to part has not been enough or there have 
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been too much non-supported area between edge of the part and support structure. From 

figure 23 can be noticed that version 1.3 had thicker solid and beam thickness but wider x-

spacing, which made the criss-cross structure a bit more clear.  

 

 

Figure 23. Version 1.3 non-supported edges have bend upwards. 

 

When comparing the figures 22 and 23 it can be noticed that version 1.3 had also larger teeth 

so it was considered stronger structure than version 1.1, but it was not. As presented in figure 

23 there is thermal distortions at non-supported edge around the part, it have bended 

upwards. Figure 23 shows the edge of part where recoater got stuck, marked with red circle. 

 

10.2 Results and discussion of second series of tests 

The second series included ten parts and supports that were manufactured. The parameters 

can be found from table 2. The manufacturing process was going well, but when half of 

building height, 5mm, was reached, versions 2.2, 2.4 and 2.5 manufacturing had to be 

interrupted. Figure 24 shows second test series during manufacturing. 
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Figure 24. Second test series during manufacturing.  

 

As figure 24 shows there is black splatter which tells that there is failure in manufacturing 

of support versions 2.3, 2.4 and 2.5, because the next layer was not placed upon the previous 

one. The reason why next layer is not placed upon previous one might be that the previous 

layers have already collapsed, so the new layer is placed upon nothing. Although versions 

2.1 and 2.3 had no problem, so manufacturing of those parts were continued. When reached 

the phase where part started to build upon teeth, there was noticed thermal effects in parts, 

as presented in figure 25.  

 

 

Figure 25. Heat affect appears as different color. 
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As figure 25 shows, thermal effect, was seen as bluish color at the corners of parts. It was 

due to bad heat conduction of supports, because when heat will not get off from part, it is 

seen as different color. Net-like structure can also be seen through the part which tells also 

that the heat was not conducted away from part properly. When effect of heat was noticed it 

did not took long when the whole manufacturing process was failed. Heat did not get off 

from parts, so thermal stresses started to bend corners upwards. After few spreads from 

recoater, it got stuck to the edge of support version 2.1, as presented in figure 26, and the 

manufacturing had to be stopped.  

 

 

Figure 26. The recoater got stuck to the edge of version 2.1. 

 

It can be seen from figure 26 how the powder has not spread evenly around the support 

version 2.1 of cube at the right side due to thermal distortions. There were five different 

support version in second test series and only two of them was successfully built, as shown 

in figure 27.  
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Figure 27. Second test series support versions 2.2, 2.4 and 2.5 have collapsed. 

 

It can be seen from figure 27 that every failed support has collapse in their net-like structure. 

Only support structure versions 2.1 and 2.3 were successfully, but at the end they were too 

weak to prevent thermal stresses of parts. So there were no successfully built part.  

 

At the second test series criss-cross beam thickness had grown from first series, because it 

was thought that then there would be stronger structure to prevent thermal distortions but 

also larger to conduct heat away more efficiently. Versions 2.2, 2.4 and 2.5 were failed, 

which could be due to double criss-cross height comparing to criss-cross width, which meant 

that criss-cross beams were not diagonal for square. So there were not as dense criss-cross 

mesh as versions that were successfully built in this series, so structures did not support 

themselves enough. 

 

Second test series showed how powerful the recoater is and why there is danger that if next 

layer is not placed upon previous one. As presented in figure 28, the recoater has torn the 
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corner of part off. As it can be noticed from figure 28b, the support structure has fractured 

from the bottom.  

 

 

Figure 28. Support version 2.1 of plate from sidelines (A) and from ahead (B). 

 

Assumption is that it may have fractured because recoater impacted to corner of plate, 

because during manufacturing there was not noticed any black splatter around version 2.1. 

This issue needs further study. So support has not been enough strong to prevent fraction. 

Support version 2.2 was collapsed the most during manufacturing when comparing second 

test series other collapsed support structures (see figure 29). It had criss-cross height twice 

as large as criss-cross width (see table 2), so there has not been enough self-supporting in 

structure. 

 

 

Figure 29. Support version 2.2 of cube from ahead. 

 

One thing that affected to successfully manufacturing of support version 2.3 was that it had 

same criss-cross width and height, as presented in figure 30a and 30b with the red squares, 

so there were criss-cross beams as diagonals for squares. Which meant that there was denser 

mesh supporting themselves. Even the support structure was manufactured successfully it 

was not enough strong to prevent thermal distortions and stresses. 
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Figure 30. Support version 2.3 of plate from ahead (A) and from sidelines (B). 

 

From figure 30a can be noticed that the edge of non-supported area has bended up and in 

figure 30b is shown that there is no connection between the teeth and support because of 

bending. Either the structure was too weak or the teeth was not large enough, so it was 

discussed to make support structure stronger by growing thickness of mesh and try to make 

mesh as dense as possible.  

 

When comparing version 2.3 to support versions 2.4 and 2.5, there was a better structure 

with version 2.3, because of denser criss-cross structure. Both, versions 2.4 and 2.5, were 

collapsed during manufacturing, as presented in figure 31, because they had both same 

problem, criss-cross height was twice the criss-cross width. 

 

 

Figure 31. Support versions 2.4 and 2.5 of cube and collapses.  

 

Even the version 2.5 had denser solid mesh (x-spacing was smaller), it was not enough to 

prevent support from collapsing. There might be many reasons for that, but the most obvious 

could be that the height of over 5 mm of manufacturing the lonely beam with thin structure 

is not possible. That is why it will collapse. Based on these two parts it can be said that twice 

the criss-cross height comparing to width is too much and there is not enough structure to 

support itself. 
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10.3 Results and discussion of third series of tests 

For third test series it was only manufactured plates with support structures because it was 

noted that plates has more thermal stresses because they are thinner and wider. So if the plate 

will succeed so will cube as well. The parameters can be found from table 3. There were five 

different versions manufactured and two of those were successfully to the end of 

manufacturing the part as well, like presented in figure 32. So for the first time, 

manufacturing process was carried out to the end.  

 

 

Figure 32. Third test series versions 3.1 and 3.2 were built successfully.  

 

As it can be noticed from figure 32, version 3.5 has no part on it and versions 3.2 and 3.1 are 

succeeded because of larger shadow can be seen there. There are many reasons for 

successfully built, but it might be due to, because non-supported edge was defined as zero. 

None of the versions had to be stopped during manufacturing the supports. First problem 

appeared when started manufacturing the version 3.5, because it had too much thermal 

bending because the recoater started to hit edge of version 3.5 part. So the manufacturing 

process was interrupted for a while and the part was taken off with pliers, it was weakly 

connected to support. After removing, the manufacturing was continued. Other two parts 

that was not built to the end, versions 3.4 and 3.3, were interrupted because of thermal 

bending. So two of the versions, 3.1 and 3.2 were ones that were succeeded.  

 

Although two of the parts were built successfully, they did not have good surface quality 

underneath the part, between the part and support, as presented in figure 33. The supports 

were still too weak to prevent bending due to thermal stresses.  
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Figure 33. Version 3.1 from ahead (A) and from sidelines (B).  

 

Because the bended edges they did not have much area which would attach the part to 

support. So the part was tried to get off from support with tongue-and-groove pliers and 

human power. The part was directed by dynamic load with pliers and after few movements 

the part loosened easily. The part did not have much contact area with support structure as 

shown in figure 34. The ideal situation would be that the part would not have any thermal 

bending but still the part could be removable by pliers. 

 

 

Figure 34. Version 3.1 from above. 

 

Version 3.2 was attached more tightly to support and it did not get off with pliers. But it had 

less bending because of denser mesh in support structure. Despite the part had less thermal 

distortions the surface quality was very poor as presented in figure 35. The part had no teeth 

connection with support at the edges and corners which was not good cause then the bending 

was possible. Versions 3.1 and 3.2 had denser mesh than other supports and the thinnest 
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solid thickness and criss-cross beam thickness, as can be noticed from figure 35, but those 

were successfully built.  

 

 

Figure 35. Version 3.2 from ahead (A) and from sidelines (B). 

 

Other versions had thicker solid and criss-cross beam thicknesses which led to more sparse 

mesh than versions 3.1 and 3.2. That was not good, because then the part did bend upwards 

and the teeth connection loosed, as presented in figure 36. Luckily it was noticed during 

manufacturing and manufacturing of those parts was interrupted so that they did not affect 

to result. The reason why criss-cross mesh looks so uneven is due to code of 3DataExpert 

software which is at the stage of developing. 

 

 

Figure 36. Versions 3.3 and 3.4 from ahead. 

 

Version 3.5 had the thickest criss-cross beam and solid mesh, as shown in figure 37b, and 

due to that the most sparse mesh of third test series and version 3.5 was interrupted firstly of 
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the series. There was thermal distortions in the part and that is why it had to be removed. 

The support had quite large mesh when observed from above, as shown in figure 37a. There 

should have been denser structure that the part could have been manufactured on top of 

support. 

 

 

Figure 37. Version 3.5 from above (A) and from ahead (B). 

 

10.4 Results and discussion of fourth series of tests 

The parameters can be found from tables 4 and 5. Fourth test series was the best 

manufactured test series in this thesis. It was managed to build four parts successfully and 

with no thermal distortions, as presented in figure 38. 

 

 

Figure 38. The fourth test series from ahead. 

 

Manufacturing of part 4.1 only needed to be interrupted as figure 38 shows. In common for 

all the support structures was very dense mesh and thin solid structures, due to that there was 

a large size of digital file for every support. Also when it is very dense structure, it is harder 

to collect the powder from inside the criss-cross structure, for further usage. Every part was 

tried to loose from support with pliers but parts were so strongly attached that they did not 

loosened. 



48 

 

Version 4.1 was only part that was not manufactured, because teeth were broken, as 

presented in figure 39a and 39b. Due to broken teeth the thermal bending was occurred, so 

the recoater started to hit the edge of part as seen in figure 39a, above the broken teeth is 

damaged edge. That is strange, because version 4.1 had exactly same mesh parameters as 

version 3.1 of third set and that was built successfully. Only difference between 4.1 and 3.1 

was that 4.1 had bigger teeth which should not affect negatively. It might be that there have 

been some manufacturing problem which have led to hit of recoater to edge of part and force 

of recoater have damaged the teeth. This version should be manufactured again to be sure, 

that there is no problems with parameters. 

 

 

Figure 39. Fourth test series version 4.1 from ahead (A) and from sidelines (B). 

 

Version 4.2 had the thinnest solid and criss-cross beam thicknesses and due to that the 

smallest teeth as well. It was manufactured successfully and it has a very dense mesh, as 

shown in figure 40. There cannot be noticed much criss-cross structure at support which 

meant that material savings were not good because the structure is quite close to solid 

structure. 
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Figure 40. Fourth test series version 4.2 from ahead (A) and from sidelines (B). 

 

Version 4.3 was succeeded as well and it did have noticeable criss-cross structure. Also teeth 

can be noticed very well. Only thing that was stand out was the connecting point with teeth 

and part, because there was a protuberance as marked in figure 41b with red circle, for an 

example. Because the edge offset was defined to be zero which meant that the support 

structure came a bit further than part. So teeth penetration can be seen in part as a 

protuberance. The same issue considered with every version of fourth test series except the 

4.1 which was not built successfully.  

 

 

Figure 41. Fourth test series version 4.3 from ahead (A) and from sidelines (B). 
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Version 4.4 has even better criss-cross structure when evaluated approximately than version 

4.3. The structure is much more noticeable than with version 4.3. Even the part looked like 

well built, there is a tooth which have fractured, as shown in figure 42b marked with red 

circle. The fracture was happened because the software, 3DataExpert, created mesh where 

that one tooth was overhanging. So it was not strong enough to prevent thermal stresses by 

itself and that is why there was a small up bending at the corner. 

 

 

Figure 42. Fourth test series version 4.4 from ahead (A) and from sidelines (B). 

 

Version 4.3 had a same problem with that one broken tooth, as presented in figure 43. From 

figure can be seen also how the lonely tooth was overhanging alone and there was not 

anything to support it. This is one development for DeskArtes to get code working and 

creating regular shapes for regular parts. Now both plates had a small thermal distortion at 

that corner of plate. 
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Figure 43. Fourth test series version 4.4 and 4.3 one broken tooth. 

 

Version 4.5 had also same problem with lonely tooth, but it was not fractured like teeth of 

versions 4.3 and 4.4. This tooth was not attached to part either but it was straight, as shown 

in figure 44. So with this version, there was also a small thermal distortion at the corner. 

 

 

Figure 44. Fourth test series version 4.5 from ahead (A) and from sidelines (B). 
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11 CONCLUSIONS AND SUMMARY 

 

 

This bachelor thesis studied how criss-cross support structures are behaving when 

manufacturing by powder bed fusion from stainless steel. Firstly, basic knowledge and mean 

of supports structures in powder bed fusion and generally in additive manufacturing of 

metals was studied from literature. There were also two interviews done to gain information 

for literature review. After literature review, it was time to study how to use 3DataExpert 

software and how to create criss-cross support structures. Design was quite challenging for 

the first test series, because there was no information about how it has done before. Still it 

was succeeded to get results and it was found parameters for further studies. The 

experimental part consisted of four different test sets and each test set included needed 

amount of structures. It was proceeded carefully, and there were used a lot of time for 

designing of support structures. Different choices were considered and after every series 

results were first examined carefully and then presented. There were a big effort for 

analyzing the results as widely as possible. 

 

Research problem was the manufacturing problems appearing due to poor heat conductivity 

of stainless steel. There were a lot problems while manufacturing. The most appearing 

problem was, that when the support did not conducted heat away from part, there were a lot 

thermal distortions, which failed the manufacturing process.  

 

The research itself included follow questions: 

1) Which are the most important parameters when modifying the criss-cross 

support structure?  

- At the end of research it was noticed that one of the most important 

parameter when modifying the criss-cross support structures was 

parameters of teeth. Not only the thickness of mesh. 

2) Which are the most critical issues that can fail when manufacturing the parts 

and supports interface?  

- The most critical failure that can happen was that the part had thermal 

bending upwards, because if it appeared, the whole manufacturing 

process had to be interrupted. So this ruins other parts too. 
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3) What are the main advantages of criss-cross structure when comparing to other 

type of support structures?  

- During this research it was not found obvious answer for this question 

because the manufacturing turned out to be more complicated than was 

supposed. 

 

More detailed research question was how beam thickness, the size of criss-cross mesh and 

solid mesh thickness affects criss-cross support structure on work piece when manufacturing 

by powder bed fusion. The answer for research question is that if criss-cross mesh or solid 

mesh is too wide, the support structure will not support itself enough, but it will collapse 

before the part will start to build.  

 

This thesis had to be limited to considering only some of the parameters, otherwise there 

would have been too much factors. The assumption was that the larger and thicker the 

supports is the better and stronger they are. But that assumption went a bit wrong, because 

the best results were got when there was really dense mesh and thin beams and solids. Of 

course thickness is important factor, but only with that factor good supports cannot be built 

as noticed during this thesis. But at the end the support structure consists of all the factors, 

and if the parameters are properly chosen supports will work. Due to amount of factors it 

can be said that this thesis was succeeded. 

 

Another assumption was that the thickness of criss-cross beam and solid mesh are the most 

important parameters when designing support structures. That assumption was also wrong 

because it was considered that the size of support structure teeth is not very important. This 

was one of the most important result that the effect of size of teeth in support structures is 

more significant or at least equally significant than the thickness of criss-cross beam and 

thickness of solid mesh. The teeth size used for first three sets was way too small.  

 

The best results were achieved with the fourth series and especially with version 4.4, because 

there was the most visible criss-cross structure and successfully built part. Visible structure 

is important because it means that there is a real criss-cross structure which means that there 

is possibility to get benefit out of it. If criss-cross support would not appear there would not 

be any reason to use criss-cross structure. 
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One important conclusion was to manage to create a guideline for process of design of 

support structures, which is presented in figure 45. The guideline is meant for developing 

the support structures, not for mass production. The first step is always to create geometry 

for part keeping in mind the need of support structures. After that the actual support 

structures are designed and evaluated if they are suitable for part geometry for to fulfilling 

their purpose. If the answer is no, then it must returned one step backwards and start design 

again. After all if the supports are suitable, then comes the step of manufacturing. Then there 

is two options, succeeded or failed manufacturing. If manufacturing is failed, then it is 

needed to go back to step of design. And if manufacturing only keep failing, it should be 

considered different geometry of part. On the other hand, if the manufacturing was 

succeeded it has to be observed why it was succeeded and is there anything that could be 

improved in view of material savings or better surface quality for part.  

 

 

Figure 45. The guideline of design process for support structures. 

 

There is some developing with software as noticed when designed the supports and also 

when manufactured. There was not regular structure which for example caused the fracture 

for some teeth at fourth series versions. Also the criss-cross mesh was not visible at the 
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farthest surface of support in most of support structures. The problem caused by code is 

important to get fixed, in order to get support structures serve their purpose. 

 

11.1 Further studies 

There is lot of subjects considering for further studies, to find right size of support teeth, 

optimized thicknesses for solid and criss-cross beam, the maximum x-spacing, the length for 

non-supported edge offset and what is the maximum ratio between the width and length of 

criss-cross beam. After these parameters have been found for plane surface, like plate or 

cube, it should be studied how criss-cross supports will behave for inclined surface. Ball 

could be used as geometry for an inclined surface, because ball has variable angle so there 

is also possibility to create supports for different angles for chamber.  

 

Firstly it should be found suitable parameters for teeth. Because there were many supports 

that were failed when the part was started to build. Maybe the versions that failed at that 

point would have been manufactured, if there would have been stronger and larger size of 

teeth. After the optimized size and other parameters for teeth have been found, it is important 

to find the maximum length of non-supported edge in view of material savings. This 

parameter is kind of part of teeth parameters, because the size of teeth should be proportioned 

to it. It is also possible that the non-supported edge offset must be zero, to prevent thermal 

bending. 

 

Once the suitable parameters are found, next step should be to start sawing the parts off the 

building plate and evaluate their surface quality and how strongly the parts are attached to 

support structures. This is important before criss-cross support structures are taken to use of 

industry, because there the post processing time is very important to get as quick as possible. 

The ideal situation would be if the part could be loosed from support only with pliers. But 

to get this far there is a long road ahead. 
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