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Abstract 

An approach for designing topologically optimized parts is proposed. It is used for manufacturing support-free structures 

by Direct Metal Laser Sintering (DMLS). This integral approach allows obtaining parts taking into account their strength 

properties. It combines weak sensitivity to the direction of printing with the simplicity of the subsequent post-processing. 

A circular packing model is proposed to optimize the part geometry subject to the DMLS constraints. A fast heuristic 

algorithm is developed to solve the corresponding optimization problem. A prototype obtained by this optimized design 

approach is presented. 
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1. Introduction

Direct Metal Laser Sintering (DMLS, see Fig. 1) is one of 

the key technologies to use Additive Manufacturing (AM) 

for the serial production [1]. A significant property of 

DMLS is that mechanical tools are not necessary during the 

manufacturing process. Accordingly, the CAD model can be 

designed with many degrees of freedom, which is important 

e.g. for free-form structures or undercuts [2, 3]. However,

manufacturing restrictions have to be taken into account.

These restrictions can be formulated as guidelines to be

considered in the design. Compared to the conventional

manufacturing processes, the design guidelines differ 

significantly. Thus, the design methods for AM process are 

necessary to cover both its advantages and limitations [4]. 

One approach to exploit AM benefits, in particular, 

DMLS, is the topology optimization [5]. Due to the 

effectively calculated distribution of the material according 

to the given boundary conditions, an efficient geometry 

(topology) can be modelled and manufactured afterwards. 

The challenge is to interpret the optimization results and to 

build up a part, which fits mechanical specifications as well 

as constraints of the manufacturing process [6]. Therefore, 

the design guidelines consideration is necessary to ensure 

manufacturability during the design process. An excerpt of 

the relevant design guidelines for DMLS is shown in Fig. 2. 
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For example, minimum downskin angles or maximum 

overhangs have to be observed. Furthermore, geometries are 

limited by minimum and maximum shape elements, e.g. 

wall thicknesses [7]. 

Figure 1. Direct Metal Laser Sintering in-process 

Figure 2. Design guidelines for Direct Metal Laser 
Sintering 

In order to reduce the design effort, it is desirable to 

automatically consider guidelines during design and 

simulation [6]. In terms of topology optimization, the 

limiting values have to be observed during Finite Element 

Analysis (FEA). However, such aspects as avoiding support 

structures have to be approximated by utilizing the previous 

attributes. Some works deal with this problem [8, 9]. Leary 

et al. [9] describes the method that enables the additive 

manufacturing of the support-free parts with optimal 

topology. 

Papers [10, 11] study a layout problem of variable 

number of ellipses with variable sizes placed into an 

arbitrary disconnected polygonal domain with maximum 

packing factor. The ellipses can be continuously translated 

and rotated. Restrictions on the dimensions of the ellipses 

are taken into account. Mathematical models using the phi-

function technique are introduced. The solution approaches 

are proposed that involve the feasible starting point 

algorithm and optimization procedure to search for locally 

optimal solutions. Results of the algorithm implementation 

for a topologically optimized flat part with the analysis of a 

stress state are also provided. 

Based on idea, the paper focuses on an alternative 

approach to design the support-free structures including 

their manufacturability by DMLS. The approach deals with 

the cylindrical holes integration in material-free spaces of 

plane parts or spherical cavities in case of three dimensional 

problems. The problem of optimal circles distribution in 

definite regions is known as a circular packing problem [12-

14]. Fig. 3 shows the schematic illustration of this approach. 

The major advantage of the approach is that circles can 

be manufactured up to a certain size without failing in the 

in-process, because maximum overhangs and downskin 

angles can be observed. In addition, the smallest size of the 

circle can be limited by the minimal hole and gap sizes. 

(a) Initial geometry for DMLS

(b) Modified geometry with circular structure

Figure 3. Circular packing for Additive 
Manufacturing 

Another criterion is the packing density, which is limited 

by the minimum wall thickness between the circles. The 

relevant design guidelines, which limit the circle structure, 

are depicted in Fig. 4. 

Figure 4. Limiting design guidelines:  =45 °, 

fl =6 mm; d =0.6 mm; min =0.6 mm 
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Also the final geometry is not very sensitive for the build 

direction. The further advantage of the approach is that the 

stress concentrators are known and stresses can be estimated 

during the design phase. Due to the avoidance of the 

significant deflections in the force flow, peaks in the stress 

distribution occur rarely. Apart from this background, it is 

possible to predict the dynamic and fatigue strength at early 

stage. In addition, the part can be easily post-processed, that 

has a positive effect on the fatigue strength. In the case of 

high requirements for static or fatigue strength, the design 

allows simple technological post-processing implementation 

(drilling, grinding, etc.) to correct additive manufacturing 

inaccuracies, improve surface quality and other constructive 

stress concentrators. Therefore, the circles size should be 

consistent with the post-processing capabilities. 

For the approach application a mathematical description 

to arrange circles with different sizes is necessary. It is 

important to ensure that the highest possible packing density 

is achieved, so that the geometry differs slightly from the 

simulation result and weight differences are kept to a 

minimum. To ensure the part manufacturability the design 

constraints consideration has to be possible as well. 

2. Mathematical model and solution
algorithm

In this section the mathematical approach is introduced. The 

application of the algorithm to topologically optimized beam 

preparing for DMLS production and a detailed analysis of 

its static and fatigue strength are described. 

Let there be K  groups of circles with radii k̂r , Kk I ,

written in ascending order, {1, 2, ..., }KI K . Each group 

consists of kn  circles. The total number of circles is

1

K

k
k

n n



  .

Let a set of circles iS , 11, 2, ..., ,i n  1 1, ...,n   

1 2 , ...,n n n  be given. The radii of circles iS  are defined

as follows: 1̂ir r for 11, 2, ...,i n ; 2̂ir r for 

1 1 1 21, 2, ...,i n n n n    ; …; and ˆi Kr r for 

1,Ki n n   2, ...,Kn n n  . Denote the centre of iS by 

( , )i i iv x y  for {1, 2, ..., }ni I n  . The arrangement of 

all circles iS , ni I  in the Euclidean space 2
R determines

the vector 
2

1 2( , , ..., ) n
nv v v v R . 

Let the domain 
1

Q
qq

P


  be defined, where 

q pP P   for qp q I  , {1, 2, ..., }qI Q . Here qP is 

a convex polygonal domain determined by the system of 

inequalities: 

1 1 1( ) 0mq mq mq mqf v A x B y C    , 1, 2, ..., qm M , 

where 0mqf   is the normal equation for 1, 2, ..., qm M . 

A minimum allowable distance d  between each pair of 

circles iS  and jS  is specified, ni j I  . It means that

dist( ( ), ( ))i i j jS v S v d

where 

( ),  ( )
dist( ( ), ( )) min

i i i j j j
i i j j i j

a S u a S u
S v S v a a

 
 

denotes the Euclidean distance between circles ( )i iS v

and ( )j jS v . 

The problem consists in choosing such subset of circles 

from the set iS , ni I , that can be fully arranged inside the

domain   with the maximum packing factor taking into 

account the minimum allowable distance d  between the 

circles. 

Denote radii of circles belonging to   groups ( K  ) 

by ˆi kr r , Kk I I  , where 1 2{ , , ..., }I     .

A mathematical model of the problem can be stated in the 

form: 

 max
v W

v


  (1) 

where 

2{ : ( , ) 0,  },n
i j ij i j nW v t t v v i j I     R      (2) 

  1
1,2,...,
max { ( ) ,i i q i i

q Q
v f v r


   2 ( ) , ...,q i if v r

( ) }
qM q i if v r , 

2 2( , ) ( )ij i j i j i jv v v v r r d      , 

where   2

1

n
i ii

v r t


  , ˆi kr r , 1 2( , , ..., )nv v v v ,

( ( ))i i it H v  , H is Heaviside step function, ( , )ij i jv v

is the adjusted phi-function of circles ( )i iS v and ( )j jS v , 

( )i iv the phi-function of circle ( )i iS v and the object 

2 \ int R [12].

Inequality ( ) 0i iv   provides the arrangement of circle 

( )i iS v inside the domain  ; variable it indicates whether

circle ( )i iS v is inside the domain  ( 1it   if ( )i iS v   

and 0it   if 
2( ) \ intj jS v  R ); the inequality 

( , ) 0ij i jv v  is responsible for the distance constraint for 

circles ( )i iS v and ( )j jS v . 

Circular packing for support-free structures

EAI Endorsed Transactions on 
Energy Web 

09 2020 - 11 2020 | Volume 7 | Issue 30 | e3



4 

Gradient and subgradient methods cannot be directly 

employed to solve problem (1)-(2) because the objective 

function  v  is a piecewise-constant. Therefore, we 

propose a heuristic algorithm to solve the problem. This 

algorithm is based on the idea introduced in [15, 16]. 

The important stage of our algorithm is the reasonable 

choice of the largest circle from a set of radii k̂r , Kk I .

The largest circle radius is included in I  . Then the 

appropriate layout structure for all polygons qP , q Q  is 

formed. The rules of forming a circular structure take into 

account the previously stated requirements. The remaining 

smaller radii can be chosen randomly based on the values of 

the larger circles and the radius 1̂r . In order to improve the

objective values the multistart strategy [17, 18] is applied. 

After the large circles have been packed and the entire set 

I   has been formed, decomposition is suggested to pack the 

vacant parts of the polygons. This means solving the 

problem of circle layout separately for each polygon qP , 

q Q  and evaluating the total area of all packed circles. In 

turn, it would also be practical to arrange the circles inside 

each polygon qP  in the following sequence: at each step, 

based on the analysis of the vacant part of the polygon, it is 

required to add only one circle from the available set. Such 

an approach enables using all radii k̂r , k I  flexibly.

The circle layout algorithm suggested is based on the 

models described in [15] for the problem of layout of circles 

inside a circle with prohibition zones. In particular, the 

circles radii are assumed to be temporarily variable. 

3. Application of the algorithm

The described method was realized for the part investigated 

in [9], with its frontal projection shown in Fig. 5b. This 

geometry is one of the problem solutions of the topology 

optimization [19] of a cantilever beam 100 mm  40 mm  2 

mm, which is rigidly fixed at its end and loaded in the lower 

part of the opposite side with cantilever load P  (Fig. 5a). 

Note that this design is quite common when testing new 

topology optimisation algorithms (see [20–23]). 

Evidently, direct 3D printing of the given part (Fig. 5b), 

using, in particular, the DMLS technology [24], is 

impossible due to the surfaces with big local gradients [9]. 

To exclude an unexpected printing result, including the case 

when part fragments are not adjoined to the lower layers or 

the work platform is printed, software that are used for 

preparing of the 3D models printing provides so-called 

supports, i.e. thin-wall stays considered as auxiliary 

elements to be removed after printing has been completed. 

As an example, Fig. 5c shows the geometry of the optimised 

beam prepared for printing using software Magics by 

Materialize company [25]. Fig. 5d is an alternative model 

with supports. Besides, the supports, printed using the 

DMLS technology, are often fused to the part walls. Hence, 

these supports can be removed completely to improve 

quality by using machining units with corresponding tools. 

The aforesaid fact determines the topicality of 

publications [9] on research in the developing a method for 

designing support-free models (the lightweight and support-

free design method, L&S) for their subsequent printing, 

including the use of the DMLS technology. Thus, the 

auxiliary (supporting) elements generated using this method, 

in contrast to the supports in the classical sense, are not 

removed after the part printing has been completed. This 

cuts the production costs and the production runtime. For 

the part being investigated, at initial data  =45º (supporting 

elements inclination angle) and d =1 mm (their thickness), 

the authors [9] have obtained the model whose geometry is 

shown in Fig. 5e. 

This part, generated using the L&S method, has sharp 

changes in its shape in the form of inner angles. They 

represent so-called stress concentrators that cause local 

increases of the mechanical stresses. This is demonstrated 

by the results of computing the stress state influenced by the 

static cantilever load P =100 N (Fig. 5f). The load scheme 

is similar to that in Fig. 5а. If one does not account for the 

pattern of the stress state in the part fastening zones and the 

load application points (A, B and C, Fig 5b), which are 

equalized due to different design solutions, the maximum 

stress in the part is 40 MPa. A comparable stress value was 

obtained also for the geometry in Fig. 5d (29.8 Mpa, Fig. 

5g). It also occurs in one of the inner angles of the surface. 

For comparison, the maximum design stress in the initial 

part (Fig. 5b) for the identical computation scheme is 

virtually twice less – 20.5 Mpa (Fig. 5h). Note that 

computations were performed using a specific software 

realizing the FEM. The solution accuracy and convergence 

are controlled both by using the second-order finite elements 

and by decreasing the grid size near the concentrators. The 

zones of maximum stress occurrence in the investigated 

areas of the parts are designated with dark circles in the 

respective Figures. Computations were performed in the 

assumption that the parts were made of powder material 

AlSi10Mg using the DMLS technology (the print direction 

coincides with the arrow in Fig. 5b). Based on analysing 

data [26–30] the following values of AlSi10Mg properties 

were used: density  =2670 kg/m
3
; elasticity modulus 

xE = yE =70·Gpa, zE =60·Gpa; Poisson coefficient 

 =0.33; proportional elastic limit Y =240 Mpa; yield

value U =345 Mpa.

An alternative geometry both without stress concentrators 

in the form of inner angles and adapted for direct printing 

using the DMLS technology can be built with the help of the 

algorithm described in Section 2. Let us consider the steps 

of this algorithm for the given specific example in detail. 

Let the arrangement domain comprise five polygons: 

 1, 2, 3, 4, 5Q  (in Fig. 6а these domains are denoted with 

Roman numerals I–V). The normal equations of these 

polygons sides are determined based on the approximate 

values of the apexes coordinates (Fig. 6а). The radii of 

circles are defined within 1 mm to 10 mm with a 0.5 mm 

I. Yanchevskyi et al.
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step ( ˆ 1,1.5, 2, ...,10kr   mm,  1, 2, ...,Kk I K  ,

19K  ). The minimum allowable distance between circles 

is taken to be 2 mm ( d =2 mm). The number of different 

circles radii 4  . Note that the minimum and maximum 

values of the radii ( 1̂r  and ˆKr ) and the value of d  that

defines the minimum thickness of the part wall should be 

agreed with the technological capabilities of the chosen 

additive production process (see also [9]). The number of 

nominal sizes of circles   is taken based on the personal 

preferences of the designer. This algorithm is also 

complemented with the requirement that each nominal size 

should be used no less than for two circles on the entire 

design domain. 

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 

Figure 5. Beams topologies and stress distributions 

For the convenience of algorithm description, the circles 

being arranged in polygons qP , q Q  are denoted as qiS , 

q Q , {1, 2, ..., }q qi J N  . Each circle qiS  corresponds 

to iS  in model (1)-(2), for which 1it  , ni I .

The rule for forming set I   accounts for the sizes of all 

polygons qP , q Q . The first element of I   is 1 1   

corresponds to the minimum radius 1̂r . The next step is to

arrange circles of maximum possible radii, and the 

maximum closest radius in set k̂r , Kk I  is chosen. For

this purpose, as the first step, the first circle 1qS , q Q  of 

maximum possible radius is arranged in each polygon qP . 

Thus, the following problems are solved 

1 1

*
11 max

q

q

X D

r r


 ,      (3) 

where 
3

1 1 1 1 1( , , )
q

X x y r D  R , 

3
1 1 11 { : ( ) 0,

q
mqD X f v r   R      (4) 

1, 2, ..., }m M , q Q . 

The starting points 
0

1 1
q q

X D , q Q are chosen randomly.

The solution yields points 
*

1 1
q q

X D , q Q (Fig. 6b). 

The formation of set I   takes place based on analysing 

the solution of problems (3) and (4). For this purpose, two 

numbers 
 and  which satisfy inequalities 

**
1 1 1

q
r r r

   , \{ , }q Q      are chosen. For the 

example considered, these numbers are 4  , 
* 2  , 

4
1 8.9r  mm and 2

1 7.2r  mm. The last element of set I 

is chosen to be 

*
1

ˆ,  

max

K kk I r r

k



 

  .         (5) 

P

A

B C
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Here, 13   ( 13ˆ 7r   mm). The radii of all circles

1qS , q Q , which are greater or equal to r̂


, become

equal to r̂


 (in particular, ˆ 7r

  mm). The points

*
1
q

X

changed in this way are denoted as 3
1
ˆ q
X R , q Q

(Fig. 6c). The choice of the second-ranking radius is 

conditioned by this approach. For this case, a circle of radius 

r̂


will be presented, at least, in two polygons *P


 and

*P


. 

(22;9)

(35;13)

(12;33)
(54;31) (59;32)

(68;28)

(42;4) (63;4)

(91;9)

(95;3)

(40;15)

(6;32)

(73;27)

(42;12)

(44;10)
(74;5)

(74;3)

(89;10)

O

y

x

I

II III

IV

V

(a) polygonal domain (b) points
*

1
q

X

(c) points
1
ˆ q
X (d) points 1

ˆ̂ q
X

(e) points 1*
2X (f) points 01

2X̂

(g) final stage (h) stress distribution

Figure 6. Steps of arrangement of circles 

Next, the remaining 2  elements of set 

1 2{ , , ..., }I     are chosen according to k̂r , 

{2, 3, , 1}k    . In our example 2 2  , 2 3   and

3 5  . Hence,  1, 3, 5,13I  and the corresponding 

values of the radii are: 1̂ 1r   mm, 3̂ 2r  mm, 5̂ 3r   mm

and 13ˆ 7r   mm.

After the final formation of set I  , for each arranged 

circle the closest circle is chosen in set k̂r , which does not

exceed it. This gives points 
3

1

ˆ̂ q
X R (Fig. 6d). 

At the final stage of the algorithm, the circles with radii 

k̂r , k I  are arranged in polygons qP , q Q . For this

purpose, for each polygon qP , q Q  the following 

problems are iteratively solved 

*
max

q
j j

q
jj

X D

r r


 , 2, 3, ...j    (6) 

where 2 1
1 1( , , ..., , , )

q j
j j j j jX x y x y r D    R , 

*2 1 ˆ{ : ( ) 0,
q qj

j mq lj l
D X f v r   R (7)
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1, 2, ..., 1l j  , 

( ) 0,  1, 2, ..., ,mq j jf v r m M  

     
22 2 * *ˆ ˆ 0,

q q
l t l t tl

x x y y r r d      

, 1, 2, ..., 1,  ,l t j l t  

     
22 2 *ˆ 0,

q
l j l j jl

x x y y r r d      

1, 2, ..., 1 }l j  . 

The starting points 
0q q
j jX D for solving problems (6)

and (7) are built based on points 1
ˆ q

jX  (points 1

ˆ̂ q
X for 

2j  ), q Q . The solution yields points
*q q

j jX D , 

q Q . Points
*q

jX are changed according to the set of radii 

k̂r , k I to give points
0ˆ q
jX , q Q . 

Point 1*
2X ( 1*

2 3.8r  ) and point 01
2X̂ are illustrated in 

Fig. 6e and Fig. 6f respectively as the examples. 

As soon as 
*

1̂
q
jr r , the solution of problems (6)-(7) is

terminated. Let us denote the number of arranged circles as 

qj , and the point corresponding to the last arrangement as 

ˆ
q

q
j

X . As a result, the set of points
*

q

q
j

X , q Q will 

correspond to a certain arrangement of circles and to 

solution  v    of problems (1)-(2). For the 

considered example, the circles final arrangement is shown 

in Fig. 6g. Problems (3)-(4), (6)-(7) were solved using the 

optimisation system based on the interior point method (the 

Interior Point Optimizer), which uses the information about 

gradients and hessians (objective and constraints functions) 

[31]. 

The subsequent FEA of the stress state of the obtained 

part (with a computational scheme similar to that described 

above) indicates the smallest maximum mechanical stress 

(21.1 MPa) as compared to the geometries shown in Fig. 5. 

This is due to both the absence of geometric stress 

concentrators and a somewhat bigger mass of the part. In 

particular, its mass is 13.8 grams, whereas the mass of the 

part in Fig. 5b is 10.7 grams; in Fig. 5c it is 14.7 grams; in 

Fig. 5d and 5e it is 11.9 grams. The mass of the initial model 

(Fig. 5a) is 21.2 grams. Obviously, the increasing part mass 

rises its production cost and is the cause of growing inertial 

loads in case of nonstationary vibrations, and so on. 

However, at the same time, the suggested algorithm of part 

design preparing for 3D printing, in contrast to the one 

described in [9], is not so sensitive to the printing direction. 

This can be used in case of enhanced requirements to the 

part strength because its material obtained with the DMLS 

technology, in particular, AlSi10Mg, belongs to the class of 

transverse-isotropic ( xE = yE ≠ zE ) ones. By choosing the

print direction the stress state pattern can be slightly 

“adjusted” for the given static external load. 

Using round cylindrical surfaces without sharp angles 

also dramatically streamlines and increases the effectiveness 

of different kinds of cold machining for the printed part, in 

particular, shot peening, applied to the majority of parts 

made using the DMLS technology. The need in this 

operation stems from the following fact. The range of 

practical application of parts made of aluminium materials, 

such as AlSi10Mg, is known to be extensive because, at a 

comparatively low density, this material demonstrates high 

hardness, possesses fine thermal properties, and has a 

relatively high static and dynamic strength [32]. However, 

the dynamic strength, in particular, the endurance strength, 

depends substantially on many factors, including the quality 

of the part external surfaces, which is quantified by surface 

roughness parameter Ra  [24]. This parameter, through 

coefficient  , influences the part fatigue point R  [33]. A

printed by the DMLS technology part, though having an 

acceptable internal spatial homogeneity of the material, at 

the same time, however, has a poor quality of external 

surfaces – the value of Ra  is within 8 to 15 μm depending 

on the spatial orientation of the given surface during printing 

(see [32, 34]). Shot peening [24] not only reduces parameter 

Ra  (approximately by a factor of 2 for the values above) 

[29, 32, 34], but also creates an effect of delayed cracking 

and reduces its propagation rate due to the emergence of the 

field of residual compressing stresses in the part subsurface 

layer [24]. This indicates that the treatment process can 

slightly increase part endurance [24, 32]. Numerically, this 

can be expressed by coefficient   which increases by 5 % 

(from 0.83 to 0.87) with parameter decreasing Ra  from 8 

μm to 4 μm for U =345 MPa [33]. 

Table 1 is used at forming properties of the alloy 

AlSi10Mg for analysing high-cycle fatigue of the 

investigated parts. It determines the S-N diagram for 

different values of ratio R  cycle [29-33].  

Table 1. Properties of AlSi10Mg for high-cycle fatigue 

N 10
4

10
5

3·10
5
 

a , 

MPa
* 241 / 135 175 / 100 150 / 85 

N 7·10
5
 10

6
10

7

a ,

MPa
* 134 / 77 127 / 76 92 / 74 

* The numerator shows values a  for R=1  and the

denominator for R =0.1.

Obviously, shot peening treatment will have a positive 

effect, basically for surfaces that can be called “open”. Inner 

angles, within which, as a rule, maximum mechanical stress 

occurs, can hardly belong to such angles. Therefore, within 

the given setting, the geometries in Fig. 5h and 6h are more 

preferable. 

Replacing the inner complex-shape surfaces in the 

platform view with round cylindrical ones (Fig. 6h) in the 
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part in Fig. 5b also significantly extends the range of 

feasible cold machining alternatives using classical tooling, 

which can be implemented to improve the quality of these 

surfaces. In particular, by milling, roughness parameter Ra  

can be reduced to 2 μm, which corresponds to increasing 

coefficient   by 10 % (from 0.83 to 0.92). In this case, the 

limit values of circle radii ( 1r  and Kr ) and the intermediate

kr , 2, 3, , 1k K   ones, and the number of standard 

sizes of circles  used as initial data for the algorithm 

described herein should evidently be coordinated with the 

technical parameters of the probable subsequent processing 

of the part. 

For the validation, the parts are produced using the 

manufacturing system “EOSINT M280”. The size of the 

process chamber is 250 mm  250 mm  325 mm. The 

Yb:YAG laser has a maximum output power P =400 W at a 

wavelength of  =1,030 nm. The deflection mirror allows 

scanning speeds of up to sv =5000 mm/s. For the processing

of AlSi10Mg argon is used as protective gas. During the 

parts manufacturing the up- and downskin surfaces are 

exposed with a laser power P =370 W and a scan speed 

sv =775 mm/s. The part core is exposed at a scan speed of 

sv =1300 mm/s and the contours are re-exposed at sv =230 

mm/s [27]. 

After the parts have been separated from the build 

platform, excess powder is removed. Furthermore, the parts 

are stress-annealed at 200  C for 3 hours and shot peened in 

addition. Fig. 7a shows the final part with the cylindrical 

holes. It can be seen that almost no defects occur. Only the 

circles sink slightly in the in-process, so the result is in the 

form of elliptical holes. However, this effect appears only 

locally.  

(a) The printed part

(b) The part after post-processing

Figure 7. Manufactured parts with cylindrical holes 

Fig. 7b shows the part after post-processing to reduce 

surface roughness and to improve the quality of the holes. 

The post-processing is done on a precision grinding machine 

and by drilling the holes. Thus, minimum post-process effort 

is necessary and the fatigue strength of the part can be 

improved. 

In contrast, Fig. 8 depicts the printed models including 

the conventional support structures. Fig. 8a shows the initial 

geometry without support structures. It can clearly be seen 

that the areas with low downskin angle have serious defects. 

This is due to the fact that the overhangs in the in-process 

sink in negative z-direction. Especially the horizontal 

surface in the upper area shows defects. Therefore, some 

struts of the initial geometry are not formed because of the 

high degree of deformation. Fig. 8b shows the initial 

geometry with the support structures, which are 

subsequently calculated by the Materialise Magics. To 

obtain the final shape these structures have to be removed 

afterwards. Because of the part contour, manual post-

processes have to be used. Fig. 8c shows the model 

according to presented in [9] approach. It has to be 

emphasized that the experiments in [9] were carried out 

using Fused Deposition Modelling, in which good results 

could be achieved. In contrast, using DMLS leads to serious 

defects (Fig. 8c).  

(a) Without support structure

(b) Support structure, created by Software

(c) Structure, suggested in [9]

Figure 8. Manufactured parts with conventional 
support structures 
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Due to the filigree rips in combination with the small part 

thickness (2 mm), some geometries cannot be manufactured. 

These have to be revised for DMLS by adjusting the wall 

thickness and element sizes.  

By comparing Fig. 7 and Fig. 8 we can conclude that the 

application of circles as a support-free structure leads to 

good results. Compared to other strategies for avoiding 

support structures using DMLS, only local defects occur.  

Even in relation to parts with support structures, which 

are created by the specialized software and have to be 

removed in a post-process, the accuracy of the manufactured 

parts with cylindrical holes is very good. In addition, the 

post-processing effort is greatly reduced because almost all 

manual steps to remove the support structures are 

eliminated. It should be noted that the weight is slightly 

higher in total.  

To increase the fatigue strength when needed, the part 

can be easily post-processed by improving the surface 

roughness, because the circle structure allows the 

application of standardized technological tools. 

4. Conclusion

An approach to design “support-free structures” for Additive 

Manufacturing based on the circular packing is studied. This 

approach is applied for designing and direct manufacturing 

of a flat cantilever beam, whose geometry was obtained by 

topological optimization. To test the proposed approach 

different geometries of flat cantilever beams were 

manufactured by the DMLS. The proposed algorithm takes 

into account the technological constraints.  

The absence of the support structures that are removed 

after DMLS-process, determines that circular structures 

parts are slightly different from its CAD-model. Therefore it 

is possible to predict the strength properties of the part at an 

early stage of its design. The advantage of our approach is 

the weak sensitivity of the designed geometry to the 

direction of printing and the simplicity of the subsequent 

post-processing. This post-processing allows slightly 

increasing the fatigue strength of the part by improving its 

surface quality. The presence of smooth surfaces and the 

absence of sharp internal corners, as concentrators of 

mechanical stresses, is also a positive factor in terms of the 

stress state distribution. The manufactured beams using 

various preparations for DMLS as well as the comparison of 

the Finite Element Analyses approve the effectiveness of the 

described approach. 

The large-scale optimization problem (1)-(2) is difficult 

to solve directly. To cope with high dimension, special 

techniques have to be applied taking into account the 

structure of constraints [35, 36]. Developing decomposition 

and/or aggregation techniques for the original problem is an 

interesting area for the future research. 
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