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Abstract Topology optimization and Generative 
Design are two methods to create volume or stiffness 
optimized parts and they are used more frequently 
nowadays. However, the specific methods are often 
not well described and the connection between these 
two is not clearly explained. In this article, a force-
flow based topology optimization process has been 
explained in detail and extended with a function to 
be able to use as a Generative Design tool. The pro-
posed algorithm has been tested on three 2D shapes 
and the effectiveness was evaluated. This work clari-
fies the vague description of theoretical solutions by 
presenting in detail the operation of the algorithm and 
bridging the lack of information that exists between 
the shape or topology optimization procedure and the 
generative design solution.

Keywords Optimization algorithm · Topology 
optimization · Generative design · Force-flow · Load-
path

1 Introduction

As modern design software and optimization tech-
niques make it possible, a completely new and 

extremely user-friendly solution for the designers of 
components is made. Typically, the previous practice 
was that to fulfill a given function, the engineers cre-
ated a simplified geometry that met the desired goal 
based on strength, thermal and other calculations, 
and then this created form was modified if needed 
e.g. it could be manufactured with a specific tech-
nology. Partly because the traditional manufactur-
ing processes were limited in terms of the geometry 
that could be created, and partly because once the 
first version of the product that meets the criteria 
was designed, no further changes were usually made. 
However, the result was often an over-defined robust 
piece that locally contained redundant material, thus 
having a disproportionately large mass and volume. 
In some cases, it could be explained that the extra 
manufacturing process itself for separating the unnec-
essary parts from the raw material would be a higher 
cost than the material itself. However, this problem 
has also been solved with modern multi-axis cutting 
machines, electric discharge machining, or even 3D 
printing (working on the additive principle).

Another problem was that although the boundary 
conditions were known at the time of planning and 
where the significant stresses arise, they could change 
in an unknown way by removing the less load-bear-
ing areas. There was no suitable method to find out 
where and how much material had to be removed, so 
it was more or less random, and in every case, check-
ing calculations were needed. In other words, ini-
tially, these optimization methods were mainly about 
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size optimization, where the conditions were known 
and there was a starting geometry that did not change 
during the optimization, only the parameters of the 
geometry (size of the trusses or thickness of a plate). 
However, what was needed was shape or topology 
optimization (TO). In the case of shape optimiza-
tion, the initial geometry is also relevant, but here the 
location and shape of the nodes, trusses, and holes 
can change. In the case of topology optimization, the 
main question is how many holes or material gaps are 
needed, where they are located, and how the parts of 
the component are connected [1].

Over the years, several TO procedures have been 
developed [2, 3], the two most popular are the Solid 
Isotropic Material with Penalization (SIMP) and the 
Evolutionary Structural Optimization (ESO). How-
ever, almost all procedures can be summed up by the 
fact that the material must remain where it is needed 
and must be removed from where it is not needed. 
Especially for structural optimization, the techniques 
based on the Force-flow are more prominent [4]. 
One method that belongs to this is the determination 
of Principal Stress Lines (PSL) [5–7]. These lines 
are pairs of orthogonal directions on each node, that 
are connected to define a trajectory where the mate-
rial should be placed to get better mechanical resist-
ance. For example, Li et al. [8] used PSL to create the 
mesoscale inside structure of 3D printed parts. This 
led to higher mechanical resistance compared to the 
conventional infill patterns. Also, PSL is optimal for 
generating truss structures but has a lack of stand-
ardization and parameterization. Another method is 
load path-based optimization. Load paths are defined 
as curves those transfer a constant load and can be 
calculated by the sequential connection of the stress 
pointing vector [9–11]. The representation of these 
trajectories was presented by Kelly et al. [12]. In their 
work, they stated that load paths can be defined by 
plotting contours aligned with total stress “pointing” 
vectors given by the columns of the stress matrix.

Complementing the use of TO, a new design solu-
tion called Generative Design (GD) has been devel-
oped. GD uses a presented TO method to create a 
structure that has a minimum weight or maximal 
stiffness set by the user as a preference while meeting 
some other restrictions. Compared to a “traditional” 
method here no initial geometry is imported. GD 
creates the most appropriate geometry in the avail-
able area in the space. As Fisher and Herr defined 

it: “during the design process the designer does not 
interact with materials and products in a direct way, 
but via a generative system of some sort.” [13]. The 
input parameters are the objectives (mass/stiffness), 
geometry (preserve regions and obstacle regions), 
load cases (constraints and loads), material, and 
manufacturing constraints [14]. GD has got a small 
relevance for many years, but recently it became a 
popular topic in both the industry and academia. 
However, almost the only commercially widely avail-
able software is the Autodesk generative design tool. 
The methods by which GD creates the geometry can 
be various, for example, stochastic search, L-system, 
cellular automata, genetic algorithms, and evolution-
ary design [15–17].

Since both topics, TO and GD are widely known, 
the detailed description of their operation is often 
vague. In this paper, we present a method that extends 
a TO process (load-path method) usability with in a 
GD process. As a set of goals, we created three guid-
ance: (1) Describe the process of load-path based TO 
highlighting all the necessary steps and its difficul-
ties and limitations, (2) Connecting TO with GD, and 
describing its theorem, (3) Prove the effectiveness of 
the results.

2  Methodology

The concept of the proposed solution has two main 
parts; the first one is to create the initial structure 
(GD responsibility) for topology optimization, and 
the second one is the topology optimization itself. 
The initial condition of the process is to start with an 
initial geometry that satisfies the boundary conditions 
but clearly has the lowest efficiency. In this case, the 
essence of the whole process is to use the smallest 
possible amount of material, while the stiffness of the 
part is still acceptable. Therefore, the original geom-
etry should have the largest possible volume.

The representation of the geometry creation can 
be seen in Fig.  1. Typically, when there is a need 
to design a new part, the first known condition is 
the locations of the connecting surfaces, edges, or 
points and the locations and magnitude of the esti-
mated loads that will be applied (Fig. 1a, b). Thus, 
the original geometry must have an area large 
enough to include all such locations. The secondary, 
but equivalent, the requirement is that there should 
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be voids in the structure in specific areas where 
material cannot be due to some other function or 
component (Fig. 1c). These voids must be preserved 
later during the optimization, so as a principle it is 
always removed from the previously defined inclu-
sion area. The boundary conditions can be summa-
rised by Eqs. 1 and 2. Equation 1 prescribes the dis-
placements values for a surface of the investigated 
geometry as fixed support. It means that all the 
directional displacements are equal to zero. Equa-
tion 2. describes the force boundary condition for a 
surface area as prescribed forces acting on specified 
nodes.

The second part is the topology optimization 
itself. As mentioned earlier, this part of the process 
logically follows the principle developed by Kelly 
et  al. [12] with some changes so that generative 
design can be implemented. The theory presented in 
this article is that non-significant regions of mate-
rial should be truncated from the generated initial 

(1)u = 0 ∶ S ⊂ QBu

(2)F = FB ∶ S ⊂ QBp

Fig. 1  Initial/original 
geometry determination; 
a constraints, b the biggest 
simplified design domain 
which includes all the con-
straints, c constraints and 
a restricted area and d the 
biggest simplified design 
domain which includes all 
the constraints and excludes 
the restricted area
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geometry. Thus, after the initial geometry creation, 
the procedure is simplified to a topology optimiza-
tion task. Therefore, compared to other conven-
tional GD solutions, there will be only one result 
at the end of the iteration optimization algorithm. 
After it, a Finite Element Analysis (FEA) has been 
done, so the stress tensor of each node is known (3).

where �ij is the shear on the plane of an element unit 
and �ii is the normal stress. This 3 × 3 matrix must be 
simplified into total stress “pointing” vectors from the 
columns of the stress matrix. With that, only three 
vectors will remain pointing in the adequate coordi-
nate directions. These pointing vectors are defined as 
(4):

The forces acting on the arbitrary plane with nor-
mal, as (5):

And the magnitudes, as (6):

After getting these vectors and the correspond-
ing stress values, the load paths can be determined 
by selecting the pointing vector which has the 
most relevance. In other words, the load path for a 
force in a given direction is a region in which the 
force in that direction remains constant. By know-
ing the values of stress tensor elements for each 
mesh point, the equivalent stress can be calculated 
by various methods (von Mises and Mohr). In this 
study, we have applied the Mohr Theory, which is 
based on a geometrical-graphical model. After this 
calculation the characteristic directional force val-
ues are determined by Eq. 4., and the maximum of 
them is used for the following calculations. Based 

(3)[�] =

⎡
⎢
⎢
⎣

�xx �xy �xz

�yx �yy �yz

�zx �zy �zz

⎤
⎥
⎥
⎦

(4)

Vx = �xxi + �yxj + �zxk

Vy = �xyi + �yyj + �zyk

Vz = �xzi + �yzj + �zzk

(5)n = nxi + nyj + nzk

(6)

Fx = ∫ Vx ⋅ ndA

Fy = ∫ Vy ⋅ ndA

Fz = ∫ Vz ⋅ ndA

on this maximal characteristic force, the critical or 
not-needed parts can be recognized, extended, or 
removed.

2.1  Test cases

To test the algorithm three 2D cases were investi-
gated. Two of them are simplified geometries which 
frequently used by others [1] in order to compare 
the results. The first one is a beam with two fixed 
supports on the top and bottom left corners, and an 
applied load on the bottom right corner. In this case, 
there are no predefined voids, therefore, the initial 
geometry doesn’t have any exclusion area. The sec-
ond example is the most frequently tested “L shape” 
with fixed support on the edge of one of its truss’s 
ends, and an applied load on a point at the other 
truss’s end. The third one was a simple square with 
a cut out in the middle, the lower edge was a fixed 
support and a distributed load on the upper edge was 
applied. A more complex geometry has not been 
tested since the aim was to present the effectiveness 
of the proposed solution, and since in practice the 
designer also doesn’t want to spend too much time 
on drawing the exclusion areas, they would simply 
put a square or circle at those regions where it is not 
allowed to have material. Basically, since the first 
consideration in the generated initial geometry is to 
include the specified boundary conditions locations, 
this only determines the minimum size. Without set-
ting a maximum limit, an infinitely large area would 
result. Therefore, additional exclusion areas must 
be added as conditions that limit the maximum size. 
For all cases, it was set to get back the desired origi-
nal geometries. In Fig.  2. the boundary conditions 
and exclusion areas are shown including the desired 
forms presented with dashed lines. As can be seen in 
Fig. 2b, c there are two exclusion areas, one belong-
ing to geometry restriction (q1) and one for the exter-
nal boundary (q2).

2.2  Proposed algorithm

The presented algorithm was created with MATLAB 
software, and with its partial differential equation 
(PDE) function, the input finite element simulation 
can be performed iteratively, so there is no need for 
a manual import-export process while the program is 
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running. The optimization process can be divided into 
the following steps:

(1) Based on the predefined boundary conditions and 
exclusion area(s) the starting geometry is created.

(2) Perform a structural FEA.
(3) From the simulation results calculate the pointing 

stress vectors, for later use, at each node only the 
vector with the highest associated magnitude was 
retained out of the three vectors.

(4) Determine the Vcut point, and the elements with a 
value smaller then Vcut are deleted.

(5) Scale the modulus of the elements according to 
(7).

(6) Smooth the geometry to remove the undesirable 
sharp edges and material defects.

(7)
Ei|new = Ei|old

||Vi
||

|V|cut
if Ei|new < Emin then Ei|new = Emin

if Ei|new > Emax then Ei|new = Emax

(7) With the obtained new geometry start a new 
FEA, and iteratively repeat the steps until the 
desired volume fraction is achieved (Fig. 3).

2.3  Explanation of the steps

(1) Create the starting geometry: to simplify later 
calculations, the initial geometry is always rec-
tangular (2D). To determine the load paths, inter-
polation of the pointing vectors to new nodes 
according to the elements of an nxm matrix 
is needed. Therefore, the inclusion area of the 
design domain is a rectangle that is big enough 
to contain the supports and loads, smaller than 
the external boundary, and the necessary exclu-
sion areas are removed. The external boundary is 
defined as maximum and minimum extremums 
on each coordinate direction, and an exclusion 
area is a region where the nodes of the mesh are 
not evaluated.

Fig. 2  Test cases a beam, 
b L-shape, and c square 
with cut out
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(2) During the FEA simulation the boundary con-
ditions and exclusion areas are saved for the 
iteration process. Therefore, with the refreshed 
geometry they are automatically added to the 
simulation. Also, it helps to ensure, that these 
locations will not be eliminated or filled.

(3) MATLAB uses tetrahedral linear mesh as default, 
and it cannot be changed to quadrilateral ele-
ments. Thus, the results and the calculated point-
ing vectors must be interpolated into the element 
locations of a square matrix. It makes the opti-
mization process independent of the mesh shape 
and size. Also, every element will have the same 
size, which is necessary for optimization. Since 
the results are calculated for every interpolated 

element of the generated matrix, those points 
where the elements were restricted by the exclu-
sion or during the previous iteration were deleted 
must be deleted from the matrix as well.

(4) At first all the pointing vectors Vi must be sorted 
in an ordered descending array. To obtain the 
value Vcut , an elimination factor ∆ (0–1) must 
be determined before the optimization process, 
which reduces the volume of the geometry dur-
ing each iteration. The value ∆ cannot be too big, 
since it would lead to compliance problems or the 
dismemberment of the geometry. Vcut is the value 
of a member which is ∆*sum(V), and the mem-
ber with a smaller V is eliminated.

(5) The scaling process goes according to the rela-
tions. After each iteration, the modulus matrix is 
refreshed. The modulus of the material was spec-
ified for Emax and zero for Emin.

(6) The smoothing is necessary to remove any check-
erboard pattern, smooth the sharp edges, and 
overcome the problems arising from the numeri-
cal solution. The smoothing is applied on each 
node, the algorithm checks whether the aver-
age of neighboring nodes is greater or equal to 
Emax/2. If it is greater then modify the node’s 
modulus to Emax, if smaller then modify to Emin.

(7) From the matrix with the modified modulus val-
ues for each node respectively the algorithm cre-
ates a new geometry, where the material is only 
added at the locations where the modulus equals 
Emax. Since the elimination factor is set relatively 
low to aid the better calculation, another factor β 
was set at the beginning of the iteration process. 
This β factor specifies the ratio of how much vol-
ume reduction to the starting geometry the algo-
rithm will continue.

3  Results and discussion

In Fig. 4 the first cycle FEA results can be seen. It can 
be stated that as was expected based on the bound-
ary condition and the set exclusion area the generated 
initial geometries are the beam, L-shape, and square 
with cut out. From the point of view of the subse-
quent optimization process, the values   of the emerged 
stresses are not important, but rather their location 
and current ratio within the geometry.

Fig. 3  Flowchart of the algorithm
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Figure 5 shows the plot of the pointing stress vec-
tors, calculated from the first iteration’s results. It 
can be seen, that where the stress values are high, 
the curves become denser. The difference between 
Vx and Vy is most visible in the L-shape’s results. In 
Fig. 5c the darker/denser area shows the region where 
the pointing vectors aim in the X direction and has a 
higher significance in load-bearing, Fig. 5d show that 
the vertical strut of the L-shape mainly has pointing 
vectors aiming in the Y direction. Another observa-
tion is that there is a singularity point in the “sharp” 
corner of the L shape. After each iteration of the algo-
rithm, this vector field would change to some extent, 
according to the new initial geometries. However, this 

clearly represents those regions inside the domain 
which are mainly unnecessary for load bearing and 
those locations where the material must be preserved 
for a good mechanical performance. Even this first 
iteration result can be good starting point for the 
designers if they want to optimize the geometry based 
on their own considerations without the algorithm.

Figure  6 contains the results of the optimization 
algorithm. For each investigated cases β was set to 
0.4, which means the algorithm was running until 
the volume decreased to 40% of the initial volume. 
The elimination factor ∆ was set to 0.05, thus in 
each iteration, the volume was decreased by 5%. We 
have to note, that due to the smoothing process, some 

Fig. 4  FEA results of a beam, b L-shape, and c square with cut out
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Fig. 5  Pointing stress vector plot a  Vx of beam, b  Vy of beam, c  Vx of L-shape, d  Vy of L-shape, e  Vx of square with cut out, and 
f  Vy of square with cut out
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eliminated nodes were re-added, and this explains 
why the two cases reached the finished state after a 
different number of iterations.

In addition, it can be seen from the Figure that the 
resulting final geometry follows the pointing vec-
tors calculated at the initial state. The load-carrying 
trusses were formed where the load path requires it, 
and the regions where the presence of the material is 
of negligible importance were gradually eliminated.

A peculiarity during the operation of the algorithm 
can also be noticed, most visually in the geometry 
of the beam. The elements with a size smaller than 
the Vcut value are deleted, however, in the case that 
the load-path is not clearly defined, i.e., there are 
no paths with a value that is even an order of mag-
nitude larger, then it happens that not only the exist-
ing trusses become thinner, but they can even break 
at some point. In this case, blind bars may form, for 

example in Fig. 6b a strut at the inclination at the 33rd 
iteration, which blind bars will only be completely 
deleted in the next iteration. Therefore, in such cases, 
it may happen that even after making a small change 
on ∆, we will get a slightly different structure after 
the optimization has finished. From the figures for 
the different iterations, it can be concluded, that the 
model is usable, because adding elements was done 
for parts, where the stress was too high; and remov-
ing was done, where the stress was significantly lower 
than the limit value.

3.1  Remarks for the results

An explanatory figure has been made (Fig. 7). Here 
the density/volume decrease and the average stress 
in the geometry for each iteration have been plot-
ted. As it can be seen, in each cases the algorithm 

Fig. 6  Results of the load-path based optimization of a beam, b L-shape, and c square with cut out
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ran until the β = 0.4 reductions were reached. How-
ever, the change in the density isn’t linear. This is 
due to the smoothing cycle, as the program re-adds 
some elements after each element execution cycle. 
Because of the imperfect FEA solution and the dis-
crete definition of Vcut sometimes some nodes are 
removed which should not. This could result in 
simulation error for the next iteration or misleading 
stress fields. Therefore, with the smoothing, these 
locations and their surroundings are filled back by 
the algorithm. The main advantage of this method 
is that it can straighten the load paths. As can be 
seen in the final shapes obtained, the bars that make 

up the geometries are mostly straight and have a 
constant cross-section. This results in only tensile 
or compressive stress in the trusses, thereby reduc-
ing the number of local stress peaks, as the trusses 
bear the load in their entire cross-section along their 
length. Furthermore, it can be stated that the algo-
rithm can even run to convergence, as it is most out-
standing in Fig. 7b. In this case, at the 100th itera-
tion, all the bars have already straightened, so when 
the nodes are eliminated, only their cross-section 
would change. However, after a certain point, if the 
geometry as whole experiences stresses of the same 
magnitude, the elements deleted at the Vcut value 

Fig. 7  a Density decrease of the beam, b density decrease of L-shape, and c density decrease of square with cut out
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can result in the geometry falling apart. Once a con-
verged solution has been reached its worth to stop 
the optimization, since it means that the best struc-
ture has been established.

As it was mentioned before the value of applied 
loads and forces were insignificant for the research, 
since only the shape generation was investigated. The 
volume fraction was selected to measure the genera-
tion of topology structures which is frequently used in 
most TO processes. However, in the case of optimiza-
tion based on force-flow, it is advised to run the algo-
rithm until a converged solution is reached. Then the 
cross-section value of the generated prismatic beams 
of the geometries can be increased or decreased 
to reach the desired density/volume, or it can be 
assigned based on the amount of applied loads.

The resulting geometries are complex in some 
cases, thus it would be challenging to manufacture 
with traditional manufacturing technologies. In this 
paper, only 2D geometries were created, which could 
be produced by EDM, but generally saying the results 
are best manufacturable with 3D printing processes.

4  Conclusion

An algorithm has been created which uses bound-
ary conditions to perform generative design. After 
the initial geometry was created the topology opti-
mization based on the load paths was applied, and 
the usability of the proposed solution was tested on 
two frequently investigated 2D shapes. Based on the 
results it can be stated that the previously described 
method is valid. The numerical method was real-
ized by numerical software (MATLAB) and applied 
to different geometries for presenting the usability 
of the model. It has been proven that the TO process 
can be further developed in the direction of GD, i.e., 
without a known initial geometry, a finished shape 
can be generated just from the boundary conditions, 
which does not require external intervention from the 
designer. Also, with the smoothing method, straight-
ened strut-based geometries have been formed, which 
are beneficial for load bearing. Later the 2D isotropic 
model can be extended to a 3D, anisotropic one. After 
this extension, the model is going to be applicable for 
real manufacturing technology, for example, a typi-
cally anisotropic 3D printing process. Also, the cross-
section assignment can be interpreted in later work to 

make a closer connection with design for mechanical 
resistance.
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