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ABSTRACT

Improving mechanical topology optimization (TO) results by substituting biomimetic beams is one possibility to achieve designs of mechanical
components that are highly sustainable and show good mechanical performance. Because of their geometric complexity, such designs were
found to be well-suited for production by laser additive manufacturing. One obstacle of incorporating biomimetics beams in TO designs is the
lack of detailed design methodologies. Röver et al. [“Methodology for integrating biomimetic beams in abstracted topology optimization
results,” in Proceedings of the ASME 2022 International Mechanical Engineering Congress and Exposition. Volume 4: Biomedical and
Biotechnology; Design, Systems, and Complexity Columbus, OH, 30 October–3 November (ASME, New York, 2022)] proposed a corresponding
design concept. Building on their concept, we present in this work a detailed methodology for abstraction of TO results to a design consisting
of ball nodes and cylindrical beams. Using such an auxiliary design, the internal forces and moments of the beams can be evaluated to allow
for the substitution of suitable biomimetic beams to generate biomimetic component designs in a next step. We present a skeletonization algo-
rithm based on the potential field approach. Using the skeletonization and an additional analysis of the dimensions of the beams in the TO
result, the algorithm develops an auxiliary design of the original TO result. The final algorithm was applied to three common TO results to
obtain one auxiliary component design each. The developed algorithm was found to generate abstractions that were well-suited for use in the
methodology proposed in Röver et al. [“Methodology for integrating biomimetic beams in abstracted topology optimization results,” in
Proceedings of the ASME 2022 International Mechanical Engineering Congress and Exposition. Volume 4: Biomedical and Biotechnology; Design,
Systems, and Complexity Columbus, OH, 30 October–3 November (ASME, New York, 2022)], because internal forces and moments in the
abstracted beams could be evaluated with less effort. Therefore, our work contributes to a detailed design methodology for biomimetic mechan-
ical components in the field of design for additive manufacturing.

Key words: design for additive manufacturing (DfAM), skeletonization, generative design, design optimization, biomimetics, topology
optimization, finite element analysis, PBF-LB/M
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INTRODUCTION

Lightweight structures are becoming increasingly relevant in
the automotive and aerospace industries. A lower weight ensures
that less energy is needed to move, i.e., less fuel is consumed. At
the same time, the use of a lightweight structural element reduces
the amount of manufacturing material that is consumed. It was
suggested in previous work that by using bionic structures, the
weight of structural designs developed by topology optimization
(TO) can be further reduced while maintaining structural stability.1

Biomimetic structures are inspired by nature in order to
transfer the modes of operation from biology to technical
applications.2 References 1 and 3 were one of the first works in
which laser additive manufacturing and biomimetics were com-
bined to generate novel designs for structural components.
In both works, aviation applications were focused.

References 4 and 5 show the potential for performance and
functionality increase of components and systems when combining
additive manufacturing (AM) and biomimetics for a variety of appli-
cations. For a more comprehensive and general information on the
field of biomimetics, the reader is kindly referred to Refs. 6–8.

Reference 9 proposed a concept for a detailed design method-
ology to generate biomimetic designs for structural components
based on TO results. TO is a valuable tool in the design of
components. However, considering material distribution–based
TO approaches, the quality of the results depends on many factors,
one of which is the resolution of the finite-element mesh.10 Because
of limited computational resources, the finite-element mesh cannot
be refined infinitely, due to which the geometric complexity of the
TO result is limited. The design methodology proposed in Ref. 9
aims to improve existing TO results by integrating biomimetic beams
and redesigning nodes to achieve a higher geometric complexity of
the design. The authors of the study assume that the increased geo-
metric complexity allows for a lower mass of the component, while
ensuring its structural integrity.

The methodology proposed in Ref. 9 generates designs that
are producible by AM. It consists of the following steps:

• Input: The input is a result of a mechanical TO.
• Abstraction: The input abstraction algorithm develops an
abstraction of the TO results in the form of a representation by
points and lines using a potential field approach. In a next step,
a 3D auxiliary abstraction of the input is developed. This 3D
abstraction consists of cylindrical beams and ball nodes.

• Evaluation of internal forces and moments in beams: The inter-
nal forces and moments at cross sections at 20% and 80% of the
length of the cylindrical beams of the auxiliary abstraction are
evaluated.

• Database of biomimetic beams: For each of the cylindrical beams
of the auxiliary abstraction, a biomimetic beam is developed.
Development of the biomimetic beams is based on a database of
beam designs and the information regarding internal forces and
moments of the beams at the two analyzed cross sections and
the beam’s lengths.

• Generation of nodes: One of two approaches is used to develop a
node for the new biomimetic component.

• Finite-element analyses of biomimetic component design:
Biomimetic beams and the developed nodes are combined to

achieve a complete component design. Finite-element analyses
are used with possible returns to earlier steps of the methodology
to ensure that the new design can support the expected loads.

• Output: The output is a design of a biomimetic component.

This work presents a detailed solution to the concept regard-
ing abstraction proposed in Ref. 9. Moreover, it exemplarily shows
how the outputs from the solution can be used for the evaluation
of internal forces and moments in the beams of the abstraction.

MATERIALS

Implementation of the work was primarily done in COMSOL
Multiphysics version 5.4.11 Only the evaluation of internal forces
and moments was done in COMSOL Multiphysics version 6.0.12

Structural steel was considered as the material of all mechani-
cal structures in this work. Material parameters were obtained from
the Comsol Multiphysics Material Library and are given in Table I.

ABSTRACTION METHODOLOGY

In the following section, the developed abstraction methodol-
ogy is presented. First, the development of three different input TO
results for the application of the abstraction methodology is pre-
sented. Next, the abstraction methodology itself is presented in
detail. Figure 1 gives an overview over the respective steps. In the
last subsection, the evaluation of internal forces and moments in
the beam cross sections of one of the 3D abstractions is demon-
strated. For more detailed information on the implementation of
the abstraction methodology, the reader is kindly referred to the
supplementary material,13 which contains abstraction models of
the Michell cantilever.

Input topology optimizations

In Figs. 2(a)–2(c), the design spaces, their dimensions,
mechanical constraints, and the final TO results of three mechani-
cal problem formulations are depicted. These TO results were
developed as an input for the abstraction methodology of this
work. In the following paragraphs, the generation of these results is
briefly presented.

All three TO simulations are well known and often used as
exemplary cases in the field of TO. The detailed problem design
used in this work was based on Ref. 14. The three problems are
referred to as Michell cantilever, L-shape, and Messerschmitt–
Bölkow–Blohm (MBB) beam.

The Michell cantilever’s design space has a length of 180 mm,
a height of 60 mm, and a thickness of 10 mm. The cantilever is
supported by a fixed clamping on one side. On the other side, a
small surface is subjected to the mechanical load of 500 N in the

TABLE I. Material properties as considered in numerical analyses.

Property/alloy Structural steel

Elastic modulus (GPa) 200
Poisson’s ratio (−) 0.30
Density (kg/m3) 7850
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negative z-direction. The respective surface has a height of 6 mm
and a width of 10 mm.

The L-shape’s design space length of the long sides is 200 mm.
The short sides have an edge length of 120 mm. A radius was
added to the notch of the component in order to avoid stress
peaks. The radius has a value of 20 mm. The model has a thickness
of 10 mm. The component is mechanically fixed at the top surface.
An area for load application was defined with a length of 20 mm.
The load applied in the negative z-direction was defined as 600 N.

The MBB beam’s design space has a length of 200 mm, a
height of 40 mm, and a thickness of 10 mm. Mechanical boundary
conditions for this model were partly based on Ref. 15. The bear-
ings consist of a fixed clamping and a roller bearing. These are
defined on the lower level of the model at each end. On the top
side, an area of 10 mm length was created for load application. As
before, the applied force is oriented in the negative z-direction and
in this case has a value of 1000 N.

Hexahedral finite-element (FE) meshes were generated for all
three TOs using the swept meshing function implemented in
Comsol Multiphysics 5.4.11 Maximum and minimum element sizes
were chosen equally for the models and had values of 1 mm
(Michell cantilever), 1.5 mm (L-shape), and 1 mm (MBB beam)
based on Ref. 14.

The density-based solid isotropic material with penalization
(SIMP) method, as implemented in Comsol Multiphysics 5.416

based on Refs. 17 and 18, was used to generate the TO results. In
addition to the mechanical boundary conditions, an integral objec-
tive was implemented at all six outer surfaces of the TO models to
hinder material to be distributed close to the outer areas of the
design spaces. This simplifies the export of the TO results in the
used software.

Relevant parameters of the TOs of this work are given by the
penalty factor p = 6 and the volume fraction vf = 0.25. The models
were optimized in 70 optimization iterations.

Abstraction steps

The abstraction methodology was developed based on the
concept proposed in Ref. 9, which itself was based on Refs. 19–22.
Its output is a 3D component design that is an abstraction of the
input TO result. The abstraction consists of cylindrical beams and
ball nodes. The size of the cylindrical beams and ball nodes is based
on the input TO result. It is noted that the abstraction is strongly
connected to the research on curve skeletons. For a comprehensive
overview of the topic, the reader is kindly referred to Ref. 23.

In the following subsections, the steps of the abstraction meth-
odology are presented. An overview of the abstraction methodology
is given by input, output, and selected interim results, as depicted
in Fig. 3.

Input

Input for the developed abstraction methodology is given by
TO results such as the ones depicted in Figs. 2(a)–2(c) and 3(a).
They consist of 3D solids.

Potential field

A negative electric potential (V0) is added to the surface of the
TO design and a positive space charge density (ρv) is applied to the
volume of the same. A static numerical simulation results in an
electric field within the 3D volume with a minimal potential at the
model surface and increasingly higher potentials toward the local
cores. Therefore, the gradients are oriented from the “inside” to
the “outside.” An exemplary result of this step can be found in
Fig. 3(b).

Particle tracing study

Building on the previous step, a certain number of particles
(nP) of negative charge are spread equally on the surface of the 3D
volume. Figure 3(c) shows the particles (green) in their initial posi-
tions. These particles are subject to the electric field. Furthermore,
a friction force with a background number density (Nd) is added to
the study of moving particles. In a time-dependent numerical anal-
ysis, the particles then accumulate in various points within the 3D
volume [cf. Fig. 3(e)]. The accumulation locations can be attributed
to two groups. One group of particles accumulates close to the
nodes of the TO design. The other group of particles grinds to a
halt inside the beam-like structures that connect nodes. It is noted
that the friction force ensures that the particles grind to a halt and
prevent their oscillatory motion. The prevention of oscillation of

FIG. 1. Overview of the steps of abstraction methodology.
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particles is of high importance to ensure high-quality abstraction
results.

Node identification

In a next step, accumulations of particles are identified. This is
done by investigating the distances between the locations of the
particles at the end of the time-dependent study. Starting with the
first particle, all other particles that are within a defined small
radius (rnodes_filter) are attributed to the same node. Moving on
with the second particle, it is checked whether or not the particle
was already attributed by the algorithm. If it was already attributed,
the algorithm moves to the next particle. If it was not attributed, its
final coordinates are defined as a new node and again all other par-
ticles that are within the rnodes_filter are again attributed to this

node. Therefore, a long list of the particles’ final coordinates at the
end of the time-dependent study is reduced to a list of nodes’
coordinates.

Links

In a next step, connections between nodes are identified by
analyzing the particles’ initial locations at the beginning of the
time-dependent study and their attribution to the nodes based on
the previous step. A threshold rlinks_filter is introduced. All possible
initial particle locations of two particles are analyzed. If the
distance between two initial locations of the two particles is within
the threshold rlinks_filter and both particles are attributed to two dif-
ferent nodes, a link is successfully identified. Figure 3(f) depicts an
exemplary result after this step.

FIG. 2. (a)–(c) TO results developed as input for abstraction methodology. Relative densities are given by the scales. (d)–( f ) Abstraction of TO results by lines and points,
which are the interim results of the presented methodology. (g)–(i) 3D Abstractions of TO results by cylindrical beams and ball nodes.

Journal of
Laser Applications

ARTICLE pubs.aip.org/lia/jla

J. Laser Appl. 35, 042061 (2023); doi: 10.2351/7.0001185 35, 042061-4

© Author(s) 2023

 22 N
ovem

ber 2023 09:16:26

https://pubs.aip.org/lia/jla


Pseudo node filter

Next, a filter algorithm is applied to improve the interim
abstraction result. One after another, all nodes of the interim results
are analyzed that have one or two nodes connected to them by links.
The angle between the two linking lines that connect the three nodes
is analyzed. If the angle α is 153° < α < 190°, the center node is classi-
fied as a pseudo node. The pseudo node and its links are deleted and
a direct link between the remaining two nodes is introduced. After
all nodes are analyzed as previously explained, the same procedure is
run once more for all remaining nodes to remove pseudo nodes that
might have developed after the first filter cycle.

After filtering pseudo nodes using the presented method, an
abstraction consisting of lines and points based on the true nodes
and their links can be generated [cf. Fig. 3(g)].

Radii of beams

For generating 3D abstraction values, the radii of the cylindri-
cal beams and ball nodes need to be defined. For each link connect-
ing two nodes, the following is done: the linking line segment
connecting the two nodes is reduced by 20% of its length at both
ends. Then, a hypothetical cylinder is generated to be used as a
probe. Figure 3(c) shows an exemplary cylindrical probe used for
identifying the thickness of one of the beam-like structures in the
TO result. The cylinder’s axis is given by the previously reduced
line segment. The radius of the cylinder rcyl_probe is defined to be
10 mm for all three models in this work. A schematic of the cylin-
drical probe is depicted in Fig. 3(c). Considering the starting points
of the particles at the beginning of the time-dependent study, all
particles that are within the cylindrical probe are identified. These
points are used to obtain a value for the thickness of the beam con-
necting the two nodes.

First, the regression line of all starting points within the probe
is identified. For implementation, the Java package24 was used. The
position vector of the regression line is identified by using the
average values for the x-, y,- and z-coordinates of all starting
points, respectively.

The initial locations of the particles inside the cylindrical
probe are then used to identify the direction vector of the regres-
sion line. For this, the x-, y,- and z-coordinates are saved into a
matrix. From each entry, the corresponding value of the position
vector is then subtracted. From this matrix, the covariance matrix
is calculated by multiplying it with its respective inverse. The eigen-
values and eigenvectors of this covariance matrix are then deter-
mined by applying the power method based on Refs. 25 and 26.
The eigenvector corresponding to the greatest eigenvalue is then set
as the direction vector of the regression line.

For calculating the beam radius, the initial locations of the par-
ticles inside the cylindrical probe, the position vector, and the direc-
tion vector of the regression line are used. The distance between each
initial particle location within the probe and the regression line is
calculated. The distances of all particles are then averaged and this
value is set as the radius of the beam of the abstraction.

Radii of nodes

The radii of all ball nodes in the abstraction are set to be
110% of the largest radius of any cylindrical abstraction beam as
identified from the previous step.

3D Abstraction

Finally, an abstraction consisting of cylindrical beams and ball
nodes can be generated. The abstraction is based on the input TO
result. Figures 2(g)–2(i) and 3(h) show the respective abstractions
for the three exemplary input TO results considered in this study.

FIG. 3. Overview of the input, output, and interim results of the abstraction methodology.
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Evaluation of internal forces and moments in
abstractions

In Fig. 4, the results of evaluation of internal forces and
moments in three exemplary beams of the abstracted TO result of
the Michell cantilever are depicted. To achieve this result, the 3D
abstraction consisting of cylindrical beams and ball nodes is sub-
jected to the original mechanical boundary conditions of the
Michell cantilever in a mechanical numerical analysis. Next, using
the function of section forces as implemented in COMSOL
Multiphysics 6.0,27 the internal forces and moments at the three
cross sections of the solid could be evaluated. For each cross
section of a beam, the axial force (N), the shear force along the first

local axis (T1), the shear force along the second local axis (T2), the
twisting moment (Mt), the bending moment around the first local
axis (M1), and the bending moment around the second local axis
(M2) could be evaluated with low effort.

Therefore, with regard to the methodology proposed in Ref. 9,
it could be demonstrated that the evaluation of internal forces and
moments in the beams of the 3D abstraction can be done with low
effort.

The evaluation of internal forces and moments at 20% and
80% of the length of the beams, together with the information on
the length of the beam that is known from the 3D abstraction, is
expected to allow for the development and design of lightweight
biomimetic beams according to Ref. 9 in a next step.

Hence, combining the abstraction methodology as proposed
in this work with the functionality of sections forces, relevant parts
of the methodology proposed in Ref. 9 were successfully developed
and implemented.

DISCUSSION

In this section, the limitations and advantages of the presented
work are presented and discussed.

Limitations

One limitation of the presented work is given by the choice of
parameter values. Table II gives an overview over the most critical
parameters of the abstraction methodology. Values for the parame-
ters as used in this study were set based on preliminary studies on
the three models. For application of the presented abstraction algo-
rithm to other TO results, the authors expect that parameters need
to be adjusted to achieve good abstraction results. A preliminary
study on the impact of parameter choice on the abstraction results
yielded that parameters rlinks_filter and rnodes_filter had a large impact
on the quality of the abstraction result. This fact is one limitation
of the work to be considered for future work on the topic.

Unbeneficial choice of parameters results in an abstraction as
shown in Fig. 5. The algorithm did not filter all pseudo nodes.

FIG. 4. Evaluation of internal forces and moments at three exemplary cut sur-
faces within beams of the abstracted TO result of the Michell cantilever.
(a) Axial force (N), shear force along the first local axis (T1), and shear force
along the second local axis (T2). (b) Twisting moment (Mt), bending moment
around the first local axis (M1), and bending moment around the second local
axis (M2).

TABLE II. List of the most relevant parameters of abstraction methodology.

Parameter Explanation
Values used for
Michell cantilever

rlinks_filter Filter radius for identification of
links between nodes 7 (mm)

rnodes_filter Filter radius for identification of
nodes 10 (mm)

rcyl_probe Radius of cylindrical probe for
evaluation of thickness of beams 10 (mm)

nP Number of particles 1000
V0 Electric potential −100 (V)
ρv Space charge density 1 × 10−6 (C/m3)
Nd Background number density

(of friction force) 5 × 1020 (1/m3)
α Upper and lower threshold

angles of pseudo node filter 153° < α < 190°
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Pseudo nodes that are linked to three other nodes are not filtered.
Furthermore, pseudo nodes that have only one other node linked
to them are not filtered either.

An additional limitation of the work is that the current
abstraction methodology is not designed to develop abstractions for
wall-like structures that might be part of the TO result. With regard
to the methodology presented in Ref. 9, this is not problematic, as
this methodology does not seem to focus on TO results with wall-
like structures but rather seems to focus on truss-like TO results.
However, if the abstraction methodology presented in this paper is
to be used for another application or approach, the limitations with
regard to wall-like structures should be considered.

Advantages

Implementation of the abstraction methodology in COMSOL
Multiphysics has the advantage that the workflow from the setup of
the TO to the evaluation of internal forces and moments in beams
of the 3D abstraction can be done within one software. Further
implementation of the overall methodology by Ref. 9 in COMSOL
Multiphysics is expected to allow for the generation of a single exe-
cutable file (EXE file) using the compiler function28 to generate an
user-friendly application that develops lightweight biomimetic
component designs that are in line with design for additive manu-
facturing (DfAM).

This is expected to allow a widely automated design of struc-
tural components that are based on TO results as inputs. Such
designs are expected to incorporate biomimetic beams to achieve a
low mass, while ensuring structural integrity, and at the same time,
consider the constraints by additive manufacturing techniques such
as powder bed fusion of metals by a laser beam (PBF-LB/M).

SUMMARY AND OUTLOOK

A methodology for the abstraction of 3D TO results was pre-
sented. The methodology is based on previous works in the field of
curve skeletons and was implemented in COMSOL Multiphysics.

Using an input TO result, a time-dependent particle tracing
study is used to identify point nodes and line links for the abstrac-
tion based on the potential field approach. Filtering of the result is
done for improvement of the interim result. Next, a submethodol-
ogy for defining suitable dimensions of the cylindrical beams and
ball nodes is applied to allow for generation of the final 3D abstrac-
tion of the input TO result.

The developed methodology was applied to three common
mechanical problem formulations, and it was able to provide suit-
able 3D abstractions as outputs.

After applying the original mechanical loads to the 3D
abstractions, the internal forces and moments at the cross sections
in the beams can be evaluated with low effort. Therefore, the pre-
sented work gives detailed solutions to the first two steps of the
more comprehensive design methodology for the biomimetic
mechanical components proposed in Ref. 9 and contributes to the
field of DfAM.

The authors plan to improve the presented work in the future
by developing solutions for providing an automated choice of the
relevant abstraction parameters. Furthermore, future work should
focus on substitution of solid beams by biomimetic lightweight
design beams and assess the generated biomimetic design with
regard to lightweight characteristics and manufacturability in
PBF-LB/M.
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