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3D printing with steel
Additive Manufacturing for connections and structures

Extended keynote paper of Eurosteel 2021

Jörg Lange, Thilo Feucht, Maren Erven

Automated production is finding its way into the fabrication of 
structural steel. One robot holds attachments (stiffeners, end 
plates, etc.) on a steel beam or column and another robot pro-
duces weld seams. However, welding robots can also be used 
for Additive Manufacturing (Wire and Arc Additive Manufactur-
ing, WAAM). The wire electrode serves as a printing material. 
The Institute of Steel Construction and Materials Mechanics in 
Darmstadt is investigating how typical connecting elements for 
steel structures can be printed directly on steel beams using 
Additive Manufacturing with arc welding and robots. Further-
more, structural elements such as nodes for space frames can 
be printed and even complete structures, e.g. columns and a 
little bridge, have already been manufactured additively. The 
main focus is on determining suitable welding and process 
parameters. In addition, topology optimization is necessary in 
order to achieve good structures using a small amount of mate-
rial. This is possible due to the free design prospects of WAAM, 
which opens up new design and production strategies.

Keywords  Additive Manufacturing; WAAM; welding; topology optimization; 
connections; 3D printing

1	 Introduction

The 3D printing technique is not yet fully established in 
the construction industry, which requires long-term relia-
bility (an issue extremely important for buildings with an 
expected lifespan of 50–100 years), low costs for construc-
tion coupled with the limited development in manual 
skills due to low wages and the industry’s poor reputa-
tion. However, by understanding the potential for indi-
vidualization and automation, a clear trend towards ap-
plications for 3D printing can be identified in building 
technology and construction [1].

The technologies of 3D printing, which is also called “Ad-
ditive Manufacturing” (AM), are progressing rapidly. The 
printing materials are manifold and printing on and with 
steel is now also easily possible. In Additive Manufactur-
ing, a component is created by adding material, unlike 
milling, which removes material from a structural part. 
Selective Laser Melting and Selective Laser Sintering are 
available for the Additive Manufacturing of steel. Another 
method is Laser Metal Deposition, in which a metal pow-

der is applied to a local molten pool generated by the 
laser [2, 3]. All these methods are highly accurate, but also 
entail high equipment and material costs. Furthermore, 
they have low deposition rates and a small construction 
space, since the powder has to be kept in a closed cell.

Wire and Arc Additive Manufacturing (WAAM) [4], 
which is similar to Gas-Shielded Metal Arc Welding 
(GMAW), is suitable for steel construction. The wire elec-
trode serves as a printing material. Using this method it is 
possible to produce large components in layers (see 
Fig. 1), with nearly no size restrictions and achieving 
deposition rates exceeding 5 kg/h [5, 6]. With such rates, 
the application will be more successful commercially in 
the field of connections and joining technology rather 
than the fabrication of complete structures.

Additive Manufacturing in general and the welding pro-
cess WAAM in particular allow a more targeted use of the 
material than in the past. Structures can be freely mod-
elled and be almost any shape. Unlike conventional steel 
construction using plates and I-sections, AM-based pro-
duction hardly limits the form of construction. The cus-
tomary trade-off between cost-effective production and 
material-savings is unnecessary. Material only needs to be 
placed where it is required. Therefore, it is expedient to 
develop these structures using topology optimization, 
which leads not only to reduced material consumption, 
but also shorter production times.

In addition, AM can be used to improve production 
chains, e.g. by avoiding delivery times for spare parts or by 

Fig. 1 	 A structure additively manufactured using WAAM 
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etry and the material characteristics are manifold and are 
listed below. If these parameters are not well adjusted, the 
molten steel will not harden and stay at its destination, 
instead drip and flow somewhere else. This might prevent 
the production of overhanging structures.

2.2	 Input parameters

–	 Wire electrode
–	 Wire diameter
–	 Shielding gas
–	 Gas flow rate
–	 Geometry of the gas nozzle
–	 Welding system

2.3	 Process parameters

–	 Current
–	 Voltage
–	 Wire feed speed
–	 Welding process regulation (standard, pulse, CMT)
–	 Travelling speed

2.4	 Thermal boundary conditions

–	 Interpass temperature
–	 Temperature history, temperature cycles
–	 Cooling

2.5	 Geometric boundary conditions

–	 Orientation of the nozzle (neutral, dragging, piercing)
–	 Welding position (trough position, rising, falling)
–	 Contact tip to work distance
–	 Weld seam beginning, weld seam centre, weld seam 

end

3	 Topology optimization

The optimization of a mechanical structure is called 
structural optimization. Three common categories of 

simplifying logistics in general. Currently, only a few fully 
automated I-beam assemblers [7] are used in steel fabrica-
tion companies worldwide. In these machines, handling 
robots hold plates (stiffeners, end plates, etc.) while weld-
ing robots produce the welds. With AM, the logistics of 
these plates can be avoided. It is no longer necessary to 
stock different plate thicknesses for small numbers of 
plates, because the stiffener is printed directly on the I-sec-
tion. Furthermore, it is easily possible to take deviations 
in the flange alignment into account. If the flanges are not 
parallel, this might lead to fitting problems with prefabri-
cated plates. With AM, the stiffener is printed exactly in 
place, thus allowing for any possible deviations.

2	 Influences on geometry and material properties

2.1	 Slicing

Slicing is the process of partitioning the final geometry into 
layers or dots onto which the material has to be deposited. 
The layers are described by movement commands (mostly 
linear or circular) for the print head (the welding gun) and 
coordinates. Conventional 3D printers usually use the so-
called G-code, which is also commonly used for machine 
control. Existing slicing software generates the layers and 
the G-code for common printers automatically.

Depending on the final geometry, various options and 
slicing strategies are possible, see Fig. 2.

For conventional and commercially available 3D printers, 
parameter sets exist which allow almost any geometry to 
be printed without the need for any investigations. Slicer 
programs divide a 3D body into paths along which the 
print head travels at a corresponding speed, applying the 
material in such a way that the planned structure is 
created.

Various parameter investigations already exist for 
WAAM. They cover a very wide range of materials (mild 
steel, stainless steel, aluminium, titanium, alloys) and pro-
duction equipment (power source, robotics), but cannot 
be applied in all cases. The parameters required might 
become complicated for complex multilayer geometries. 
It is therefore essential to gain a better understanding of 
all parameters. This becomes more obvious when looking 
at the many influences on the geometry and the material 
properties, and thus the slicing algorithms.

The material deposition of WAAM and conventional 3D 
printers using plastic filaments is alike and leads to small 
beads, as can be seen in Fig. 1. However, filler wire has a 
far lower viscosity than common 3D printer filaments 
made from thermoplastic polymers (mostly polylactides, 
PLA), thus increasing the problem of producing a stable 
geometry. The magnitude of the viscosity, the cooling ve-
locity and therefore the solidification of the molten metal 
are critical for the geometry and the material characteris-
tics of the weld seam. The factors that influence the geom-

Fig. 2 	 Two different strategies for manufacturing a layer [7]



146	 Steel Construction 13 (2020), No. 3

J. Lange, T. Feucht, M. Erven: 3D printing with steel

exponent p leads to sharper designs than a small one. 
However, the computational effort is also greater in this 
case. The p value is also called the “penalty factor”, since 
it specifies how strongly a small density is “penalized”. 
A  penalty factor of 3 was chosen in this investigation 
(see 4.4 and 4.5) [9].

3.2	 Minimization of the mean compliance

The mean compliance C describes the sum of the work 
caused by the element displacement Fi ⋅ ui over all the ele-
ments of the component, see Eq. (3). It provides conclu-
sions about the stiffness of the component and therefore 
finding the minimum compliance is a suitable target func-
tion for the topology optimization of structural elements 
[10].

	 i
T

i iC F u
��

∑= ⋅ � (3)

It is logical that maximum stiffness is achieved if the 
volume V remains the same and is not reduced. However, 
this trivial solution has no practical benefit, as the com
ponent would remain the same and no material-saving 
design would result. Therefore, a volume restriction 
(Eq. (4)) is introduced. This means that, for a certain pro-
portion v of the initial volume V0, the minimum com
pliance must be found.

	 00V v V− ⋅ ≤ � (4)

3.3	 Implementation

When using topology optimization for structural design, 
one essential aspect must be taken into account. The al-
gorithms currently in use cannot represent non-linearity. 
Therefore, it is not possible to consider plasticity, stability 
problems or non-linear bearings. In addition, it should be 
noted that the result of one optimization only gives the 
stiffest structure, but not whether the output can with-
stand the load. A subsequent non-linear analysis of the 
resulting structure is therefore always necessary.

The optimization described in section 4 was carried out 
using Ansys Workbench; the workflow is shown in Fig. 4. 
At first, the non-linear initial system was modelled realis-
tically. The boundary conditions thus defined were trans-
ferred to the linear system. The linear system was then 
optimized for different mass ratios. The payload of each 

structural optimization are sizing, shape optimization and 
topology optimization (see Fig. 3). Sizing is the variation 
of numerical values, such as the cross-section of beams 
(see Fig. 3a). This principle is the foundation of each 
structural design. If the cross-sections are changed not 
only in size but also in shape over the length, this is called 
shape optimization (see Fig. 3b). In topology optimiza-
tion, additional voids are inserted for unused, material-
wasting areas of the structure (see Fig. 3c) [9] .

3.1	 Definition of the solution method

Topology optimization can be divided into two types: 
mathematical topology optimization and empirical topol-
ogy optimization [9]. The following investigations made 
use of mathematical topology optimization. The optimiza-
tion problem was solved using the density distribution of 
the structure, which can be implemented with different 
approaches. The SIMP (solid isotropic material with pe-
nalization) approach is a simplification that assigns only 
one variable x to each element i. This variable xi is the 
ratio of the momentary density ρi to the initial density ρi

0, 
see Eq. (1). The relation of the modulus of elasticity E of 
each element can be given by the power approach, see 
Eq. (2).
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A p value > 1 should be considered in Eq. (2). Since to-
pology optimization involves the formation of void, 
which are expressed by the modulus of elasticity Ei at 
these points (which are very small in comparison to the 
normal modulus of elasticity at fixed points Ei

0), a bigger 

Fig. 3 	 Different types of structural optimization [9]

Fig. 4 	 Optimization workflow for one mass restriction
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Since the angle of the welding gun can be changed, a con-
tinuous connection with the flange is achieved. Owing to 
the rolling tolerances, this is a great advantage over con-
ventional stiffener plates, which might have to be ma-
chined. If the flanges are not quite parallel, the pre-cut 
plate might otherwise not fit. In traditional production, 
unloaded areas will not be removed (Fig. 8, left), as this 
would require additional effort and the waste is not usable. 
AM enables a reduction in size to reduce the material 
consumption. Every gram of steel needs valuable printing 
time. This leads to less material (Fig. 8, right).

4.3	 Clamping elements for diagonal bracing

For common storage buildings, a clamping element is 
available which allows the very simple erection of diago-
nal bracing members. A half-moon-shaped element made 
of cast steel facilitates the installation of the bracing tie 
at nearly every possible angle (Fig. 9a). However, a 
curved adapter piece is also needed. With computer-
aided design, the angle is known exactly and therefore a 

optimized structure was determined in a subsequent non-
linear analysis.

4	 Applications

WAAM has a high potential for applications in the field 
of connections, where little material is needed and this 
material might be subjected to great geometrical variation 
[11]. Furthermore, wherever great savings in material due 
to topology optimization are possible, WAAM will play 
an important role.

4.1	 Beam hook

Connections between beams and columns are often de-
signed as flag plates or with double angles, as shown in 
Fig. 5a. WAAM allows the production of a topology-opti-
mized hook that transfers the load from the beam to the 
column via bolts (see Fig. 5b and Fig. 6) that could be 
printed on the web of the beam. The hook can be printed 
directly onto the column during fabrication. Erection is 
simplified as there are no nuts to be tightened.

4.2	 Stiffener

Stiffeners are often used for better load transfer to an 
I-section and to prevent the flange from bending or buck-
ling. Fig. 7 shows the printing of a stiffener.

Fig. 5 	 a) Double angle connection, b) beam hook

Fig. 6 	 AM-fabricated hook

Fig. 7 	 Production of a stiffener

Fig. 8 	 Stiffener optimization
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For different topology optimization results, the loadbear-
ing capacity can be found on the blue line.

With the same mass as the T-stub, a structure results which 
has a loadbearing capacity more than 60 % higher (nearly 

topology-optimized part can be printed onto the web 
(Fig. 9b and Fig. 10). This can be used together with a 
customary washer.

4.4	 End plate replacement

In the case of rigid connections with end plates, moment 
and tensile force are transmitted with an eccentricity, 
since the bolted connection is not at flange level (see 
Fig. 11). The tensile force is transmitted from the flange to 
the bolt via bending in the end plate. To transfer this 
bending moment, the end plate normally needs to be very 
thick. Conventionally, this is designed by using a T-stub 
model. Taking into account the potentials of Additive 
Manufacturing, the geometry can be changed in such a 
way that efficiency improves and less material has to be 
used (see Fig. 12). The form-finding via topology optimi-
zation can be followed in Fig. 13. The T-stub for one row 
of bolts of the original plate has a loadbearing capacity of 
nearly 250 kN (red line). For optimization purposes, the 
design space was enlarged and restricted to at least the 
mass needed for a T-stub.

Fig. 9 	 a) Conventional clamping element, b) element optimized for AM 

Fig. 10 	 Additively manufactured clamping element

Fig. 11 	 Conventional T-stub end plate

Fig. 12 	 Topology-optimized T-stub end plate

Fig. 13 	 Loadbearing capacity of different mass restrictions (blue) compared 
with the original T-stub design (red)
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avoids material in places where it is not needed. Fig. 15 
shows two examples for connecting four beams in a com-
mon plane but with different loads – symmetrical at top 
right, asymmetrical at bottom right.

With regard to WAAM, it must be kept in mind that small 
overhanging seams can be printed but that it is difficult 
and reduces the output (in kg/h) if vertical printing de-
scends for more than 30°. This must be considered in all 
optimization procedures. Therefore, extruded, wall-like 
structures are very well suited to this process. Areas 
where seams meet or cross over each other might be chal-
lenging. Double-deposition will lead to distortion, other 
approaches can lead to voids or incomplete fusion.

400 kN). Furthermore, only 40 % of the mass is needed to 
reach the same loadbearing capacity. This good efficiency 
can be traced back to the formation of “tension arms”. Thus, 
a longer “tension arm” transfers the eccentric force. A direct 
comparison with the conventional end plate reveals that the 
optimized connection is much lighter (see Fig. 11 and 
Fig. 12). In a follow-up study it was shown that WAAM is a 
suitable process for this new type of connection (see Fig. 14).

4.5	 Node for space frame

Nodes can be defined as connecting points between steel 
members such as beams, girders and columns. Fabrica-
tion and erection should be simple and cost-efficient. 
Therefore, designers tend to create details that might use 
considerable material in order to reduce complexity in 
fabrication and erection. With the help of Additive Manu-
facturing, nodes could be custom-designed to suit the 
load case(s) and the geometry of the members to be con-
nected. Structures can be designed according to the flow 
of forces using topology optimization methods. This 

Fig. 14 	 WAAM-printed connection

Fig. 15 	 Nodes in a space frame

Fig. 16 	 Node for connecting four members 
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Fig. 17 	 Best designs according to Octopus 
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width of 900–1 100 mm and the width of the structure 
had to be kept within 1 500 mm.

Taking these limitations into account, Octopus produced 
a point cloud with the best designs in relation to the set 
objectives. The two designs given in Fig. 17, selected from 
a large number of possible solutions, meet the aforemen-
tioned requirements. The final shape of the bridge was 
chosen on the basis of these proposals from an aesthetic 
point of view.

The structural analysis of the final design was carried out 
with the RFEM program from Dlubal. For this purpose, 
shell elements were used. A load of 5 kN/m2 was applied. 
In addition, individual loads of 1.5 kN were applied at 
different locations in order to assess the effects of local 

Fig. 16 shows an additively manufactured node for con-
necting four members with symmetric loading. The holes 
for the bolts (connected via end plates) will be drilled 
conventionally.

4.6	 AM bridge

In September and October 2019, a complete bridge span-
ning a little creek was printed in Darmstadt. Contrary to 
the well-known bridge of MX3D [12], this bridge was 
printed on site. Some challenges had to be met to solve 
this task:

–	 While printing horizontally, the molten steel tends to 
drip off the weld pool [13].

–	 A structure had to be designed that has enough 
strength to bridge the creek with a thickness that is 
optimally welded in one operation (approx. 5 mm).

–	 The material strength of the horizontally fabricated 
structure had to be good enough to carry the design 
loads.

The form-finding process for the bridge was performed 
with the Rhinoceros 3D software plus the Grasshopper 
3D plug-in for parametric modelling and Karamba3D in 
combination with Octopus for form-finding. This allowed 
the bridge geometry to be quickly adapted to different site 
and loading conditions. With the help of Octopus, an 
evolutionary solver in Grasshopper 3D, a number of de-
sign options were generated with the following objec-
tives: minimization of the elastic deformation energy and 
deflection under dead weight and minimization of the 
surface area and thus the total weight. It was therefore a 
multi-objective optimization problem.

The design options were additionally subjected to the fol-
lowing restrictions, which take into account the robot’s 
reach, the width of the body of water to be bridged and 
the necessary accessibility. The total length of the bridge 
is between 2 500 and 2 800 mm, the entrance area has a 

Fig. 18 	 Von Mises stresses in the model

Fig. 19 	 Test setup and specimen
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The results of the tensile tests are shown in Fig. 20. The 
yield strength has an average value of 403.0 N/mm2 and a 
standard deviation of 7.4 N/mm2. The manufacturer of 
the welding material gives the yield strength as at least 
420 N/mm2. This slight undercutting of the tensile test 
specimens is common in Additive Manufacturing, see 
[16]. The strengths are usually higher in tensile specimens 
that are loaded longitudinally to the course of the layers, 
so the unfavourable direction was assessed here. Studies 
involving other materials (e.g. stainless steel) can be 
found in [17, 18].

In addition to the preliminary investigation of the 
strengths, a model of the bridge at a scale of 1:8 was pro-
duced under controlled conditions in the laboratory (see 
Fig. 1). The advantage of the easy scalability of the param-
eterized object was used. The knowledge gained was used 
to produce the bridge. More information about the manu-
facturing parameters can be found in [19].

loads. Fig. 18 shows the von Mises stresses for the combi-
nation of uniformly distributed load plus two individual 
loads at the centre points of the edge lines (worst case).

During the development of the production process, a 
weld seam width of 6 mm was aimed for. However, in 
order to meet the manufacturing tolerances, e.g. due to a 
transverse offset of the welding positions or robot inac-
curacies, a thickness of only 4.5 mm was used for the cal-
culations.

To determine the strength of the cantilevered printed 
steel, a semi-tubular test specimen was manufactured at 
a 45° angle using CMT [14, 15]. Mild steel (G3Si1/ER70-
S6) and a shielding gas with 82 % argon + 18 % carbon 
dioxide were used. Seven flat samples (3 × 8 mm) were 
milled out along the build-up direction. The test setup, 
the test specimen and the tensile specimens are shown 
in Fig. 19.

Fig. 20 	 Tensile tests

Fig. 21 	 Construction site
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5	 Conclusions

WAAM has a high potential for changing the production 
process in steel fabrication. Fully automatic fabrication 
machines using handling and welding robots will be able 
to print parts of structures in addition to welding ordi-
nary seams. Up to now, some traditional connections 
have been redesigned and printed incorporating the ad-
vantages of Additive Manufacturing. This leads to valu-
able material-savings. Furthermore, new connection de-
tails for nodes in space structures were developed and, 
finally, a whole bridge was built, the first bridge printed 
in situ!
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For the start of construction, the welding robot with con-
troller, welding equipment, gas and wire was positioned 
directly on the side of a little creek on the TU Darmstadt 
campus. In order to protect unwary passers-by from look-
ing into the arc on the one hand and to ensure the undis-
turbed flow of protective gas on the other, the construction 
site was enclosed in a tent. Founded on two base plates 
anchored in the ground, the bridge was printed in layers 
(see Fig. 21). The two cantilevers touched each other at the 
end of October 2019 (Fig. 22). As the construction site had 
to be cleared to make room for a new building and since 
the bridge had to be exhibited at a trade fair, the strips on 
the sides were not completely built up on site.

Fig. 22 	 The bridge after closure of the span
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