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A B S T R A C T

Additive manufacturing (AM) rapidly expands to all research areas due to its multiple advantages, such as the 
freedom and flexibility in achieving any geometry. Using AM as a fabrication technique, the design process has 
almost no limitations, blending considerably well with the irregular geometries that may result from topology 
optimization. Yet, in practice the application of AM together with topologically optimized geometries is not as 
straightforward. In this research, a hollow square t-joint is used as a case study to investigate and understand the 
difficulties in the design and manufacturing of steel parts using wire arc additive manufacturing (WAAM). The 
case study showcases from the application of two optimization methods with various parameters to find an 
optimal geometry; numerical analysis (FEM) on non-optimized and optimized models; a procedure called "re- 
engineering" that adjusts the optimized geometry to structure efficiency and AM effectiveness; dynamic slicing 
and path planning; an adjustment of the welding parameters to enhance the material properties and accuracy of 
the final specimens; and experimental assessments on non-optimized and optimized printed t-joints to validate 
the entire process. The application of this process allowed the manufacture of a complex optimized geometry, 
which have more resistance than the non-optimized T-joint.

1. Introduction

Automation in construction is an essential feature [1], which relates 
efficient use of resources in design, fabrication and assembly. In con-
struction, the design phase of a structure represents 5 % of the whole 
structure development but may impact 75 % of the overall costs [2]. 
Therefore, incorporating optimization strategies and automation tech-
niques in structural design is crucial in view of sustainability. Wire arc 
additive manufacturing (WAAM) is an emerging technology which is 
automatic, and it can deposit material in an optimum way, only where it 
is needed. Topology optimization (TO) is a sustainable and cost-efficient 
design process due to the ability to obtain an optimal structure config-
uration by efficient material distribution [3].

It is widely used in many sectors; however, taking advantage of its 
full potential is challenging due to the irregularities of the final geom-
etry, which may be complex and costly to manufacture. Until recently, 
TO was applied together with machining or preparation of moulds for 
metal casting [4,5]. Nowadays, Additive Manufacturing opens new 

possibilities for TO where the restrictions in machining and metal 
casting are no longer problematic [6]. Yet, the optimized geometry 
resulting from TO software is usually not directly suitable for fabrication 
because of irregularities after many cycles of removing and adding 
material at different locations, curves, small angles, and limited thick-
ness, which can be challenging for some additive manufacturing pro-
cesses. On the other hand, the manufacturing process parameters, such 
as speed, welding parameters and sequence, influence the geometry of 
the build. Hence, fabrication can benefit from a geometry which already 
considers the process limitations. An ideal workflow using WAAM 
consists of a CAD model which is used to create the Slicing and then tool 
path planning and production (see Fig. 1). The irregular geometry en-
forces the use of different production parameters in distinct areas of the 
part which can result in iterations between the initial CAD model, Slicing 
and Production planning. Additionally, if the fabrication restrictions are 
considered in TO, the workflow becomes even more complex involving 
iterations in every step and is time consuming. All these together make it 
inapplicable to an industrial setup (see Fig. 2).

The objective of this research is to explore how TO and AM can be 
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applied together to integrate the design and fabrication stages. Hence, a 
hollow section T-joint is chosen being a simple and known geometry in 
terms of stresses, and failure modes. The experimental tests and nu-
merical simulations would not introduce additional uncertainties, 
allowing to focus on the assessment of the optimization process, where 

the optimum stress and material distribution is straightforward to 
determine when loaded in tension, and the validation of the entire 
process would be feasible by an optimized version of the T-Joint. This 
case study is used to address various TO processes and discusses which 
are the most suitable design constraints. It also examines the fabrication 
challenges and provides possible strategies on how to solve them. 
Finally, it validates experimentally the conclusions based on numerical 
simulations.

In this paper, firstly a brief literature review on topology optimiza-
tion and additive manufacturing is proposed, aiming to facilitate the 
understanding of the analysis of results. Then, the adopted methodology 
is presented, followed by experimental and numerical analyses of the 
proposed case study. Finally, recommendations are given for the design 
and manufacturing of steel parts using WAAM in combination with TO.

2. Literature review

2.1. Topology optimization of joints

Structural optimization is the process of assembling materials or 
structural elements in the best way possible to maximize structural ef-
ficiency. It is extensively used due to its beneficial impact on cost and it 
is commonly combined with a computer-based method like the Finite 
Element Method (FEM) [7]. What defines the "best structure" depends on 
the optimization goal. For structural optimization, this is the objective 
function, which is a mathematical expression that can be maximized or 
minimized to quantify a structure’s performance [8]. These functions 
represent a quantifiable unit, such as the members’ weight, the struc-
ture’s stiffness, the overall cost, the sensitivity to a specific failure mode 
such as buckling, etc. Therefore, it is critical to determine the mathe-
matical model’s variables, such as the number of variables that define 
the size of the mathematical model, the number of possible solutions, 
and, consequently, the computational cost required for the analysis [7].

Another significant factor in optimization is the application of con-
straints. Although not a requirement, these constraints can be crucial to 

Acronyms

AM Additive Manufacturing
FEM Finite Element Method
WAAM Wire-Arc Additive Manufacturing
TO Topology Optimization
CAD Computer-Aided Design
ESO Evolutionary Structural Optimization
BESO Binary Evolutionary Structural Optimization
SIMP Solid isotropic material with penalization
RAMP Rational Approximation of Material Properties
DMLS Direct Metal Laser Sintering
DED Direct Energy Deposition
CMT Cold Metal Transfer
DIC Digital Image Correction
DB1 Design Block 1
DB2 Design Block 2
DEF Abaqus Default
CB Condition-Based Algorithm

Fig. 1. Linear (ideal) workflow.

Fig. 2. Iterative (real) workflow.

Fig. 3. Types of Structure Optimization [10].
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the search domain, the computational cost, and the effectiveness of the 
process. The constraints are pre-selected values that remain constant 
during the optimization procedure and restrain the search domain (i.e., 
the volume, cross-section, stresses, etc. [7]).

Structural optimization can be divided into Size, Shape, and Topol-
ogy Optimization (see Fig. 3). The first is the remodelling of the struc-
ture’s size and boundaries, for instance, attempting to find the optimal 
cross-section or thickness. Secondly, Shape Optimization tries to 
adjust the shape of the structure, varying the material position within 
the same volume. Lastly, Topology Optimization (TO) is the most used 
among the optimization procedures since it integrates the other two to 
have the capability to vary size and shape in the design domain creating 
a different structure [9].

Unlike shape optimization, TO can remove and add any quantity of 
material in all directions, even around the boundaries when not con-
strained. Moreover, TO is mainly used because the process does not 
require any restraints, including when there are holes, gaps, or an 
irregular geometry. Therefore, it can modify the material or void posi-
tion or fill and create openings in other areas in the same process, 
indicating the method’s effectiveness and adaptability [10,11].

TO may be categorized but not exclusive into level-set, evolutionary 
structural optimization, and density-based methods. The level-set 
method [12–14] uses an explicit mathematical expression to represent 
the structural boundary between solids and voids and evaluates the 
sensitivity of material removal from the design domain. Evolutionary 
Structural Optimization (ESO) methods [15,16] and Binary Evolu-
tionary Structural Optimization (BESO), introduced first by Xie and 
Steven in 1997 [15,17], consist on the progressive and slow removal and 
addition of material that is not useful for the overall structure’s per-
formance, for instance, in unstressed parts.

Lastly, in the density-based method [10,18,19], introduced by 

Bendsoe and Sigmund [18], optimization is performed regarding the 
characteristics of elements and nodes. In contrast to the other methods, 
there are a range of elements that are not eliminated nor are fully dense, 
called intermediate elements (see Fig. 4). This method may be further 
divided into sensitivity-based and condition-based approaches. In the 
first, the density of the elements can assume values between 0 and 1 in 
the final optimized shape. Therefore, the elements can be fully dense 
(close to 1), have almost no density (close to 0), or have intermediate 
density. One of the topology optimization approaches applied today is 
the Solid Isotropic Material with Penalization (SIMP), which is a 
sensitivity-based approach. Still, the intermediate elements are penal-
ized, resulting in a more smooth algorithm. In contrast, in the 
condition-based approach, the element’s density can assume values 
between 0 and 1 mainly and intermediate elements rapidly tend to the 
extremes, converging in fewer optimization cycles to a final geometry 
with almost no intermediate elements.

Nowadays, some structural analysis software, such as ABAQUS [21], 
already incorporate topology optimization methods, which increases 
their suitability for practical use, particularly for specific components 
such as joints.

Topology optimization applied to structural joints is a relatively new 
topic; consequently, most research occurred in recent years [3,19, 
22–26]. This field of study may not have been discussed earlier because 
there were many limitations regarding the fabrication of the optimized 
and irregular joints. However, introducing new fabrication processes 
such as Additive Manufacturing (AM) can eliminate or minimize these 
limitations and provide an effective way to produce them. Fig. 5 shows 
some examples of AM optimized joints.

2.2. Additive manufacturing of TO parts

The manufacturing method can further restrict the use of an opti-
mized component since the achieved model must be feasible to manu-
facture (manufacturability) [27]. This issue can lead to a complete 
redesign, often reducing the targeted performance [28]. For this reason, 
the research and development of Topology Optimization (TO) has shif-
ted from traditional manufacturing methods, such as machining, injec-
tion moulding, and casting, towards additive manufacturing methods 
[29,30]. AM is considered a less restrictive method that allows the 
fabrication of more complex TO models, as demonstrated by Arup [31]
in the redesign of an existing structural node manufactured using Direct 
Metal Laser Sintering (DMLS). Also, using DMLS, an optimized compo-
nent for an Airbus A350 XWB was manufactured, achieving close to a 
30 % weight reduction [32]. To bridge this gap, there has been a focused 
effort to research the integration of AM design constraints into the to-
pology optimization process [3]. This link is discussed in [30] and [3]
when documenting the current trends and challenges for AM integrated 
with TO.

Nowadays, most research focuses on combining topology optimiza-
tion with the Powder Bed Fusion, particularly DMLS, due to the ability to 
produce highly detailed components with great precision [33] and to 
handle overhangs with minimal-to-no support [34]. Nevertheless, this 
technology had drawbacks, such as higher manufacturing time and cost 
than wire-based Directed Energy Deposition methods [35,36]. Addi-
tionally, depending on the system used, the size of the component can be 
limited. On the other hand, wire-based DED techniques, like WAAM 
(Wire Arc Additive Manufacturing), provide the capability of 3D print-
ing large metal components (i.e., a structural node, a T-joint, etc.) much 
faster and cheaper comparted to others AM process, which agrees with 
civil and structure engineering applications. However, WAAM compo-
nents have less precision in terms of details and surface smoothness.

Few studies have already explored the combination of topology 
optimization with WAAM. In [37], a comprehensive overview of the 
potential and challenges of 3D printing with steel, particularly focusing 
on the WAAM method is provided. It also highlights the applications of 
WAAM in creating connections, beam reinforcements, and even 

Fig. 4. Types of topology optimization [20].

Fig. 5. Example of TO Structures manufactured with WAAM, a) MX3D Robot 
Arm [25], b) Connector for Takenaka [26].
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complete structures like bridges. [38] aims to integrate computational 
design tools with structural engineering principles to create efficient and 
structurally optimized elements for construction. It emphasizes the need 
to consider manufacturing constraints and material properties in the 
optimization process but it does not include the manufacturing process 
in the proposed approach. In [39], an end-to-end framework for the 
additive manufacture of optimized tubular structures is introduced to 
optimize and manufacture tubular components. Moreover, this 

framework includes steps such as layout and geometry optimization, 
cross-section optimization, and inspection of the manufactured trusses. 
However, the production planning and the challenges during printing 
were not incorporated, which may have an impact on the final geome-
try. From this study, some observations are noted: 1) the use of geometry 
optimization to rationalize the optimized model; 2) the fact that the 
optimized model is composed of hollow tubular sections with minimum 
dimensions to reduce the buckling effect (distortion); 3) the 
re-engineering step redesign the optimized geometry considering 
manufacturing constrains and 4) the manufacturing challenges and so-
lutions are presented and discussed.

Mishra et al. [40] address the anisotropic behavior of certain AM 
metals (i.e., austenitic stainless steel), which can be detrimental to a 
load-bearing component, by doing topology optimization in conjunction 
with deposition direction optimization.

3. Methodology

This paper explores the integration of design and manufacturing for 
which a simple tubular T-joint was selected to illustrate the de-
velopments. The research was carried out according to the following 
methodology: 

(1) First, a non-optimized model was created and validated using 
ABAQUS-FEM simulation (further discussed in Chapter 4). The 
non-optimized model was manufactured using WAAM (Wire Arc 
Additive Manufacturing) through CMT (Cold-Metal Transfer) 
[41], with the equipment described in [42]. An experimental test 
was conducted to obtain the force-displacement curve of the 
non-optimized model. The numerical simulation was validated 
based on the experimental results. During testing, DIC (Digital 
Image Correlation) was used to record global material displace-
ments and to identify critical stress regions.

(2) Using the non-optimized model as a baseline, different TO 
methods were explored numerically. In the second step, multiple 
numerically optimized models were generated, aiming to achieve 
the same stiffness and resistance with less volume and changes in 
geometry caused by the optimization process. The model with the 
best force-displacement curve was then selected for the next step.

(3) The feasibility of the optimized geometry was evaluated. Re- 
engineering and smoothing of the joint geometry were carried 

Fig. 6. Non-optimized tubular T-joint.

Fig. 7. Printing Sequence.

Fig. 8. Transition between tubes.
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out to enable its production. The re-engineered model was vali-
dated numerically to determine the impact of the geometry 
modifications on the mechanical performance.

(4) The optimized geometry was manufactured and tested as the non- 
optimized geometry in (1).

(5) Finally, the results are compared and discussed.

4. Non-optimized T-joint: analysis and testing

4.1. Additive manufacturing of non-optimized T-joint

The T-joint was fabricated by WAAM (Wire Arc Additive 
Manufacturing) through Fronius’ process: CMT (Cold-Metal Transfer) 
[41], as described in [42]. The specimen was printed using a mild steel 
wire (ER70–6). The welding parameters were optimized to land stable 
3–4 mm thickness in a single bead-on-plate until a satisfactory output. 
The selected parameters were: Current 113 A, Voltage 14.3 V, Feed 
Speed 4 m/min, and Travel Speed 10 mm/s.

The T-joint is illustrated in Fig. 6.. The joint was printed by depos-
iting the material on a table with 0º to build the first tube (T1) with 
subsequent manufacturing of the second tube (T2) on top of T1 with a 

Fig. 9. Geometry and test set-up.

Fig. 10. General view of the numerical model.

Fig. 11. Stress-strain relationships for plates and bolts.
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90º rotation for the gravity vector to be aligned with the deposition.
To reduce the accumulation of defects due to discontinuities in the 

deposition (layer’s start and end point), the layers were planned to not 

overlap the welding start positions of each layer by following the 
sequence shown in Fig. 7.

The two initial layers of T2 were welded with more energy by 
reducing the travel speed to 5 mm/s, thus allowing for more material in 
the interface, and the first layer has two bead lines per edge to create a 
smoother transition between tubes. This phenomenon is visible in Fig. 8.

4.2. Geometry and test set-up

The geometry of the non-optimized T-joint (TUBE) is shown in 
Fig. 9a, where the T-joint can be described as the combination of 2 
square hollow sections, 60 × 60 mm and 54 × 54 mm, fabricated using 
WAAM. The experimental layout consists of: (1) a T-joint specimen; (2) a 
T-shape base plate that connects the lower part of the specimen to 

Fig. 12. Example of the data extracted from the force-displacement curve.

Fig. 13. Force-displacement curve – Experimental test vs FEM.

Table 1 
Properties of non-optimized T-joint.

Name Initial 
Stiffness

Plastic 
resistance

Ultimate 
Load

Volume

[kN/mm] [kN] [kN] [mm3 x 
10− 3]

FEM_TUBE 100.78 148.92 - 410.4
EXP_TUBE_1 101.71 137.82 256.05 392.6
EXP_TUBE_2 105.50 150.89 273.16 402.2
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Fig. 14. Deformed Shapes – reference T-joint (TUBE).

Fig. 15. Failure mode and Failure zone.

Fig. 16. Design Blocks.
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universal testing machine (Universal Machine W+B LFV 600 kN); (3) 
two bolts M16 class 8.8 connecting the base plate to the specimen; (4) 4 
washers to reinforce the T-joint walls and prevent its deformation (base 
plate connection); (5) a solid steel bar bolted to the T-joint, which pulls 
the specimen up; and (6) two bolts M20 class 10.9 that connect the 
upper part of the specimen to the steel bar (see Fig. 9b). A total of four 
experimental tests were carried out on this geometry

4.3. Numerical model

A numerical evaluation of the T-joint was carried out with ABAQUS 
software, using the dynamic implicit solver with the quasi-static pro-
cedure [43]. The model corresponds to the experimental layout, 
comprising: (i) the T-joint; (ii) a base plate (representing the base of the 
lab machine); (iii) two bolts M16 class 8.8 connecting the base plate to 
the T-joint; (iv) a couple of washers to reinforce the T-joint walls and 
prevent their deformation; (v) a solid steel bar bolted to the upper part of 

the T-joint, used to pull the specimen up; and (vi) two bolts M20 class 
10.9 connecting the upper part of T-joint to the steel bar(see Fig. 10). A 
rigid body constraint was applied to the edge of the steel bar in the di-
rection of the displacement application. The base plate was fully 
restrained. It is worth mentioning that the design of the T-joint in the 
numerical model does not considered the surface smoothness of the 
actual WAAM fabricated T-joint due to the complexity of representing it 
numerically. This difference can be clearly seen by comparing Figs. 6
and 10.

The model was generated using solid elements, type C3D10, with a 
"Tet" element shape for the T-joint part and C3D8R with a "Hex" element 
shape for all the other parts, allowing for non-linear geometrical and 
material behavior. Normal contact conditions were introduced with 
"hard-contact" property allowing for separation. Concerning the 
tangential behavior, the "penalty" formulation of the software was used 
with a friction coefficient equal to 0.2, translating a typical value for the 
friction coefficient between two steel surfaces. The simulations were 
carried out under displacement control by pulling the steel bar up to the 
failure of the T-joint.

Material nonlinearity was included by introducing a non-linear 
stress-strain relationship for each material. For the T-joint, the results 
of the true stress-true plastic strain curves from coupon tests described in 
[44] were used in 0 and 90º orientation according to the fabrication 
sequence. Therefore, the properties for the 0º and 90º orientation cou-
pons (T-joint_0◦ and T-joint_90◦) were assigned to the top part and 
bottom part of the T-joint, respectively. For the bolts, since no coupon 
tests were available, a trilinear stress-strain law was used with the ten-
sile strength nominal values of bolt class 10.9 and 8.8 (see Fig. 11).

Fig. 17. Optimization model.

Table 2 
Optimization process parameters.

Method Technique Name Max nº 
cycles

Element Volume 
Constraint

Sensitivity- 
based

Default DEF 50 C3D10 25 %
SIMP SIMP 50 ​
RAMP RAMP 50 ​

Condition- 
based

- CB 25 ​

Table 3 
Strain Energy x Fraction of Volume.

Name Strain Energy (N*mm) Ratio (Initial Strain Energy) Volume Constraint Fraction of Volume (%) Volume (mm3 × 103)

TUBE (DB1)* 6.90E+ 04 100.0 % -
100.00 %

1704.5

TUBE 8.01E+ 04 116.1 % -
26.07 %

444.4

CB1 7.59E+ 04 110.0 % 25.0 %
26.15 %

445.7

* Non-optimized T-joint TUBE (DB1) with design block completely solid (see Fig. 16a)
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4.4. Results and discussion

The experimental tests and numerical simulations are primarily 
compared by force-displacement curves. On these curves, three points 
are emphasized (Fig. 12): a) plastic resistance, which is obtained by the 

intersection of two dash lines drawn from linear and plastic section; b) 
the ultimate load that is highlighted only in the experimental curves as 
well as the initial stiffness. The latter was computed by averaging the 
division of the force by displacement of all points of an approximated 
linear line, represented by the black dashed line in Fig. 12.

Fig. 18. Optimization Process.

Fig. 19. Comparison between the initial volume parameter.
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Fig. 13 shows the specimen’s experimental and FEM force- 
displacement curves (TUBE). Two specimens were considered: the first 
is the exact tubular geometry displayed above (EXP_TUBE_1) and the 
second is the same geometry but with a reinforcement only in the areas 
of the circular holes on the top part, which is outside of the optimization 
region and can represent a 5 % additional volume (EXP_TUBE_2). This 
reinforcement was placed in order to minimize the chance of premature 
failure outside of the region of interest due to thickness variation, which 
happened in EXP_TUBE_1. The results for the parameters defined above 
are given in Table 1. In general, the numerical model follows closely the 
experimental results, especially in terms of initial stiffness and plastic 
strength. The post-elastic resistance is lower than the experimental one, 
but the deformed final shape is similar, with the plastic deformations 
concentrated at the transition of the T and at the flange of the T-joint 
closer to the transition, similar to the deformation usually observed in T- 
stub connections in tension (see Fig. 14). The difference between 

numerical and experimental curve may be introduced by the present of 
significant surface smoothness and thickness variation on the produced 
prototypes, which is not reproduced in the numerical models and can be 
observed variability in the volume of this prototypes.

The failure mode is also similar. A crack propagated in the transition 
zone and bearing of the upper holes is visible, which is shown in Fig. 15. 
The Digital Image Correlation results also match the numerical simu-
lations, demonstrating accurately its behaviour under tension (see 
Fig. 14).

5. Topology optimization of T-joints

5.1. Definition of the optimization objective and parameters

5.1.1. Numerical model
The topology optimization was performed using the software 

Fig. 20. Initial optimized geometries (25 % of initial volume).

Table 4 
Strain Energy x Optimization procedure.

Name Strain Energy (N * mm) Ratio (Initial Strain Energy) Constraint Fraction of Volume (%) Volume (mm3 × 103)

TUBE (DB1) 6.90E+ 04 100.0 % - 100.00 % 1704.5
TUBE 8.01E+ 04 116.09 % - 26.07 % 444.4
CB1 7.59E+ 04 110.0 % 25.0 % 26.15 % 445.7
SIMP 3.79E+ 05 549.5 % 25.0 % 24.94 % 425.1
RAMP 8.46E+ 05 1226.5 % 25.0 % 25.43 % 433.5
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TOSCA/ABAQUS [21]. The numerical model was created according to 
the modelling assumptions previously described in section 4.3. For the 
definition of the optimization problem, it is required to specify the 
optimization method, the optimization region, apply constraints, and 
specify the optimization function. Moreover, two parameters were 
investigated: the optimization region (optimization block) and the types 
of optimization method.

For the optimization region, two alternatives were considered: i) a 
solid block (DB1) in the intersection zone of the T-joint (see Fig. 16a); or 

ii) an alternative larger solid block (DB2), which provides a larger and 
less constrain design space (see Fig. 16b).

In comparison with the model presented in section 4.3, simplified 
boundary conditions were applied to save calculation time. The joint is 
connected by four bolts in the zones that cannot undergo any modifi-
cation, non-design regions. The bottom of the bolts (B1 and B2) on each 
side of the connection is restrained from translation and rotation in all 
directions. The bolts on top (B3 and B4) are coupled to a reference point 
X. The load of 100 kN is applied at the RP X, the rest of the degrees of 
freedom are restrained (see Fig. 17). The magnitude of the load was 
selected regarding the force-displacement curve of the non-optimized 
tube, approximately 2/3 of the load corresponding to the elastic region.

5.1.2. Topology optimization procedure
The software ABAQUS has two methods for topology optimization: 

sensitivity-based and condition-based optimization. The sensitivity- 
based optimization [18] modifies the stiffness and density while trying 
to achieve the objective function and satisfying the constraints. More-
over, for this method in ABAQUS, three material interpolation tech-
niques are available: Rational Approximation of Material Properties 
(RAMP), Solid isotropic material with penalization (SIMP), and the 
ABAQUS default (DEF), a SIMP variation. In contrast, condition-based 

Fig. 21. Optimized shapes from the Design Block 2.

Table 5 
Strain energy x Fraction of the volume for DB2.

Name Strain Energy 
(N * mm)

Ratio (Initial 
Strain Energy)

Constraint Fraction of 
Volume (%)

TUBE 
(DB2) *

6.66E+ 04 100.0 % - 100.0 %

CB1 
(DB2)

7.63E+ 04 110.0 % 10.0 % 11.3 %

SIMP 
(DB2)

3.76E+ 05 549.5 % 10.0 % 9.9 %

RAMP 
(DB2)

3.75E+ 05 563.47 % 10.00 % 9.95 %
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optimization (CB) [19] uses the strain energy and stresses at the nodes 
instead of the local stiffness. All of these alternatives are considered in 
the model to find the optimal topology.

The objective function is set as the strain energy of the whole model, 
given the relationship between stiffness and strain energy the procedure 
attempts to minimize strain energy, maximizing the stiffness, using the 
volume as the constraint. As the design block 1 of the optimization 
model is solid, this constraint assumes the value 25 % to be similar to the 
l volume of the equivalent region in the non-optimized hollow T-joint.

Since the above-mentioned procedure is performed for linear elastic 
material and the objective function aims to satisfy the stiffness 
requirement, there is no information regarding the resistance of the 
joints. Hence, after each TO geometry was obtained, large displacement 

Fig. 22. Reinforced joint.

Fig. 23. Load vs displacement curve for selected t-joints.

Table 6 
Parameters of selected T-joints.

Name Initial 
Stiffness

Plastic 
resistance

Resistance Load at 
ε= 0.05

Volume

Si [kN/ 
mm]

Fy [kN] Fy [kN] (mm3 ×

103)

TUBE 114.48 137.63 142.87 444.4
REINFORCED 122.37 134.727 145.39 476.4
CB1 116.90 133.38 139.12 428.4
CB1(DB2) 63.39 75.11 83.56 448.8
SIMP 32.12 51.51 52.89 425.1
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materially non-linear analyses were performed to evaluate the impact of 
plasticity for the selected geometries. These analyses are implemented 
with the material properties given in Section 4.3 (using the T-joint_0 for 
the top part and T-joint_90 for the bottom part) and are further referred 
to as plastic analysis. The validations were carried out under displace-
ment control with 20 mm applied displacement, similar to the non- 
optimized T-joint as described in Section 4.2. Further information 
about the optimization process is shown in Table 2. A flowchart of the 
optimization process is presented below.

To assess the influence of these parameters, they are firstly compared 
separately and then combined together in the final optimization. The 
optimization procedures are evaluated and compared by the stress 
levels, the optimized geometry, and structural behaviour, which is ob-
tained by a plastic analysis (validation) using ABAQUS (Finite Element 

Methods – FEM). This study evaluates: (1) the two optimizations 
methods available in TOSCA including their material interpolation 
technique, (2) the volume constrains set at 25 % of the volume, which is 
similar to the regular T-joint and (3) the two design blocks discussed in 
Section 5.1.1, where the optimization occurs.

5.2. Comparative analysis of results

5.2.1. Reference case
Firstly, a reference case was analysed which is later used for com-

parison of the optimization results to assess the efficiency. The results of 
the relation between strain energy and reduced volume are given in 
Table 3 that compares the reference solution (TUBE) with the optimized 
solutions using the CB algorithm. The TUBE(DB1) below represents the 
model before optimization, which has the optimization region has a 
solid block, so its volume is considerably higher than others. A 
constraint of 25 % was selected for the optimization region, the final 
output geometry would have a similar volume to the FEM_TUBE.

Fig. 18 demonstrates the resulting geometry and the density of the 
mesh by a range of colours from red (density = 1.0) to dark blue (density 
= 0.0).

5.2.2. Influence of the optimization procedure
In this section, the different optimization algorithms (sensitivity- 

based with three material interpolation and condition-based) are 
assessed assuming the same fraction of volume (25 %). Fig. 20 depicts 
the results of the four algorithms (CB, DEF, SIMP and RAMP). The DEF 
and SIMP techniques converged to identical shapes, where no material is 
placed at the bottom of the tube. The RAMP converged to a geometry 
between the DEF/SIMP and the condition-based algorithm (CB1). 
Furthermore, the last row of Fig. 19 illustrates the density in each 
element of the mesh that agrees with the optimization procedure, in 
which SIMP and RAMP have a significant number of intermediate ele-
ments compared to CB1 demonstrating the tendency of the condition- 
based optimization to a binary density.

As the CB1 T-joint exhibits the most consistent optimized geometry 
and the best minimum strain energy between all attempts, this model is 
henceforth used (see Table 4)

5.2.3. Influence of the design space
In this section, the influence of the design block (Fig. 16) on the 

optimized shape is assessed. The results of the different methods are 
compared analysing the results of the Design Block 2. DEF and SIMP lead 

Fig. 24. Transition from geometry to virtual weld beads.

Fig. 25. Connection between non-design and design region.
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Fig. 26. Re-planning outcome.

Fig. 27. Adopted workflow.

Fig. 28. Optimized joint during the re-engineering (RHINO7).
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to very similar results as Design Block 1, where no material is left in the 
bottom part of the joint. All material is directed to the top to form an 
inverse "V" shape connecting the sides to the top part.

CB maintains a link between the two bottom sides, which is struc-
turally more stable (see Fig. 21). However, the optimized geometries are 
very thin and prone to instability, which was confirmed by the non- 
linear analysis. This is illustrated by the load-displacement curve of 
the alternative design block and the lower strain energy (see Table 5).

5.3. Reinforced geometry

Although the performance of the Design Block 2 (DB2) was not 
desirable, the larger design space might lead to a better-optimized 
shape. Hence, the CB optimization of both design blocks was com-
bined into a single joint to verify if the members in the added design 
space could lead to improved performance. The new optimized joint is 

called "REINFORCED", shown in Fig. 22.
The new geometry was created by combining the results from CB- 

optimized shape from DB2 and CB1 using a smaller design block. 
Fig. 23 compares the force vs displacement curves for the reference joint 
and the three optimized solutions. For each curve, the corresponding 
Plastic load and load corresponding to 5 % plastic strain were calculated 
according to the definition in Fig. 12. Table 6 compares the corre-
sponding parameters. The CB1(DB2) curve presents a hardening 
response at about 60 kN, corresponding to the contact of the hard con-
tact of the bolts that fix the bottom tube. The same occurs for the other 
optimized solutions, albeit in the post-limit range, already over the 
plastic resistance of the joint. The nonlinear plastic analysis revealed 
promising results regarding its mechanical behaviour compared to the 
TUBE (see Fig. 23 and Table 6). However, the reinforced joint has more 
volume than the tube due to the addition of material. Finally, CB1 and 
REINFORCED were selected for the next step.

Fig. 29. Optimized joints after re-engineering.

Fig. 30. Load vs displacement curves of reengineering t-joint.
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5.4. Summary

In this section, several TOs were carried out varying – the design 
region, TO method, and constraints. It was shown that depending on the 
inputs, the results may vary significantly. Based on the results obtained, 
it was concluded that: 

– CB1 gave better results than SIMP regarding their force- 
displacements curves.

– Larger design space may lead to the most efficient solution, since the 
TO algorithm has more possibilities to remove elements.

– Combination of optimizations can result in a better geometry.

6. Manufacturing of TO joints

6.1. Manufacturing challenges

After the topology optimization, ideally the part is directly manu-
factured. This is not always possible due to the manufacturing con-
straints which are present in every process. In this section, the 
translation from geometry (CAD) to the final part is discussed. The ge-
ometry resulting from the simulation was modified to make it as smooth 
as possible (Input Model), then it is divided into layers (Slicing) where in 
each layer the toolpath is specified depending on the thickness of the 
weld and finally converted into robot code which is used for 
manufacturing (see Fig. 24).

The slicing procedure is conducted using the software Slic3r, which 
is originally developed for polymer 3D printing. Hence, it does not have 
the flexibility to consider some of the features related to metals such as 
variable bead geometries and distortions inherent to WAAM. Therefore, 

Fig. 31. Manufacturing of CB1 and REINFORCED.

Fig. 32. Manufacturing of optimized design region.
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a re-planning is required to adjust the layer’s sequence and material 
placement, and re-plan trajectories considering TCP (Tool Centre Point) 
tool orientations and possible collisions.

The re-planning focused on grouping similar layers and on per-
forming validations with experimental campaigns to better define the 
weld-on-weld coordinates and interactions such as step-over and over-
lap distances. The initial approach focused on manufacturability, 
applying looser criteria for geometry accuracy. For the first optimized T- 
joint, there are three sensitive areas: 

• Transition between tubular part and optimized part (1) – Fig. 25.
• Maintaining the stability of the thinnest parts of the optimized part 

(2) are further referred to as triangles – Fig. 26.
• Overhangs in optimized part (3) – Fig. 26.

The first area Transition between optimized and non-optimized zones 
causes a problem for fabrication because of the difference in thickness 
and geometry between the tube and the optimized part triangles (see 
Fig. 25). In this case, the difficulty arises from the fact that there is no 
material to support the diagonal line of the triangle shape in the opti-
mized part, hence a transition was added in the shape of a reverse 
pyramid shape to gradually extend to the optimized geometry. These 

layers were accomplished by adjusting the step-over and adding a slight 
tool angle to weld towards previously welded material. This same 
transition is added to the top of the lower tube, now as a pyramid for 
symmetry.

The other challenges are internal triangular structures (see Fig. 26) 
mainly due to their size (≈14x10mm), internal infill and sharp angle 
(≈30º) which lead to several issues such as accumulated material and 
poor corner definition if produced directly from the slicing. The solution 
was to split the triangle into two paths (represented in Fig. 26 with a 
blue and red colour at Letter A). Through this approach and by changing 
the weld direction between layers, it was possible to retain the corner 
shape more accurately, minimizing the accumulation of error in a spe-
cific corner.

Yet, there was a problem with the infill path that caused more ma-
terial to accumulate internally; this is explained by the short length of 
the welding trajectory that caused material accumulation due to local-
ized heat input. This situation was avoided by executing two "L" paths 
before an "infill" path (two red lines before a blue line in Fig. 26).

Another critical problem that limited manufacturing was the pres-
ence of overhang features (Fig. 26). Even though uniformization was 
applied to the geometry during the re-engineering that restricted the 
angle of the overhangs, there is still a need for tool angles because of 

Fig. 33. Experimental test of the optimized T-joint CB1.

Fig. 34. General overview of the numerical model of optimized T-joint CB1.
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system limitations. In this case, tool inclination was applied which 
approximately aligns the tool perpendicular to the edge line of the 
overhang in combination with alternating start and end points. The 
adopted strategy was a gradual convergence of structures using in-
clinations that would eventually join. Nevertheless, the final appearance 
of the overhang structures was not identical to the CAD.

6.2. Adopted procedure

As discussed in the previous section, the optimized geometry from 
ABAQUS software is not directly suitable for additive manufacturing 
because of irregularities such as small curves and angles and limited 
thickness. In addition, it was shown that in several steps the geometry 
has to be reconsidered to avoid manufacturing challenges. Hence, the 
application of the ideal workflow shown in Fig. 1 is not applicable. The 
irregular geometry enforces the use of different production parameters 
which can result in iterations between the initial CAD model, Slicing and 
Production planning, as previously discussed Fig. 2. Consequently, the 
workflow must include (see Fig. 27): 

• Re-engineering aiming at the consideration of several parameters 
within the CAD stage thus avoiding iterations related to the 
geometry.

• Manufacturing which considers challenging geometrical features and 
discusses the way to tackle them.

6.2.1. Reengineering
To simplify the printing process and rationalize the topology opti-

mization output, the CB1 and REINFORCED models were re-engineered 
using the software Rhino7 [45]. This process involves adjustment of the 
geometry into regular and repeated shapes keeping the initial volume as 
target. All curves in the optimized geometry are smoothened to produce 
a geometry which respect a minimal inclination of 45º and thickness of 
approximately 4 mm (see Fig. 28); these restrictions were applied 
considering the manufacturing limitations. Yet, the reengineering is not 
limited to simply smoothening the geometry, but it also considers the 
generation of a geometry as symmetric as possible to simplify the 
re-engineering, stress distribution, and pre-printing procedure, which 
considers slicing and path planning.

As part of the reengineering process, it is necessary to run plastic 
analysis in Abaqus in order to validate that the reengineered geometry 
still satisfies the requirement for strength and stiffness of the part. 
Consequently, if it behaves similarly to the CAD geometries it is 
approved for manufacturing (see Fig. 29). The Reinforced Reengineered 
(REINFORCEDREENG) joint was not weakened by the process, besides 
the removal of material. In contrast, the CB1 Reengineered (CB1REENG) 
was affected by the process due to changes in the geometry related to 
printing limitations at the time.

Fig. 30 shows clearly that the REINFORCEDREENG achieved a better 
performance when compared to the reference solution, with a lower 
volume of material. REINFORCEDREEENG and CB1REENG are further 
referred to as REINFORCED and CB1, respectively.

6.2.2. Manufacturing
This printing process was further improved by employing overhang 

support constructed by spot welding, which was applied in the REIN-
FORCED joint. The spots were welded on each side until they met in the 
centre. After a cooling period, the material was carefully deposited on 
top of it, considering heating and fusion penetration. A pleasing round 
shape was constructed that solved the previous overhang issues (see 
Fig. 31).

A further challenge in the printing process of the REINFORCED joint 
was the support structures connecting the bottom to the top part (see 
Fig. 32). The approach was to manufacture the support with a specific 
angle until it was close enough to the top part to implement a different 
deposition trajectory. The welding path was adjusted to cross the tri-
angle and support in a single weld, enforcing a solid connection between 
them.

7. Experimental and numerical assessment of optimized joints

7.1. Experimental tests

The experimental tests comprised a total of 4 optimized specimens: 
two CB1 optimized t-joints, and two REINFORCED optimized t-joints, in 
addition to the reference T-joint. They are subjected to the same tensile 
test procedure described in Section 4.2 (see Fig. 33).

Fig. 35. Non-optimized vs. CB1 T-joint – Load vs displacements curves.
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7.2. Numerical models

The numerical simulations for CB1 and REINFORCED T-joints con-
sisted of the same FE model as the regular T-joint, specified in Section 
4.3 (see Fig. 34).

7.3. Results and discussion

This subsection analyses and discusses the results of the two final 
optimized solutions CB1 and REINFORCED with the reference T-joint. 

Fig. 35 compares the CB1 T-joints and the reference T-joints both in 
terms of the experimental test results and the numerical simulations. 
Firstly, as already reported in Section 4.4, the experimental and the 
numerical curves for the TUBE T-joint show perfect agreement up to the 
plastic resistance and until a plastic displacement of about 5 mm, 
(approximately 10 % of the maximum equivalent plastic strain).

The numerical results for CB1 also coincide with the TUBE up to that 
level of deformation. However, a significant difference is observed in the 
two CB1 experimental results in terms of the initial stiffness. This 
happened due to the defects of the printed shape resulting in lower 

Fig. 36. Non-optimized vs. CB1 T-joint – Deformed shapes.
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stiffness of the joint as only the top part of the bottom tube deforms in 
bending.

Fig. 36 shows the deformed shape of the two joints at the last iter-
ation of the numerical simulations and after the experimental tests. The 
strain concentration happens at similar locations, being the main dif-
ference occurring between the deformed shapes. CB1 presents de-
formations on the lower horizontal struts of the bottom tube due to the 
large openings in the side walls. The experimental deformed shape of 
CB1 shows that the initial defects caused cracks, preventing the bottom 

tube from bending as a whole.
Fig. 38 compares the REINFORCED T-joints (REINFORCED1 and 

REINFORCED2) and the reference T-joints both in terms of the experi-
mental test results and the numerical simulations. The REINFORCED_2 
T-joint is exactly like REINFORCED_1 except for a reinforcement in the 
areas of the circular holes on the top part, as was also done for TUBE. 
Therefore, the optimized regions were identical (see Fig. 37).

In this case, there is an excellent match between all joints (experi-
mental and numerical) in terms of initial stiffness (Table 7 and Fig. 38). 
Table 7 shows that the plastic resistance is significantly increased by 
approximately 30 % when comparing REINFORCED_1 and TUBE, and 
40 % for REINFORCED_2 versus TUBE, at a load level well beyond 
150 kN. The difference between REINFORCED_1 and REINFORCED_2 is 
explained by early yielding around the first bolt row and failure region. 
The average strain in the expected failure region (Point 2, Fig. 39) is 
about twice the average strain in the first bolt row (Point 1, Fig. 39) for 
the REINFORCED_2 specimen. However, for REINFORCED_1, the 
average strain in Point 2 is only 25 % higher than the average strain in 
Point 1. Analyzing the load at 5 % equivalent plastic strain, the same 
trends are observed as for the plastic resistance.

Figure 39shows that the REINFORCED_1 joint exhibited net cross- 
section failure at the first hole in the top part, outside the region of in-
terest, while REINFORCED_2 failed by transverse tensile cracking in the 
top face of the bottom tube next to the diagonal legs connecting to the 

Fig. 37. REINFORCED_2 T-joint.

Table 7 
Properties of T-joints.

Name Initial Stiffness Plastic resistance Ultimate Load Volume Volume DB PRV ratio

[kN/mm] [kN] [kN] [mm3 x 103] [mm3 x 103] -

FEM_TUBE 100.78 145.92 - 410.4 155.36 0.81
EXP_TUBE_1 101.71 137.82 256.05 392.6 137.56 0.80
EXP_TUBE_2 105.50 150.89 273.16 402.2 133.42 0.86
FEM_CB1 102.62 151.68 - 418.7 163.66 0.83
EXP_CB1_1 62.42 127.51 204.99 467.0 211.96 0.62
EXP_CB1_2 74.86 134.84 210.49 474.7 205.92 0.65
FEM_REINFORCED_1 95.26 192.93 - 418.9 153.86 1.05
EXP_REINFORCED_1 105.33 177.82 276.69 389.1 134.06 1.04
FEM_REINFORCED_2 103.47 198.38 - 428.5 153.86 1.06
EXP_REINFORCED_2 108.30 207.73 313.62 419.1 114.46 1.13

Fig. 38. TUBE (Non-optimized) vs. REINFORCED T-joints – Load vs Displacement curves.
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top tube. Finally, Fig. 40 and Table 7 shows that the REINFORCED joints 
used a similar amount of material with a better plastic resistance and 
ultimate load than the TUBE_1, which is the reference case in Fig. 40. As 
the volume of the experimental specimens has a small variation due to 
thickness variations and surface smoothness, a plastic resistance to 
volume ratio (PRV ratio) is introduced to see clearly the advantage of the 
REINFORCED T-joints. This ratio was calculated by dividing the 
normalized plastic resistance by the normalized volume (each one was 
normalized by the highest value of its column – highlighted in red on 

Table 7). To complement this information, the volume of the optimi-
zation region (Volume DB) alone is computed, which shows that the 
volume of the REINFORCED T-joints in that region of interests is smaller 
than the others.

8. Conclusions

This paper addressed the integration of topology optimization with 
wire arc additive manufactured steel based on a simple example of a T- 

Fig. 39. Non-optimized (TUBE) vs. REINFORCED T-joints – Deformed shapes.
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joint. The complete workflow, from design to manufacture was consid-
ered. The following conclusions were achieved from this case study: 

– Using a classical linear workflow that splits the CAD model (design 
and optimization), slicing and production are not compatible with 
practical applications because there is lack of guidance on how to 
perform TO, WAAM process limitations and preparation for 
manufacturing.

– The available optimization algorithms in structural analysis software 
led to significantly different optimized geometries. This confirms the 
need for guidance on how to apply TO in order to avoid iterations.- 
An iterative coupled workflow based on a digital process that takes 
advantage of interoperability between software can combine the 
mechanical criteria with the execution constraints and path 
planning.

– It was always necessary to assess the results of the optimization with 
advanced nonlinear material and geometrical FE analyses with im-
perfections to validate adequate structural performance.

– It was possible to overcome several challenges in the production step, 
namely related to the transition between the standard parts and the 
optimized parts, the printing of thinner parts, the execution of 
overhangs, and the achievement of smooth surfaces in the openings. 
A RE-ENGINEERING step was therefore proposed and validated.

– The best optimization of the T-joint (REINFORCED) was accom-
plished from a combination of two optimization results using 
different optimization regions, followed by a re-engineering step that 
reduces its volume and prepared the geometry for printing without 
impacting its properties.

– The T-joint case study was shown that an optimized solution can be 
designed and manufactured. It was proven by experimental tests that 
it is possible to achieve a gain of 30–35 % in plastic resistance with 
approximately the same amount of material.

While this study contributes valuable insights into all the steps of 
process and demonstrates the feasibility of an optimized geometry 
manufactured with WAAM, the process demands a finer structure. One 
avenue for future research is to construct a more ‘linear’ framework that 
includes all procedures (from first design to manufactured geometry) 
and each step can incorporate specifications from the others, which may 
lead to a more efficient and less iterative process. Moreover, a more 
comprehensive understanding of the integration of WAAM and TO may 
be obtained by applying this workflow to a different and more complex 
geometry. This gradual increment on the difficulty of the case study will 
lead to a feasible application in practical engineering problems.
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