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Abstract

Wire-and-Arc Additive Manufacturing (WAAM) has been recently adopted to create innovative

structural forms and architectural shapes. As shown by a few experimental investigations, the

layer-by-layer deposition induces a remarkable anisotropy in the elastic response of the WAAM-

produced alloys. A suitable topology optimization technique is implemented to account for this

peculiar behavior of the material, which is generally disregarded in design tools that are conceived

for traditional manufacturing. First, an orthotropic material model is derived from the data of an

experimental investigation that was recently performed on alloys made with 308LSi stainless steel

wire feed. Then, an optimization procedure is implemented that exploits, as design variables, not

only the density field of an orthotropic material phase, but also the orientation of the symmetry

axes of such a material with respect to a reference frame (i.e. the printing direction used to build

the whole structural element). Minimum weight problems with displacement constraints are solved

to find optimal solutions that are compared to those achieved by performing topology optimization

with (i) isotropic stainless steel or with (ii) the WAAM-produced alloy for prescribed orientations.

Numerical simulations assess that the printing direction remarkably affects the stiffness of the
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optimal layouts, as well as their topology.

Keywords: structural optimization, topology optimization, wire-and-arc additive manufacturing,

build orientation, orthotropic material, additive manufacturing, 3D printing.

1. Introduction

Along the centuries, the evolution in building construction has always been strictly linked

to significant advancements in material science, technology, industrial processes and engineering

[1]. During the last 30 years, the way structures have been designed, planned and built changed

completely with the technological innovations offered by software for Computer-Aided Design

(CAD). This replaced manual drawings, without however, at the beginning, changing the resulting

architectural shapes.

In the early years of the 21st century, a new design approach in architecture started to emerge

resulting in novel forms thanks to the introduction of three-dimensional computer modelling and

digital fabrication methods. More recently, with the advent of the “digital turn” [2], novel com-

puterized tools for architecture, structural and civil engineering have gained influence, enabling

the design and construction of buildings with complex, doubly-curved geometry, such as shell

structures and other free-form designs, see e.g. [3, 4].

Additive Manufacturing (AM)-based technologies are already commonly used in other sectors

such as aerospace, automotive and biomedical engineering, see e.g. [5, 6]. In the last few years,

the fast development in digital fabrication techniques is leading towards applications also in the

field of structural engineering. Among the different AM processes, the Wire-and-Arc Additive

Manufacturing (WAAM) technology, which consists of standard welding equipment mounted on

top of a numerically-controlled robotic arm, allows for a relatively fast realization of members of

large dimensions (up to few meters span). For such reason, it results to be the most suitable

technique for civil engineering and construction applications to realize innovative architectural
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forms, with ideally almost no limitations in size or shape, see in particular [7–9].

Recent investigations on the microstructural and mechanical characterization of WAAM stain-

less steel members revealed the anisotropic nature of the material peculiar to the layer-by-layer

deposition process. Different mechanical properties of the material are reported along different

directions, in terms of both Young’s modulus and strength [10–18].

Topology optimization (TO) [19] is a powerful design tool to sketch lightweight structural com-

ponents, see also [20]. TO distributes a prescribed amount of material with the goal of minimizing

an objective function, given a set of constraints. The design variable is the point-wise “density”

of the material that takes values in the range ]0, 1] to affect the elastic properties of the material

through a suitable interpolation law. To achieve pure 0-1 solutions, i.e. structures made by “full

material” and “void”, the so-called Solid Isotropic Model with Penalization (SIMP) can be used,

see e.g. [21, 22]. The SIMP is a power law interpolation of the elastic modulus that remarkably

penalizes intermediate densities of the material.

Lots of efforts are being made by the scientific community towards AM and TO to leverage the

full potential of their combined use. For an overview of recent trends and developments, reference

is made to review papers such as [23] and [24].

In many approaches of topology optimization for additive manufacturing, the build direction

is mainly addressed with respect to possible overhang issues. In a layer-by-layer printing process,

when the upper layer is not entirely supported by the lower one, additional supports may be

requested to sustain overhangs and bridges. Reference is made e.g. to [25] and [26] for the

optimal design of supports in layer-by-layer fabrication process, and to [27] and [28] for stage-

dependent approaches of topology optimization. In general, the build orientation is set a-priori in

a topology optimization problem. In the work by [29] and [30] simultaneous part and orientation

optimization is performed to achieve optimal layouts that are self-supporting or need for limited

amount of support. The recent contribution by [31] explores flexible fabrication beyond planar
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layer-by-layer deposition, by investigating the concurrent optimal design of a structure and its

fabrication sequence.

In this work, the build orientation is taken into account with respect to the anisotropy affecting

the mechanical response of the printed material.

It must be remarked that the mechanical implications of the material orientation are of pri-

mary importance in special classes of optimization problems. This is the case e.g. of topology

optimization with oriented periodic microstructures, see in particular [32] and [33], and of com-

posite optimization [34]. Among the others, the work in [36] addresses the simultaneous design

of density and orientation of anisotropic material supporting both continuous and discrete orien-

tation design. In [37] the topology and the fiber angle distribution of two-dimensional composite

structures are simultaneously optimized, also showing that different optimal shapes arise in case

of quasi-isotropic material and composite laminate. The work in [38] investigates the optimal dis-

tribution and orientation of the fiber-reinforcement to strengthen plates adopting a SIMP-based

approach, whereas the contribution in [39] presents an effective formulation for stress-constrained

topology optimization using layer-wise theory for composite laminates, see also [40]. The recent

work in [41] performs concurrent optimization of spatial distribution and material orientation, by

writing the compliance tensor of orthotropic two-dimensional media in terms of polar invariants

[42] and performing a double minimization of the complementary energy. In all the above men-

tioned approaches, the orientation of the material is an unknown field. Indeed, it can take different

values within the part.

In this work WAAM is addressed focusing on a layer-by-layer manufacturing process that

adopts the same build orientation within the part. Indeed, the WAAM process commonly adopts

a constant build orientation in the fabrication of the same part, with the aim of achieving high

quality of the outcomes [15]. At first, based on some recent experimental tests on alloys produced

with 308LSi stainless steel wire feed, a suitable orthotropic material model is derived. Then, a
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displacement-constrained minimum weight formulation is presented that adopts as design variables

not only the density field, but also the printing direction, i.e. the angle between the symmetry axes

of the orthotropic alloy and the axes of the reference system of the part. The arising optimization

problem is solved through sequential convex programming. The adjoint method is used to compute

sensitivity with respect to the unknowns in an efficient way.

Numerical simulations are presented to show that the build orientation remarkably affects the

shape and the stiffness of the achieved optimal design. Comparisons with optimal layouts achieved

in the case of isotropic steel and orthotropic alloys with given orientation are addressed as well.

The paper is organized as follows. Section 2 is devoted to the Wire-and-Arc Additively Man-

ufactured material. Section 2.1 reports the experimental results that are used in Section 2.2 to

address the orthotropic modeling of the printed material. The simultaneous design of topology

and build orientation within a displacement-constrained minimum weight problem is addressed in

Section 3. Section 4 presents numerical simulations, whereas Section 5 concerns conclusions and

ongoing research.

2. The Wire-and-Arc Additively Manufactured material

Wire-and-Arc Additive Manufacturing consists of an electric arc as heat source and metal

wire as feed. The process is usually realized through a numerically-controlled robotic arm with

a velocity of 2 to 10 kg/hour. The printed outcome of a WAAM process is typically a planar

geometry created through the deposition of successive layers of welding metal. Thus, the element

is characterized by two main directions: one along the deposited layer (longitudinal direction) and

one perpendicular to it (transversal direction).

2.1. Experimental investigation

Several experimental studies focused on the possible anisotropic behavior of WAAM-produced

elements [13–18]. First, the deposition of successive layers results in a non-uniform geometry
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Figure 1: As built WAAM-produced stainless steel plate [16, 18, 43]. The longitudinal direction (L), i.e. the
direction of the printed layers, corresponds to the horizontal direction in this picture.

and surface, thus providing an inherent surface roughness and non-negligible discrepancy of the

real geometrical shape with the nominal one [16, 18, 43]. Moreover, the microstructural analysis

proved that the deposition layers induce an anisotropic microstructure, see e.g. [12]. This affects

the mechanical response of the members, so that the apparent stiffness and strength depends on

the direction of the applied load.

Recently, some of the authors carried out a wide experimental investigation at University of

Bologna labs aimed at characterizing the WAAM-produced stainless steel material for structural

engineering applications. In detail, a series of experimental tests on planar specimens realized

with 308LSi stainless steel wire feed has been developed. From the geometrical point of view,
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Figure 2: Dog-bone specimes cut from the as-built WAAM-produced plate [16, 18, 43].

volume-based measurements and 3D scanning acquisitions have been performed, to study the

surface roughness and distribution of thickness variation along the specimens with reference to the

random process theory [18]. Figure 1 shows the typical surface roughness of the as-built planar

elements, which are plates with nominal (average) thickness 4 mm. Then, further studies focused

on the mechanical response of the material have been performed. To this aim, dog-bone specimens

were obtained by cutting samples from the as-built plate along the longitudinal direction (L), the

transversal direction (T) and a diagonal direction (D) that is inclined of 45◦ with respect to the

previous ones, see Figure 2. Samples were subsequently polished by means of mechanical milling, to

achieve uniform cross-section throughout each specimen, see Figure 3. Tensile tests were performed

to compute the Young’s modulus (E), the 0.2% proof stress (Rp,02), the ultimate tensile strength

(UTS) and the elongation at rupture (A%). For specimens L and T, the transversal elastic strain

was also measured to compute the ratio to the longitudinal strain in the elastic loading direction,

i.e. to derive the Poisson’s ratio ν. Mean values and standard deviations of the key mechanical

parameters along the longitudinal (L) transversal (T) and diagonal (D) directions are reported in

Table 1 for the WAAM material, along with mean values for Grade 304L stainless steel according
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Material E [GPa] Rp,02 [MPa] UTS [MPa] ν [-]

WAAM-L 135.84 ± 15.42 340.67 ± 20.21 567.39 ± 17.12 0.46 ± 0.07
WAAM-T 106.09 ± 2.98 352.54 ± 18.36 552.53 ± 48.30 0.38 ± 0.04
WAAM-D 243.09 ± 32.79 412.90 ± 39.33 604.81 ± 61.68 -

Grade 304L 200 190÷ 230 500÷ 540 0.3

Table 1: Key material properties of WAAM-produced stainless steel [17, 18] vs. Grade 304L stainless steel [44].

to Eurocode 3 provisions [44]. Indeed, this is adopted as the reference isotropic material to address

conventional subtractive manufacturing in the following simulations.

In order to further compare the different orientations, Figure 4 shows through histograms mean

values and deviations of the material properties for directions L, T and D with reference to Grade

304L.

The ultimate tensile strength of WAAM material is not very sensitive to the specimens ori-

entation, being the gap between the maximum and minimum values observed in the experiments

around 6%. Both values are slightly bigger than those of the conventional interval given for the

reference steel. Referring to the 0.2% proof stress of WAAM specimens, the minimum value among

the tests is found in the longitudinal direction, whereas the maximum one arises in the diagonal

direction (about +20%). With respect to the reference stainless steel, the offset yield point of

WAAM material occurs at remarkably higher stress values, regardless the specimens orientation.

In terms of Young’s modulus, the lowest value of the tested WAAM specimens is found for the

transversal direction, whereas the maximum one arises in the diagonal one (about +130%). Look-

ing at both longitudinal and transversal directions, WAAM material is much more flexible than

the conventional steel, while it is approximately 20% stiffer in the diagonal direction.

Hence, a remarkable influence on the orientation arises in terms of stiffness, while tensile

strength is less affected by the specimens orientation. In the following sections, the characterization

of the material will focus on the former issue.
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(a) (b)

Figure 3: Surface roughness of the dog-bone specimens: as cut from the as-built plate (a), after surface milling (b)
[16, 18, 43].

Microstructural features of the WAAM-produced stainless steel referenced above were origi-

nally investigated in [17]. The as-built samples were found to be substantially defect-free and

characterized by a fully dense material. The microstructural characterization performed in [17]

pointed out a hierarchical microstructure, consisting in deposition layers, columnar grains cross-

ing over layers, and a fine cellular sub-structure within the grains. The columnar grains and the

fine cellular sub-structure share the same orientation, i.e. they are perpendicular to the deposi-

tion layer. The very good properties in terms of 0.2% proof stress, ultimate tensile strength and

Young’s modulus observed in the diagonal direction are mainly related to the crystallographic and

mechanical fibering induced by the AM process. In the tensile testing of dog-bone samples, the

preferential slip direction for plastic deformation is oriented at 45◦ with respect to the main axis
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E [GPa] Rp,02 [MPa] UTS [MPa]

Figure 4: Overview of the key material properties of WAAM-produced stainless steel [17, 18] vs. Grade 304L
stainless steel [44].

of the specimen. For samples cut along the diagonal direction (D), a very high density of cell

boundaries is reported along this orientation, thus providing an effective obstacle to the arising of

plastic deformations. Reference is also made to [12] and [45] for further insight on the relationship

between microstructural evolution and tensile properties in WAAM-produced steel.

2.2. Orthotropic plane stress modeling

The material symmetries of the plates created through the WAAM technique, see Figure 1,

suggest the adoption of an orthotropic plane stress material model. The symmetry axes of the

orthotropic medium are denoted as x̂1 and x̂2, i.e. the printing direction (L) and the transver-

sal direction (T), respectively. In the material reference system Ox̂1x̂2, the components of the

stress tensor are re-gathered in the array σ̂ = [σ̂11 σ̂22 σ̂12]
T and, equally, ε̂ = [ε̂11 ε̂22 ε̂12]

T for the
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components of the strain tensor. Hence, ε̂ = Ĉ σ̂, where the compliance matrix reads:

Ĉ =


1/Ê1 −ν̂21/Ê2 0

−ν̂12/Ê1 1/Ê2 0

0 0 1/Ĝ12

 . (1)

In Eqn. (1) Ê1, Ê2 are the Young’s moduli of the material along x̂1 and x̂2, respectively, Ĝ12 is

the in-plane shear modulus and ν̂12, ν̂21 are Poisson’s ratios (ν̂ij > 0 corresponds to a contraction

in direction x̂j when an extension is applied in direction x̂i). The equality ν̂12Ê2 = ν̂21Ê1 holds.

A general reference system Ox1x2 is defined, denoting by θ the counterclockwise rotation of

the axis x1 with respect to x̂1. The stress-strain law in the global reference system reads ε = C σ,

being σ = [σ11 σ22 σ12] and by ε = [ε11 ε22 2ε12] the stress and strain components, respectively, as

written in Ox1x2. The compliance matrix reads:

C = Tε(θ) Ĉ T
−1
σ (θ) = Tε(θ) Ĉ T

T
ε (θ), (2)

where the transformation matrix for the strain tensor and the stress tensor may be computed as:

Tε(θ) =


c2 s2 cs

s2 c2 −cs

−2cs 2cs c2 − s2

 , Tσ(θ) =


c2 s2 2cs

s2 c2 −2cs

−cs cs c2 − s2

 , (3)

respectively, being c = cos θ and s = sin θ for brevity. It is recalled that ε = Tεε̂, σ = Tσσ̂ and

T T
σ Tε = I holds, see e.g. [46] and [47]. According to Eqn. (2), the inverse of the apparent elastic

modulus in the direction x1 reads:

1/E1 = c2
(
c2 − ν̂12s2

)
/Ê1 + s2

(
s2 − ν̂21c2

)
/Ê2 + c2s2/Ĝ12, (4)
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see C(1, 1), whereas the inverse of the apparent shear modulus referring to axes x1 and x2 reads:

1/G1 = (c2 − s2)2/Ĝ12 + 4c2s2 (1 + ν̂12) /Ê1 + 4c2s2 (1 + ν̂21) /Ê2, (5)

see C(3, 3).

Four elastic constants are needed to fully characterize the elastic response of the WAAM mate-

rial through Eqn. (1). The Young’s moduli along x̂1 and x̂2 are assumed equal to the relevant mean

values derived from the experimental investigation, i.e. Ê1 = 135.84 GPa and Ê2 = 106.09 GPa.

The following minimization problem is considered to select ν̂12 and ν̂12 such that symmetry of C

is met: min
ν̂12,ν̂21

(ν̂12 − νLT )2 + (ν̂21 − νTL)2

s.t. ν̂12Ê2 = ν̂21Ê1,
(6)

where νLT and νTL are the mean values of the Poisson’s ratios evaluated through experiments in

the longitudinal and in the transversal direction, respectively, see Table 1. Thus:

ν̂12 =
Ê1

Ê1 + Ê2

(νLT + νTL) = 0.47, ν̂21 =
Ê2

Ê1 + Ê2

(νLT + νTL) = 0.37, (7)

which are no more than 0.01 above or below the relevant experimental mean values. Finally,

recalling that the mean value of the apparent Young’s modulus in the diagonal direction ED is

known from the experimental investigation, the shear modulus Ĝ12 can be found by evaluating

Eqn. (4) for θ = 45◦. Therefore:

Ĝ12 =

(
4

ED
− 1− ν̂12

Ê1

− 1− ν̂21
Ê2

)−1

= 151.25 GPa. (8)
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The compliance matrices used in the simulations to handle the WAAM-produced stainless steel

and the Grade 304L stainless steel are:

Ĉw,0 =


0.0074 −0.0035 0

−0.0035 0.0094 0

0 0 0.0066

 ,

Cs,0 =


0.0050 −0.0015 0

−0.0015 0.0050 0

0 0 0.0130

 ,

(9a)

(9b)

respectively. Ĉw,0 is written in the material reference system, Cs,0 in the general reference system

and units are GPa−1.

Figure 5 shows polar diagrams of the apparent Young’s modulus and shear modulus of the

WAAM-produced stainless steel, as computed through Eqn. (4) and (5), respectively. Those of the

isotropic Grade 304 stainless steel are shown for comparison. The orientation θ is measured from

x̂1. The minimum value of the apparent Young’s modulus is along the transversal direction, i.e.

Emin = 106.09 GPa, whereas the maximum one Emax = 246.82 GPa is found for ±41.5◦. Emin <

Es, but Emax > Es, being Es the elastic modulus of Grade 304 stainless steel. The minimum value

of the apparent shear modulus Gmin = 42.14 GPa arises when the axes are rotated of ±45◦ with

respect to the material reference system, whereas the maximum value Gmax = 151.25 GPa is found

when the axes lie along the longitudinal and transversal directions. It is also remarked that any

normal stress exerted along one of the symmetry axes of the material generates axial strains only;

when arbitrary directions are considered, both axial and shear strains are expected.
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Figure 5: Polar plots of the Young’s modulus (a) and shear modulus (b) of WAAM-produced stainless steel and
of Grade 304 stainless steel. The angular coordinate identifies the direction along which the value is given with
respect to x̂1.

3. Simultaneous design of topology and orientation for minimum weight under dis-

placement constraint

The design of two dimensional structural elements for WAAM is herein formulated as a

displacement-constrained minimum weight problem.

In the numerical simulations presented in Section 4, the controlled displacement is that at

the loaded point along the direction of the applied force. The scalar product of the controlled

displacement and the applied force provides the work of the external load at equilibrium, i.e. the

compliance. Hence, the proposed problem is a compliance-constrained minimum weight problem,

which is in turn equivalent to a classical weight-constrained minimum compliance problem. The

same solution (up to a scaling) is expected to arise when considering either problem, see in par-

ticular [35], meaning that both formulations can be used to investigate the lightweight design of
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stiff structural elements.

The text that follows describes the formulation for the simultaneous design of topology and

orientation of the material. The numerical simulations presented in Section 4 include simulations

performed for different sets of prescribed orientations. A displacement-constrained formulation

allows investigating optimal layouts by enforcing requirements at the serviceability limit state. The

amount of material needed to meet this requirement is an outcome of the problem. This is used to

perform comparisons when different assumptions are made concerning the modeling/orientation

of the WAAM-produced material for the same example.

A finite element discretization of a given design domain is operated, employing standard four-

node displacement-based elements. A set of element-wise discrete design variables is considered.

In the e-th of the n elements of the mesh, 0 < ρe ≤ 1 is a variable that controls the “density”

of the orthotropic material. Additionally, the variable θ, see Section 2.2, governs the orientation

of the material. It remains the same throughout the design domain because it is assumed that

the printing direction does not change during the fabrication process. The range 0 ≤ θ < 180◦ is

used for the side constraints of this variable, see Figure 5. It must be remarked that θ governs the

(counterclockwise) rotation of the axis x1 of the general reference system with respect to the axis

x̂1 of the material reference system. Assuming that the design domain is described in the general

reference system Ox1x2, the orientation of the printed layers with respect to the axis x1 is given

by a (counterclockwise) rotation of this axis equal to α = 180◦ − θ, see Figure 6.

The Solid Isotropic Material with Penalization (SIMP) extensively used in topology optimiza-

tion [19] is modified to handle orthotropic media as follows, see in particular [36] and [48]. Due to

the adopted finite element implementation, the direct form of the constitutive law is considered,

i.e. σ = C−1 ε. In the e-th element, the constitutive matrix C−1(ρe, θ) may be written as:

C−1(ρe, θ) = ρpe Tσ(θ) Ĉ−1
w,0 T

−1
ε (θ) = ρpe Tσ(θ) Ĉ−1

w,0 T
T
σ (θ), (10)
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Figure 6: Orientation of the printed layers for an object described in the general reference system with axis x1 and
x2 (α = 180◦ − θ).

where Ĉ−1
w,0 is the inverse of the compliance matrix of the WAAM material in the material reference

system, see Eqn. (9a), and p = 3 is an interpolation parameter that penalizes intermediate

densities.

A problem for the simultaneous design of topology and orientation of the WAAM material can

be stated as:

min
0<ρe≤1,0≤θ<180◦

W =
n∑
e=1

ρeW0,e

s.t. K(ρ, θ)U =

(
n∑
e=1

ρpeK0,e(θ)

)
U = F,

ua ≤ ulim.

(11a)

(11b)

(11c)

In the above statement, the objective function is the weight of the structural element, which

is computed through the sum of the element contributions ρeW0,e, being W0,e the weight of one
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element for ρe = 1.

Eqn.(11b) prescribes the discrete equilibrium of the structural element. The global stiffness

matrix K(ρ, θ) is computed by assembling the element contributions that account for the constitu-

tive law given in Eqn.(10). The element stiffness matrix can be conveniently written as ρpeK0,e(θ),

where K0,e(θ) refers to ρe = 1. The load vector F allows computing the nodal displacement vector

U under the effect of a given point load acting along x1 or x2. The scalar quantity ua stands for

the displacement computed at the loaded node in the direction of the applied force. It may be

written as:

ua = LTU, (12)

where L is a vector made of zeros except for the entry referring to the relevant displacement

degree of freedom of the loaded node, which takes unitary value. Eqn.(11c) enforces a prescribed

limit ulim to ua. ulim ≥ u0 stands for the maximum displacement allowed at the serviceability

limit state, where u0 is the displacement computed for the design domain made of full material

with layers oriented in the most favourable direction. Eqn. (11) can be used to explore lighter and

lighter design by enforcing larger values of ulim ≥ u0. This is equivalent to making an investigation

by means of a volume-constrained minimum compliance problem with decreasing volume fraction

(≤ 1).

3.1. Numerical implementation

For simplicity, a conventional linear filter [49, 50] is implemented on the element variables ρe

to avoid potential issues that are well-known in topology optimization, i.e. the arising of mesh

dependence and checkerboard patterns [21]. The original variables ρe are mapped to the new set
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of ρ̃e as follows:

ρ̃e =
1∑
nHeh

∑
n

Heh ρh,

Heh = max(0, rmin − dist(e, h)),

(13a)

(13b)

where dist(e, h) is the distance between the centroid of the e-th and h-th element, and rmin is the

filter radius. Maps of the filtered design variables ρ̃e are plotted in the numerical section, since they

represent the physical “density” of the material in the elements. Alternative filtering schemes can

be straightforwardly considered in the proposed procedure. Among the others, Heaviside projection

techniques could be applied to the filtered density variables of Eqn.(13a) in order to achieve crisp

black/white solutions, see in particular the formulation proposed in [51]. This calls for the adoption

of a continuation approach, which means more iterations of the minimization algorithm to achieve

convergence. Also, the nonlinear adaptive spatial filter introduced by [52] could be implemented to

achieve layouts that fully comply with possible geometrical AM restrictions. This filter has been

successfully tested in conjunction with the projection technique given in [51] to find print-ready

solutions with black/white boundaries that do not require additional interpretation.

The optimization problem in Eqn. (11) is solved via mathematical programming, adopting

the Method of Moving Asymptotes (MMA) [53] as minimizer. MMA is an iterative method. At

each iteration, the minimizer provides the updated set of optimization unknowns, i.e. the current

values of the element densities ρe and the value of the additional variable θ. A structured mesh

using square finite elements is used to speed up the computation. Indeed, K0,e(θ) is computed

only for one element at each iteration.

The adjoint method is used to compute sensitivity, see e.g. [21]. Accordingly, ua in Eqn. (12)

does not change when adding at the right hand side a zero function derived from the equilibrium
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of Eqn.(11b), i.e.:

−λT
((

n∑
e=1

Ke(ρe, θ)

)
U− F

)
, (14)

where λ is any arbitrary but fixed vector. After re-arrangement of terms, the derivative of ua with

respect to the j-th element unknown ρj and that with respect to the variable θ may be computed

respectively as:

∂ua
∂ρj

= −λT ∂K(ρ, θ)

∂ρj
U,

∂ua
∂θ

= −λT ∂K(ρ, θ)

∂θ
U,

(15a)

(15b)

where λ satisfies the adjoint equation:

(
n∑
e=1

Ke(ρe, θ)

)
λ =

(
∂ua
∂U

)T
= L. (16)

Eqn. (15a) can be evaluated recalling that the derivative of the e-th element stiffness matrix with

respect to ρj is equal to pρp−1
e K0,e(θ). This sensitivity is null if e 6= j.

To compute Eqn. (15b), the derivative of Eqn.(10) with respect to the variable θ is required.

It simply reads:

∂C−1(ρe, θ)

∂θ
= 2ρpe

∂Tσ(θ)

∂θ
Ĉ−1
w,0

∂T T
σ (θ)

∂θ
. (17)

The derivatives with respect to the filtered variables ρ̃e can be easily evaluated by applying the

chain rule to Eqn. (13). It is also remarked that at each iteration of the minimization procedure

only two linear systems are solved to evaluate constraints and their sensitivities, i.e. Eqn. (11b)
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Figure 7: Geometry and boundary conditions for the numerical simulations. Dimensions are in cm.

and Eqn. (16). They share the same stiffness matrix.

4. Numerical simulations

A set of numerical simulations is presented, concerning the specimens depicted in Figure 7. For

each one of the considered examples, the optimal design achieved in case of isotropic Grade 304L

stainless steel is taken as a reference.

At first, optimal solutions using the orthotropic WAAM material are sought by prescribing the

direction of the printed layers with respect to the horizontal axis x1. Figure 8 provides polar plots

of the Young’s modulus of the WAAM-produced stainless steel for different values of the printing

orientation, i.e. α = 0◦, 90◦ (a) and α = 45◦, 135◦ (b). In each diagram, the angular coordinate

identifies the direction along which the apparent value of the elastic modulus is given with respect

to x1. The elastic modulus of the isotropic Grade 304 stainless steel is reported for comparison.

Then, the formulation in Eqn. (11) is applied to define, simultaneously, the topology of the

material and the direction of the printing layers that gives the lightest solution.

The procedure is initialized with ρe = 1, ∀e. Iterations stop when the maximum relative change

in the value of the discrete design variables is less than 10−3. Due to the non-convexity of the

problem, several starting points were considered to assess the achieved solutions. Indeed, different
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Figure 8: Polar plot of the Young’s modulus of WAAM-produced stainless steel, for different values of the printing
direction: α = 0◦ and α = 90◦ (a); α = 45◦ and α = 135◦ (b). In each plot, the angular coordinate identifies the
direction along which the modulus is given with respect to x1. The value for Grade 304 stainless steel is drawn for
comparison.

values of θ were used to initialize the minimization algorithm when solving Eqn. (11), and the

relevant results were compared in terms of both topology and weight. For all the simulations

presented next, the tested starting guesses were found not to affect the achieved solutions, except

cases admitting specular solutions. When mirrored layouts exist (i.e. solutions with the same

weight, but specular topology and specular optimal orientation), convergence to either of them

depends on the initialization of the procedure.

4.1. Two-bar trusses

A rectangular domain is considered, with side 50 cm × 150 cm, see Figure 7(a). The specimen

is acted upon by a vertical force that is located at the midpoint of the right side, whereas the left
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Figure 9: Two-bar truss - Optimal design with isotropic steel, W = 13.98%.

side is fully clamped. P = 16.67 kN per mm of thickness of the WAAM-printed plate. The allowed

displacement is ulim = 1 mm. A mesh of 50 × 150 elements is considered, along with the filter

radius rmin = 1.50 cm.

At first, topology optimization for isotropic material is used to find the displacement-constrained

optimal layout for Grade 304L stainless steel. At convergence, ua = ulim. This holds for all the

simulations run in the numerical section, meaning that the optimal layouts for the same example

undergo the same displacement at the loaded node. The well-known two-bar truss is found, see

Figure 9. The tie (upper member) and the strut (lower member) are inclined of approximately

45◦ with respect to the axes of the design domain, which are parallel to x1 and x2. The dotted

lines in this figure and the subsequent ones mark the 45◦ directions. The weight at convergence is

W = 13.98% (of the initial design domain).

Then, a topology optimization procedure for orthotropic material is employed to investigate the

optimal layouts for the WAAM material with different prescribed printing orientations, see Figure

10. In this figure, and in similar pictures throughout the section, each density map is endowed with

a sketch that stands for the printing direction with respect to the relevant optimal solution. Lines

stand for the build orientation of the printed layers, i.e. the longitudinal direction of the material
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(a) (b)

(c) (d)

Figure 10: Two-bar truss - Optimal design with WAAM material for prescribed printing orientation: α = 0◦

W = 11.73% (a), α = 90◦ W = 11.67% (b), α = 45◦ W = 22.58% (c), α = 135◦ W = 22.58% (d).

with respect to the axes of the design domain (see Figure 6). It should be noted that, in order to

obtain high quality of the printed parts, the build orientation is normally kept horizontal during

the WAAM fabrication process, whereas the part is oriented. Nonetheless, for easy comparisons

among different solutions, the axes of the design domain are given the same orientation in all the

pictures commented in this section, while the printing direction is oriented accordingly.

In Figure 10(a), the optimal design for α = 0◦ is presented. The inclined members perfectly

match the 45◦ directions and the overall weight is W = 11.73%, around 16% less than the reference

design achieved for Grade 304L stainless steel. Indeed, the apparent elastic modulus of the WAAM
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Figure 11: Two-bar truss - Convergence plots for different optimization problems.

material at ±45◦ with respect to x1, ED, is 17% higher than the elastic modulus for Grade 304L

stainless steel, Es, see Section 2.2 and Figure 8(a). Figure 10(b) shows the optimal design found

for α = 90◦. The angle between the inclined members is slightly bigger than in the previous cases.

According to the equilibrium of the loaded point, the forces in the strut and in the tie increase.

Also, the angles between the axis of the inclined members and the longitudinal direction of the

material (L) are closer to the values for which the apparent elastic modulus of the WAAM material

is equal to Emax, see Figure 8(a). While the former issue negatively affects the objective function,

the latter is beneficial. Indeed, the overall weight is W = 11.67%, slightly lower than that found

for α = 0◦.

An additional investigation is performed for α = 45◦, see Figure 10(c). In this case, the

symmetry of the design is lost and the weight remarkably increases with respect to the previous

solutions. The weight is W = 22.58%, almost twice than the amount of material used for the

WAAM material with α = 90◦, and around 60% bigger than that used in case of isotropic stainless

steel. Indeed, the equilibrium requires members that are approximately oriented along the weakest
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directions of the material, i.e. the longitudinal and the transversal ones. The apparent elastic

modulus along these directions is remarkably lower than Emax or Es, see Figure 8(b). According

to the equilibrium of the loaded node, the strut is acted upon by a bigger force than the tie, in

agreement with the fact that EL > ET . A mirrored layout is found for α = 135◦, see Figure 10(d).

The formulation in Eqn. (11) is applied to define, simultaneously, the topology of the material

and the printing orientation to achieve the lightest solution. The algorithm detects α = 90◦ as

the best orientation and finds the same optimal solution represented in Figure 10(b). Figure

11 shows convergence plots referring to the conventional procedure of topology optimization for

isotropic material (Grade 304L stainless steel), its variation for orthotropic material (WAAM

material prescribing α = 90◦) and the proposed procedure for simultaneous design of topology and

printing orientation. Referring to the latter formulation, the curve reported in the plot refers to

the starting guess θ = 45◦, among the set of initializations points used to test the formulation,

i.e. θ = 0◦, 45◦, 90◦, 135◦, all of them with the same solution. In this example, the orthotropic

modelling requires some additional iterations to find convergence with respect to the isotropic one.

The solution of Eqn. (11), accounting for the orientation of the material as an additional variable,

calls for 15-20 more iterations to find the final plateau in which minor modifications of the design

variables occur.

(a) (b)

Figure 12: Square clamped plate subject to a horizontal force - Optimal design with isotropic steel W = 10.32%
(a) and with WAAM material for prescribed printing orientation α = 0◦ W = 15.89% (b)
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A variation of the previous example is considered, as represented in Figure 7(b). A square

clamped plate with side 150 cm is loaded by the horizontal force P = 16.67 kN (per mm of thickness

of the WAAM-printed plate). A mesh of 150 × 150 elements is considered. The value of ulim and

the filter radius are those used in the previous example. The solution for Grade 304L stainless

steel is the single tie shown in Figure 12(a), with weight W = 10.32%. A similar layout arises

for α = 45◦ and α = 135◦, in both cases with weight W = 8.85%, approximately 15% less than

the previous solution. Indeed, the elastic modulus of the WAAM-produced material along the

horizontal direction, is around 15% bigger than the elastic modulus of isotropic stainless steel Es,

see Figure 8(b). The optimal solutions for α = 0◦ and α = 90◦ are different, and consist of two-bar

trusses. In the former case W = 15.89%, see Figure 12(b), whereas W = 20.62% in the latter

one. Even though inclined members are longer than a single horizontal tie and call for higher

stresses, the elastic modulus along the axes of the inclined bars is much bigger than EL or ET , see

Section 2.2 and Figure 8(a). The formulation in Eqn. (11) is finally employed to search for the

most lightweight material layout using the printing direction as an additional degree of freedom.

Two solutions of the type in Figure 12(a) are found depending on the starting orientation, both

with W = 8.71%. The optimal orientation of the printed layers is α = 90◦ ± 48.5, such that the

apparent elastic modulus in the horizontal direction is Emax, see Section 2.2.

4.2. Cantilever beam

A rectangular domain is considered, with side 80 cm × 40 cm, as shown in Figure 7(c). The

specimen is acted upon by a vertical force P = 8.33 kN (per mm of thickness of the WAAM-

printed plate), which is located at the midpoint of the right side. The left side is fully clamped.

The allowed displacement is ulim = 4 mm. A mesh of 160 × 80 elements is considered, along with

the filter radius rmin = 1.75 cm.

Figure 13(a) shows the displacement-constrained minimum weight design found in case of

isotropic stainless steel. The weight at convergence is W = 36.34%. Figure 13(b) shows the
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(a) (b)

(c) (d)

Figure 13: Cantilever beam - Optimal design with isotropic steel W = 36.34% (a) and with WAAM material for
prescribed printing orientation: α = 0◦ W = 42.06% (b), α = 90◦ W = 51.64% (c), α = 45◦ W = 40.52% (d).

optimal solution found for the WAAM material prescribing α = 0◦. The optimal layout is the

same, but the weight increases to W = 42.06%, around 15% more than the reference design.

The apparent elastic modulus of the WAAM material in the horizontal direction, EL, is smaller

than the elastic modulus of the Grade 304L stainless steel, Es, see Figure 8(a). This calls for

an increased size of the elements that converge to the clamped side, to limit axial strains and

fulfill the enforced displacement constraint. Figure 13(c) shows the optimal solution found for the

WAAM material with vertical printing direction, i.e. α = 90◦. The apparent elastic modulus of

the WAAM material in the horizontal direction, ET , is even smaller than EL. Hence, the size

of the horizontal members remarkably increases with respect to the reference design and a more

branched layout is found. The weight at convergence is W = 51.64%, around 40% more than

the reference solution found for isotropic stainless steel. A final investigation is performed using

WAAM material and α = 45◦, see Figure 13(d). With this material orientation, the highest value

of the apparent elastic modulus is found approximately in the horizontal direction (and in the
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(a) (b)

Figure 14: Cantilever beam - Simultaneous design of topology and printing orientation for WAAM material: optimal
solutions with computed orientation α = 29.5◦ W = 39.58% (a) and α = 150.5◦ W = 39.58% (b).

vertical one), whereas smaller ones characterize the other directions, see Figure 8(b). Indeed, the

horizontal members of the optimal layout have similar cross-section with respect to the design in

Figure 13(a), whereas the other members are generally thicker. A slight lack of symmetry affects

the design in Figure 13(d). This is in agreement with the trend of the apparent elastic modulus

shown by the polar diagram of Figure 8(b). Indeed, due to the fact that EL 6= ET , the elastic

modulus along any pair of directions that are symmetric with respect to x1 (or x2) does not take

the same value.A mirrored solution (with respect to the horizontal centroidal axis of the design

domain) can be found for α = 135◦. In both cases, the weight at convergence is W = 40.52%,

around 11% more than the reference design.

The formulation in Eqn. (11) is used to seek for a better solution, by introducing the printing

orientation as an additional degree of freedom for the minimization procedure. Two mirrored

solutions can be found depending on the initial guess used to initialize the optimization, see

Figure 14. The weight at convergence is W = 39.58%, only 9% more than the reference design.

The orientation of the material is α = 90◦ ± 60.5. It must be remarked that the lack of symmetry

is much more evident than in Figure 13(d). Indeed, the orientation of the printed material is such

that the elastic modulus along any pair of symmetric directions with respect to x1 (or x2) takes

values that can be very different from each other, see Figure 15.

In Figure 16 a comparison of the reference optimal design for isotropic steel (blue dotted line)
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Figure 15: Polar plot of the Young’s modulus of WAAM-produced stainless steel for α = 29.5◦ and α = 150.5◦.
The angular coordinate identifies the direction along which the modulus is given with respect to x1. The value for
Grade 304 stainless steel is drawn for comparison.

vs one of the achieved optimal layouts for the WAAM material (red line, α = 150.5◦) is provided,

by overlapping the isolines ρ̃ = 0.5 of the relevant density maps. With respect to the reference

design, minor changes are found in terms of cross section, whereas the major difference lies upon the

position of the three unrestrained and unloaded nodes of the truss-like structure, with a consequent

re-orientation of its members.

4.3. Simply-supported beam

A rectangular domain is considered, with side 160 cm × 40 cm, see Figure 7(d). The specimen

is acted upon by a vertical force P = 6.66 kN (per mm of thickness) that is located at the midpoint

of the upper side, whereas it is simply supported at the extreme points of the lower side. The
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Figure 16: Cantilever beam - Optimal design for isotropic steel (blue dotted line) vs optimal design for WAAM
material (red line).

allowed displacement is ulim = 1 mm. A mesh with 320 × 80 elements is used, along with the filter

radius rmin = 2.50 cm.

Figure 17(a) shows the displacement-constrained minimum weight solution found for Grade

304L stainless steel. The optimal design is a truss-like structure whose top chord is arcuated. The

weight at convergence is W = 37.96%. Figure 17(b) and (c) show the optimal layouts found in

case of WAAM material with α = 0◦ (W = 45.21%) and α = 90◦ (W = 51.02%), respectively.

The number of elements is the same than in the reference solution, but the top chord becomes

horizontal. This allows increasing the inner lever arm, i.e. the distance of forces in the tensile

and compression chord, in the vicinity of the central region of the specimen. Also, the elements

of both chords are thicker with respect to the reference solution. This is mainly due to the fact

that the elastic modulus of the traditional stainless steel, Es, is larger than the apparent elastic

modulus of the WAAM material in the horizontal direction, i.e. EL and ET for α = 0◦ and α = 90◦

respectively, see Figure 8(a). The former layout is 19% heavier than the reference solution, whereas

the latter is 34% heavier. The weight increase with respect to the isotropic solution can be reduced

by prescribing material orientations of α = 90◦ ± 45◦. Figure 17(d) refers to the optimal solution

found for α = 45◦, which weights W = 41.93%, only 10% more than the reference design. A
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Figure 17: Simply-supported beam - Optimal design with isotropic steel W = 37.96% (a) and with WAAM material
for prescribed printing orientation: α = 0◦ W = 45.21% (b), α = 90◦ W = 51.02% (c), α = 45◦ W = 41.93% (d).

mirrored solution (with respect to the vertical centroidal axis of the design domain) can be found

for α = 135◦. The symmetry observed in the previous solutions is lost, accordingly to the variation

of the apparent elastic modulus shown by the polar diagrams of Figure 8(b). For α = 90◦±45◦, the

top chord has an arch-like shape, as in case of isotropic material, see Figure 17(a). However, half

of the design domain has a greater number of elements in this chord, as well as diagonal members.
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(a)

(b)

Figure 18: Simply-supported beam - Simultaneous design of topology and printing orientation for WAAM material:
optimal solution with computed orientation α = 33.5◦ W = 41.09% (a) and α = 146.5◦ W = 41.09% (b).

An additional investigation is performed using the WAAM material to search for a lighter

design with respect to the solution found for α = 90◦± 45◦. The formulation in Eqn. (11) detects

minimum weight solutions for α = 90◦± 56.5◦. The weight at convergence is W = 41.09% in both

cases, slightly less than that of the solution in Figure 17(d) (and around 8% more than that of the

reference design with Grade 304L stainless steel). The achieved (specular) optimal solutions are

shown in Figure 18. A comparison of the optimal design found for α = 146.5◦ with respect to the

reference optimal design for isotropic stainless steel is given in Figure 19. The isolines ρ̃ = 0.5 of

the relevant density maps are overlapped, the red lines referring to the former design and the blue

dotted lines to the latter. Notwithstanding the lack of symmetry which is related to the anisotropy

of the WAAM material, the optimal solutions are quite similar with respect to the topology. They

differ slightly in terms of size of the members and for the coordinates of the unrestrained and

unloaded nodes of the truss (especially those belonging to the top chord).

The formulation for simultaneous design of distribution and orientation of the WAAM-produced

material is finally used to investigate optimal solutions in case of stricter requirements on the
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Figure 19: Simply-supported beam - Optimal design for isotropic steel (blue dotted line) vs optimal design for
WAAM material (red line).

allowed displacement.

Figure 20(a) shows one of the two specular layouts found for ulim = 0.75 mm. The computed

orientations are α = 90◦±54.5◦, only ±2◦ with respect to the optimal values found for ulim = 1 mm.

Indeed, the optimal design consists of a heavier version of the topology presented in Figure 18(b).

Figure 20(b) shows one of the two specular layouts found for ulim = 0.60 mm. A more branched

(and heavier) layout is found at convergence, including a re-arrangement of many members (both

in the top chord and in the webs). The computed optimal orientations of the printed layers are

α = 90◦ ± 48.5◦, approximately ±8◦ with respect to the values found for ulim = 1 mm. Hence, the

observed change in geometry happens in conjunction with a not negligible re-orientation of the

printed layers.

5. Conclusions and ongoing research

This work addresses the optimal design of stiff structural parts to be fabricated by Wire-and-

Arc Additive Manufacturing (WAAM), taking into account the peculiar anisotropic structural

response of this layered material.
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(a)

(b)

Figure 20: Simply-supported beam - Simultaneous design of topology and printing orientation for WAAM material:
optimal solution for ulim = 0.75 mm with computed orientation α = 144.5◦ W = 53.63% (a) and optimal solution
for ulim = 0.60 mm with computed orientation α = 138.5◦ W = 69.14% (b).

An orthotropic model is adopted to process data from experimental tests reported in the recent

literature, thus deriving the compliance tensor of the printed material in its symmetry axes (the

longitudinal and transversal directions). At first, a SIMP-based approach is implemented to deal

with the optimal distribution of this orthotropic phase, given the material orientation (which is

the printing direction). A displacement-constrained minimum weight problem is considered, with

the aim of comparing the weight of specimens designed to meet the same requirement at the

serviceability limit state. Hence, a formulation for the simultaneous design of the topology and

of the build direction, which is assumed to remain the same during the whole printing process of

the part, is proposed. To this goal, the material orientation is embedded in the formulation as

an additional degree of freedom with respect to the field of the material density. Mathematical

programming is adopted to solve the minimization problem. The sensitivity analysis is performed

through the adjoint method so that only two linear systems are solved per iteration to evaluate

constraints and their sensitivities.

The optimization for WAAM material with prescribed printing orientations reveals different
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topologies with respect to that achieved for the isotropic reference case. A remarkable variability

in terms of weight and geometry of the optimal solutions is reported, depending on the prescribed

orientation. The proposed formulation for the simultaneous optimization of topology and orienta-

tion of the WAAM material allows finding optimal solutions that are only a few percent heavier

than the reference solution with Grade 304L stainless steel. A reduction in terms of weight is

obtained not only through a suitable orientation of the material but also in conjunction with mod-

ifications of the topology. Asymmetries may arise in the optimal layouts, due to the anisotropy of

the material behaviour.

The proposed tools can be conveniently used to save weight in the WAAM process by cus-

tomizing optimal solutions for any design domain, load conditions and restraint configurations.

The proposed approach is a computationally efficient energy-based procedure. Due to the adop-

tion of mathematical programming, other enforcements could be effectively implemented within

the considered displacement-constrained formulation for orthotropic materials, such as buckling

constraints and stress constraints. These aspects are currently under investigation.

skip a line
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