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A B S T R A C T   

Among different metal additive manufacturing (AM) technologies, arc-based Directed Energy Deposition, also 
known as Wire-and-Arc Additive Manufacturing (WAAM), is considered the most suitable for large-scale struc
tural components production. In particular, the WAAM printing strategy referred to as “dot-by-dot” allows the 
realization of complex 3D lattice forms at the scale of structural steel parts, composed of unitary cells made of 
slender bars. Nonetheless, the outcomes of this process are still to be properly investigated in terms of their 
mechanical behavior under various loading conditions. To assess the buckling behavior of WAAM-produced 
slender bars, extensive effort is requested to properly characterize the main driving aspects, namely the flex
ural stiffness possibly influenced by mechanical anisotropy induced by the printing process and the influence of 
the geometrical imperfections. The present work reports the first results of experimental bending tests conducted 
on vertically printed (i.e. with a fixed build angle equal to 0◦) straight dot-by-dot WAAM stainless steel bars, as 
an initial investigation towards a more comprehensive analysis of the buckling behavior of WAAM slender el
ements. The results are then interpreted by introducing three approaches of increasing complexity, including two 
analytical approaches based on a simplified idealization of the real geometry of the bar, and a third approach 
based on the reconstruction of the real geometry of the bar using advanced numerical simulations and 3D 
scanning. The three approaches lead to a different appraisal of the influence of the geometrical irregularities on 
the flexural stiffness of the specimens. The main results of the present study could be utilized to interpret the 
results of future experimental compressive tests on WAAM slender elements and to develop ad-hoc buckling 
curves for structural design purposes.   

1. Introduction 

Wire-and-Arc Additive Manufacturing (WAAM) is an arc-based metal 
3D printing technique suitable to realize large-scale structural compo
nents for construction applications [1–3]. Regarding steel alloys, in the 
last few years various research studies focused on the microstructural, 
geometrical and mechanical features of the printed parts. Up to now, 
two different printing strategies have been explored to realize WAAM 
structural elements: (i) the so-called layer-by-layer deposition strategy 
to realize shell and planar elements [4–8] and (ii) the so-called dot-
by-dot (or point-by-point) deposition strategy to realize bars and lattice 
structures (Fig. 1) [9–12]. Intense research work has been devoted over 
the last decade in characterizing large-scale metal structures fabricated 
with WAAM technology [3,13,14]. Among others, the research group 

from Imperial College London has carried out an extensive experimental 
and analytical investigation on the mechanical properties of 
WAAM-produced steel members and joints for structural applications 
[15–21]. Recently, the research group from TU Darmstadt has applied 
WAAM for structural applications, including novel connection systems 
[22,23] and a demonstrator for a bridge [24]. 

Dot-by-dot WAAM bars are characterized by the following features 
which should be properly investigated: (i) different material properties 
with respect to the conventional wrought part [25]; (ii) geometrical ir
regularities related to the specific deposition strategy (in terms of lack of 
straightness and variation of the cross-section) [26]; (iii) possible in
fluence of the process parameters, deposition strategy, build and nozzle 
angles on the mechanical response [27]. Hence, specific considerations 
on both geometrical and mechanical features of the as-built printed bars 
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should be addressed. The research group from ETH Zurich has devel
oped a novel fabrication study for hybrid joints via point-by-point (or 
dot-by-dot) WAAM strategy and tested dot-by-dot bars through tensile 
and compression tests on bars of different slenderness [27,28]. More 
recently, the research groups at TU Munich and TU Braunschweig have 
carried out research on applying WAAM as reinforcement for concrete 
structures [29,30]. 

Over the years, the authors have been studying the mechanical 
response of WAAM-produced parts for structural design applications 
[10,32,33]. With specific focus on WAAM bars, an extensive experi
mental investigation was planned to assess the mechanical response of 
stainless-steel printed bars under tension, bending and compression. The 
aim was twofold: (i) to investigate the influence of the geometrical ir
regularities proper of the printing process on the mechanical response of 
the printed bars; (ii) to evaluate the structural behavior under different 
applied external forces, such as tension, compression and bending. In 
[26] the mechanical response in tension of single bars printed at three 
different build angles was investigated. The results showed a detri
mental effect of increasing build angles on the geometrical irregularities, 
which also affected the key effective mechanical parameters. 

The present study aims at assessing the mechanical response of 
straight dot-by-dot WAAM bars printed vertically (i.e. with a constant 
build angle equal to 0◦) under bending-induced internal forces through 
experimental methods (geometrical characterization and three-point 
bending tests), analytical investigations and numerical simulations. 
The main novel aspect of the research is the assessment of the elastic 
flexural rigidity of the bar which, apart from being the main parameter 
governing the flexural deformability of the bars, is also the key param
eter governing their buckling behavior. Generally speaking, the elastic 
flexural behavior of the bars can be influenced by the geometrical ir
regularities and the mechanical anisotropy of the WAAM stainless steel 
induced by the markedly oriented microstructure (see e.g. [4,34–36]) 
resulting from the deposition strategy. The results in terms of flexural 
rigidity and geometrical imperfections could be of fundamental impor
tance to properly interpret the buckling behavior of slender WAAM bars 
and calibrate ad-hoc buckling curves for structural design purposes. 

The paper is organized as follows. Section 2 provides the problem 
formulation in terms of the design issues of dot-by-dot WAAM bars with 
specific focus on the evaluation of their elastic flexural behavior. Then 
three approaches are introduced to assess the elastic flexural stiffness of 
WAAM bars from geometrical characterization and mechanical tests. 
Section 3 presents the experimental methods adopted to fabricate and 
characterize the dot-by-dot WAAM bars, while Section 4 illustrates the 
Finite Element Analysis (FEA) developed to assess the flexural me
chanical response of WAAM bars. Section 5 illustrates the main results 
obtained from the geometrical characterization, three-point bending 
tests and FEA developed to calibrate the material flexural elastic 
modulus of the tested specimens considering the imported 3D-scanned 
geometry. Some discussions and conclusions are finally drawn. 

2. Problem formulation 

2.1. Design issues for dot-by-dot WAAM bars 

The dot-by-dot printing strategy consists in a spot-like deposition 
strategy, whose outcomes are usually metal bars suitable to realize 
different types of structures including gridshells and lattice elements. As 
for WAAM planar elements realized with layer-by-layer deposition 
strategy, also dot-by-dot WAAM bars are characterized by some peculiar 
aspects which substantially differ from the conventional material. In 
detail, the following features should be considered: (i) influence of the 
build and nozzle angles; (ii) inherent geometrical irregularities of the 
investigated WAAM process, in terms of non-uniform circular cross- 
section and out of straightness of the longitudinal axis; (iii) non- 
uniform mechanical properties along the length of the bar depending 
on the deposition strategy and (iv) possible mechanical anisotropy 
depending on the microstructure induced by the printing process and 
deposition strategy. Fig. 2 provides a graphical representation of the 
main features reported above as emerged from the results of previous 
tensile tests [26]. 

Therefore, as a consequence of all the above mentioned issues, dot- 
by-dot WAAM bars could manifest, even for a fixed set of process pa
rameters and for a fixed build angle, elastic and inelastic properties 
(Young’s moduli and Poisson’s ratios, yield and ultimate strengths and 
deformations) that may vary with the type of applied loads and resulting 
internal forces (e.g. axial tension/compression, bending, shear, torsion). 
The large variability of such properties can be related to low repeat
ability of the process at either the scale of the entire batch production 
(leading to specimen-to-specimen variability) or at the scale of the single 
specimen production (leading to local inherent variability). Therefore, 
adequate geometrical and mechanical models are necessary to capture 
both the overall specimen-to-specimen variability and the local inherent 
variability of single specimens. 

A typical dot-by-dot WAAM bar is characterized by one main 
building direction (corresponding to the bar longitudinal axis z) and a 
nominal constant cross-section corresponding to the dimension of the 
weld drop. Hence, its ideal digital model used as input in the printing 
process corresponds to a straight bar having constant circular cross- 
section (Fig. 3a). The geometry of the ideal model is therefore 
described by the nominal bar length (Ln), the nominal cross-sectional 
diameter (dn) and the corresponding nominal moment of inertia (Jn). 
On the other hand, the real printed outcome is characterized by: (i) a 
non-uniform circular cross-section with continuously variable diameter 
dreal=dreal(z) leading to a continuously variable moment of inertia 
Jreal=Jreal(z), (ii) a non-perfectly straight longitudinal axis (formed by 
the polyline connecting the centroids of each circular cross-section Creal 
= Creal(z), Fig. 3c). 

For structural design purposes, a simplified approach could be 
adopted to model the bar geometry at the scale of an entire batch pro
duction. It is based on the use of effective geometrical parameters 
associated to a perfectly cylindrical bar having the same volume of the 
real bar, thus resulting in a uniform (or effective) diameter (deff) and 
moment of inertia (Jeff) along the bar length (Fig. 3b). Therefore, the 
mechanical response of WAAM parts can be evaluated considering this 
effective geometrical model. This approach was already employed to 
characterize batches of both planar coupons [4,6,37] and dot-by-dot 
bars [26] subjected to tensile loading. 

2.2. The proposed approaches to evaluate the flexural stiffness of dot-by- 
dot WAAM bars 

A simply supported dot-by-dot WAAM bar of nominal diameter dn 
and nominal length Ln subjected to a concentrated load F is here 
investigated. From the considerations drawn in Section 2.1 it is clear 
that the flexural rigidity of the bar R, defined as the product of the 
flexural Young’s modulus Ef and moment of inertia J, may continuously 

Fig. 1. WAAM dot-by-dot technique [31].  
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vary along the bar length and should, therefore, be considered a function 
of z, i.e R(z)= Ef(z)J(z). From basic principles of structural mechanics, 
the vertical elastic displacement at the mid-span δ can be evaluated by 
making use of the principle of virtual works (ignoring the contribution 
due to the shear deformability, typically negligible for compact cross 

sections) according to the following integral form [38]: 

δ =

∫ L

0

M⋅M′
Ef J

dz (1)  

where: 

M =

⎧
⎪⎪⎨

⎪⎪⎩

F⋅
z
2

for 0 ≤ z ≤ l/2

F⋅
(

l − z
2

)
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(2)  

M′ =

⎧
⎪⎪⎨

⎪⎪⎩

1⋅
z
2
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1⋅
(

l − z
2

)

for l/2 ≤ z ≤ l
(3) 

M is the real bending moment at the generic cross-section z due to the 
applied vertical load F. M′ is the virtual bending moment at the generic 
cross-section z due to a unitary virtual vertical load applied at the mid- 
span cross-section (Fig. 4a). 

For the case of a linear elastic homogeneous cylindrical bar with 
constant along-the-length flexural stiffness, Eq. 1 simplifies as follows 
[38]: 

δ = F
L3

48Ef J
(4) 

The quantity in Eq. 4 relating the external force F with the mid-span 
vertical displacement δ, i.e., 48Ef J

L3 , represents the vertical translational 
stiffness of the bar, while the flexural rigidity can be evaluated by 
inverting Eq.4 according to the following relationship: 

Ef J = F
L3

48δ
(5) 

It can be noted that the vertical translational stiffness 48Ef J
L3 corre

sponds to the slope of the force vs displacement relationship (Fig. 4b). 
It is assumed that: (i) within the linear-elastic range of behaviour the 

flexural elastic modulus Ef remains constant along the entire bar length 
(Ef ) and (ii) the vertical load F and mid-span displacement δ are known 
from experiments (hence hereafter they will be referred to as Fexp and 
δexp, respectively). From these assumptions, it is then possible to intro
duce different approaches (see Fig. 5), of increasing complexity, to es
timate the flexural elastic modulus Ef that matches the experimental 

Fig. 2. Design issues for WAAM bars: (a) influence of the build angle and nozzle angle; (b) geometrical irregularities as obtained from 3D laser scanning; (c) variation 
of the Young’s modulus with build direction as obtained from tensile tests. 
Adapted from [26]. 

Fig. 3. WAAM bar: (a) digital input model; (b) effective geometry; (c) 
real geometry. 

V. Laghi et al.                                                                                                                                                                                                                                    



Engineering Structures 306 (2024) 117680

4

flexural rigidity (Ef J)exp, as obtained from the slope of the experimental 
force vs displacement curve (Fig. 4b) according to Eq. 5. 

- Approach 1: a nominal cylindrical bar is used to model the bar ge
ometry. The geometrical model consists in a uniform cylinder with 
nominal geometry (dn and Jn). The nominal flexural Young’s 
modulus (Ef ,n) is evaluated through the following formulation: 

Ef ,n =

(
Ef J

)

exp

Jn
(6)    

- Approach 2: the effective cylindrical bar is used for the geometry. The 
geometrical model consists in a uniform cylinder with effective ge
ometry (deff and Jeff). The effective flexural stiffness (Ef ,eff ) is evalu
ated through the following formulation: 

Ef ,eff =

(
Ef J

)

exp

Jeff
(7)    

- Approach 3: the real geometry of the bar is used for the geometry. In 
this case, theoretically, the Ef could be estimated according to the 
following formulation: 

Fig. 4. (a) Static schematizations of the real and virtual systems for the evaluation of the mid-span displacement according to the principle of virtual works. (b) 
Qualitative representation of the force vs displacement response. 

Fig. 5. Modelling approaches for WAAM bars.  
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Ef =

(
Ef J

)

exp
1
L

∫ L
0 Jreal(z)dz

(8)   

In the FEA framework, the real geometry (Jreal) is approximated by 
converting the 3D bar geometry obtained from high-precision laser 
scanning into a finite element model. Therefore, the constant flexural 
Young’s modulus Ef , can be calibrated through FEA . Hence, the cali
brated flexural Young’s modulus resulting from FEA is referred to as 
Ef ,FE. 

It should be noted that the three approaches here introduced are 
mainly focused on the evaluation of the global influence of the main 
geometrical parameters and irregularities on the flexural elastic 
modulus of WAAM bars, which is assumed as a constant value along all 
the bar length. Thus, different advanced models should be considered to 
account for the possible non-uniform distribution of material elasticity 
along the single bar, which is, however, out of the scope of the present 
study. 

Moreover, additional considerations on the limitations and degree of 
approximation of the proposed approaches are necessary. From the 
experimental investigations on the bending strength of WAAM bars, an 
integral-wise estimation of the flexural response (in terms of EfJ) can be 
extracted. From that, the constant flexural elastic modulus Ef can be 
isolated from the geometrical part by following one of the 3 approaches 
introduced in the previous section. Approach 1 is based on nominal 
geometrical quantities, hence it can be considered the most straight
forward approach for preliminary structural design considerations. On 
the other hand, it completely disregards both sources of geometrical 
irregularities (e.g. the global specimen-to-specimen variability and the 
local inherent variability) associated with the repeatability and accuracy 
of the WAAM process. Therefore, the expected variability of the elastic 
modulus estimated according to Approach 1 will include the two sources 
of geometric variability. Approach 2 is based on volume-equivalent 
geometrical quantities, hence it requires a preliminary global geomet
rical characterization of the batch by means of volumetric measure
ments (as discussed in Section 3.2) to account for the global specimen- 
to-specimen variability in terms of effective geometrical parameters 
(deff, Aeff, Jeff). Therefore the expected variability of the elastic modulus 
estimated according to Approach 2 will include the inherent local 
geometrical variability only. Approach 3 is based on detailed information 
on the inherent geometrical irregularities of the printed part, hence it 
requires a detailed reconstruction of the actual geometry of the single 
bar, together with the development of advanced FEA (as discussed in 
Section 4). Therefore, the expected variability of the elastic modulus 
estimated according to Approach 3 will include the additional sources of 
variability not directly related to the geometrical irregularities. 

The aim of the present study is to estimate the flexural elastic 
modulus of WAAM bars from experimental tests following the three 
approaches as described before and compare their values and variabil
ities. The results will provide the reader with useful information on the 
level of approximation of each approach and will guide structural de
signers in the application of this new technology in the construction 
field. 

3. Experimental methods 

3.1. Material, process and samples production 

A total of 10 bars of nominal length of 250 mm and nominal diam
eter of 6 mm were tested. The bars were fabricated by MX3D [31] 
adopting the dot-by-dot printing strategy. The bars tested under bending 
were then tested under compression to investigate their buckling 
behavior. All bars were manufactured with a fixed build angle of 0◦ and 
using the same set of process parameters. In detail, the welding source 

used was Gas Metal Arc Welding (GMAW) with the following process 
parameters: current of 100–140 A, arc voltage of 18–21 V, welding 
speed of 15–30 mm/s, wire feed rate of 4–8 m/min and deposition rate 
of 0.5–2 kg/h. It should be noted that the values of the process param
eters provided are reported with their typical ranges as given by the 
manufacturer, while for more specific information the interested reader 
could refer directly to the manufacturer [31]. The average layer height 
was set to 1 mm. A commercially available standard stainless steel 
welding wire grade ER308LSi (1 mm diameter) supplied by Oerlikon 
[39] was used. The used substrate was made by a printing plate of 
1000 × 1000×30 mm, with H-type beams welded as support. 

3.2. Geometrical characterization 

The geometrical characterization was performed at two different 
levels: (i) global characterization to quantify the effective geometrical 
parameters (at the batch level) and assess the specimen-to-specimen 
variability, (ii) local characterization to quantify the real geometry of 
each single bar and assess the inherent geometrical variability. 

First, the specimen-to-specimen geometrical variability was assessed 
considering all specimens then tested under three-point bending. For 
each of them, the volume-equivalent, or effective, cross-sectional 
diameter (deff) and moment of inertia (Jeff) were estimated through hy
draulic weights according to the Archimedes’ principle to derive the 
volume-equivalent values. The procedure is detailed as follows: the 
weight on air (mair) is taken from a digital scale while the weight inside 
water (mH20) from an analogic hydraulic scale. Based on the two mea
sures taken on the weight, the specimens’ volume was derived from the 
calculated values of material density γv and density of water (at 25 ◦C) 
γH20 with the following formulation: V = (mair − mH2O)/γH2O. From the 
volume of each specimen, by assuming a cylindrical shape at first 
approximation, the effective diameter of the specimen (deff) was 
computed. The same procedure was utilized to evaluate the effective 
properties from tensile tests [40,41]. 

Then, the local geometrical measurements were performed through 
high precision 3D scanning technique considering the actual geometry 
of all the WAAM bars. First, the bars were 3D scanned with a structured- 
light projection Artec Spider 3D scanner [42]. The 3D model of the 
scanned bar consisted of around 40 million triangular elements, with a 
medium-points spacing of about 0.10 mm. From each 3D model, a total 
of 120 cross-sections (equally spaced at 2 mm) along the length of each 
specimen were extracted, from which detailed information regarding 
the local cross-sectional diameter dreal and moment of inertia Jreal was 
derived. In particular, given the irregular shape of the real cross-section, 
the local cross-sectional diameter was estimated as the mean value of the 
two dimensions of the circumscribed rectangle, as described more in 
detail in [33]. From the value of dreal, the corresponding moment of 
inertia was computed assuming an equivalent circular shape, given the 
small deviations of the actual cross-sections from the circular shape. 

It is worth noticing that the 2-mm spacing was selected as the result 
of a sensitivity analysis aimed at balancing the computational effort with 
the required level of accuracy in the reconstruction of the inertia vari
ability along the length of the bar. The results of the sensitivity analysis 
are represented in Fig. 6 which compares, for a 100-mm central portion 
of the dot-2 bar, the along-the-length variability of the moment of 
inertia as obtained considering a 1-mm spacing and a 2-mm spacing, 
respectively. Given the purpose of the study to estimate the flexural ri
gidity of the bar, the results show that the two trends can be considered 
equivalent since: (i) their mean value is almost the same and (ii) they 
sufficiently well reproduce the surface oscillations induced by the 
manufacturing process. In fact, in this regard, it is important to highlight 
that the flexural rigidity is primarily influenced by the average moment 
of inertia rather than by its local oscillations around the mean value, 
since it is the result of an integral quantity (Eq. 8). 
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3.3. Mechanical characterization 

Three-point bending tests were carried out on the 10 specimens of 
250 mm length to evaluate their elastic flexural stiffness. The test set-up 
consisted of two fixed cylindrical supports spaced at 200 mm to mimick 
cylindrical hinge supports. The concentrated load was applied at the 
mid-span of the bar through an actuator in displacement control with a 
velocity of 2 mm/min, until the target displacement was reached. The 
target displacement was set at 2 mm, leading to a response that 
remained, overall, within the elastic limit. The value of the target 
displacement was evaluated by assuming isotropic material behavior 
and a Young’s modulus value equal to Et= 136.68 GPa based on the 
results of the previous tensile tests, see e.g. [26]. Under this assumption, 
the bending stress of the outermost fiber corresponding to a mid-span 
vertical displacement of 2 mm would result approximately equal to 
200 MPa, thus lower than the expected value of the yielding stress 
(corresponding to the 0.2% proof stress, approximately equal to 
250 MPa for bars printed at 0◦ build angle, see e.g. [26]). All tests were 
carried out according to ISO 178 specifications [43] at the LASTM lab of 
the University of Bologna using a 100 kN Amsler Wolpert testing ma
chine with switch cabinet (Fig. 7). From each test the experimental value 
of the elastic flexural rigidity (Ef J)exp was computed. First, the 
pseudo-plateau region was identified (corresponding to the linear 
branch of the force vs displacement response), then the flexural rigidity 
was determined by applying the Ordinary Least Square Regression (see 
Section 5.2). 

4. Finite element analysis 

4.1. The finite element models 

FE analyses were carried out to estimate the flexural elastic modulus 
following the Approach 3 introduced in Section 2.2. The FE models were 
based on the real geometrical information obtained through 3D scan 
acquisition to simulate the real geometrical irregularities of the printed 
bars and assess their influence on the flexural behavior. For the simu
lations, the computer-aided engineering (CAE) software Abaqus [44] 
was used. The 3D-scanned geometry was meshed with 10-node 
quadratic tetrahedral finite elements (C3D10). 

The generation of the numerical models followed a two-step strategy. 
First, the complex 3D geometry of the part was reconstructed by 
lowering the resolution of the full 3D scan model to a given target 
percentage. Then the mesh of the FE model was created by considering 
tetrahedral finite elements of a constant nominal size. A mesh sensitivity 
analysis was carried out to select the proper mesh size aimed at 
balancing the computational effort and the accuracy in terms of global 
force-displacement response. Three different FE modelling strategies 
were considered. M1-type has a 2% 3D scan resolution and nominal 
mesh size of 0.5 mm, therefore it is considered as high-resolution 
geometrical model. M2-type has a 1% 3D scan resolution and a nomi
nal mesh size of 0.75 mm, therefore it is considered as medium- 
resolution geometrical model. M3-type has a 0.5% 3D scan resolution 
and a nominal mesh size of 1.00 mm, therefore it is considered as low- 
resolution geometrical model. The M2-type modelling strategy was 
then chosen considering the results of the mesh sensitivity analysis, 
summarized in terms of the relative error in the estimation of the flex
ural rigidity R, as computed applying the Ordinary Least Square 
Regression (OLSR) within the linear branch of the global force vs mid- 
span displacement response. For illustrative purposes, the relative er
rors obtained for one specific bar (dot-2) are illustrated here. The rela
tive error between M2 and M1 ( |RM2- RM1| / RM1) is equal to 1.57%, 
while the one between M3 and M2 ( |RM3- RM2| / RM2) is equal to 1.61%. 
Both relative errors are below the usual level of accuracy accepted in 
structural engineering. Similar results were obtained for the other 
specimens. They are not reported here for the sake of conciseness. 

The Ramberg-Osgood (RO) [45] material model was adopted for the 
constitutive model of WAAM stainless steel resulting from the dot-by-dot 
deposition process, considering the following initial values of the main 
parameters calibrated from the tensile tests on WAAM bars: elastic 
modulus E0= Et= 137 GPa,exponent n = 8.59, 0.01% proof stress 
(representative of the proportionality limit) σ0.01= 180 MPa and 0.2% 
proof stress (representative of yielding stress) σ0.2= 250 MPa (see e.g. 
[26]). From the engineering stress-strain curve adopted following the 
RO material model, the true stress-strain curve was calculated and 
adopted in the FEA. In detail, an elastic-plastic behavior was modelled in 
Abaqus software. The stress at the elastic limit has been set equal to 
σ0.01. For the plastic true stress-strain curve, the following relationship 
was implemented [46]: 

εpl,true = εtrue −
σtrue

E
(9)  

Where: 

εtrue = ln
(
1+ εeng

)
(10)  

σtrue = σeng
(
1+ εeng

)
(11) 

Fig. 8 depicts the initial true stress-strain model (e.g. at the beginning 
of the iterative process described in Section 4.1), as computed from the 
mean engineering one (according to Eqs. 9–11). 

For the application of boundary and loading conditions, three 
reference points (RP) were set in terms of fixed points defined by a set of 
coordinates. These points were used to fix the position of both boundary 

Fig. 6. Comparison between the moment of inertia variability along the length 
of the bar related to the 1-mm and 2-mm spacing acquisition from the 3D 
scanned geometry. 

Fig. 7. Three-point bending test set-up.  
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conditions and loading point for all the models. In detail, two reference 
points (RP-1 and RP-2) were set at a relative distance equal to 200 mm to 
simulate the position of the physical hinge-supports of the experimental 
set-up. The third reference point (RP-3) was set at the mid-span where 
the load is applied. The boundary conditions were set as follows. A hinge 
(i.e. null displacements ux=uy=uz=0 and null out-of-plane rotations 
φz=φy=0) was considered for RP-1, while a roller was considered for RP- 
2 (i.e. null displacements ux=uy=0 and null out-of-plane rotations 
φz=φy=0). The out-of-plane displacement (ux=0) and rotations 
(φz=φy=0) were constrained for RP3. The constraints were imposed by 
tying the cross-sections corresponding to the support sections and 
loading point at mid-span with the respective reference points. The 
increasing load at the midspan was applied by monitoring the vertical 
displacement of RP-3. The analysis was carried out as non-linear static in 
displacement control of the midspan with an increment of 0.01 mm per 
step. Fig. 9 provides the graphical representation of one dot-by-dot 
WAAM bar together with the reconstructed geometry from high- 
precision 3D scanning and the mesh of FE model with an indication of 
the reference points and constraints. 

4.2. The calibration of the flexural Young’s modulus 

The calibration of the flexural Young’s modulus Ef ,FE was performed 
through an iterative procedure considering the 3D-scanned geometry of 
all specimens. A non-linear incremental static analysis was carried out 
by applying an increasing vertical displacement at the mid-span refer
ence point up to the 2 mm target displacement value. The numerical 
force-displacement curves from FEA were compared with the ones ob
tained from the experimental tests (see Section 5). In detail, the two 
curves were compared in terms of rigidity (EJ) values taken within the 
linear-elastic region of the curve and applying the Ordinary Least Square 
Regression (OLSR). From the obtained rigidity (EJ) values, the cali
brated flexural elastic modulus Ef ,FE was computed according to Eq. 8 
using the corresponding average moment of inertia Jreal (whose values 
are provided in Section 5.1, Table 2). The calibrated value of Ef ,FE was 
then introduced in the FEA model until the relative error between the 
two values of flexural rigidity (i.e. (Ef J)FE and (Ef J)exp) was negligible 
(below 1%). 

5. Main results and discussion 

5.1. Results of the geometrical characterization 

In order to evaluate the effective mechanical properties for structural 
design purposes, a volume-equivalent uniform circular cross-section of 
diameter deff was assumed to obtain the corresponding effective cross- 

sectional moment of inertia Jeff =
πdeff

4

64 . The values of the effective di
ameters and moments of inertia for all tested specimens are reported in  
Table 1. The average effective diameter deff results equal to 6.01 mm, 
therefore practically equal to the nominal diameter from the digital 
input (6 mm) with a very small coefficient of variation equal to 0.5%. 
The corresponding average effective moment of inertia Jeff results equal 
to 64.13 mm4 with 1.8% coefficient of variation. This result indicates 
that the investigated WAAM process has an overall good repeatability. 

In addition, the inherent cross-sectional variability was investigated 
by considering the 3D scanned models of all tested specimens. For each 
specimen, the distribution of the local cross-sectional diameters dreal and 
moment of inertia Jreal was evaluated according to the procedure 
detailed in Section 3.2. For each specimen, the mean and COV values of 
Jreal and dreal are reported in Table 2 together with the mean and COV 
values across the whole batch. The across-the-batch mean value of dreal is 
equal to 5.97 mm, therefore practically coincident with the nominal one 
(6 mm). The COV values for the single specimens are, on average, equal 

Fig. 8. Initial engineering and true stress-strain curves adopted for the FEA.  

Fig. 9. Graphical comparison between the real bar (top), the geometry obtained from the high-precision 3D scanning (mid) and the FE model with indication of the 
reference points and constraints (bottom). 
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to 17% (for Jreal) and 5% (for dreal), while the across-the-batch COV is 
equal to roughly 3% for Jreal and 0.7% for dreal. It can be noted that the 
single specimen COV of Jreal is in line with results obtained from pre
vious 3D scanned models of similar bars (see e.g. [26]) manufactured by 
the same producer. This observation indicates that the investigated 
WAAM process has a sufficient global repeatability at the scale of 
different production batches. 

More in detail, by comparing the values of the single specimen and 
across-the-batch COV it clearly appears that the local inherent 
geometrical variability is significantly higher than the global specimen- 
to-specimen variability (i.e., at the entire batch level). Note that the 
latter COV values are in good agreement with the COV values based on 
volume measurements as reported in Table 1. This indicates that the two 
measurement strategies lead to similar results when used for the 
assessment of the effective geometrical parameters. 

Fig. 10 compares the volume-based and 3D-scan measurements of 
the cross-sectional moments of inertia and diameters for all specimens. It 
should be noted that the grey areas indicate the two end-portions of the 
bars (25-mm length) that extend out of the two supports of the three- 
point bending test set-up (see Fig. 7). It is worth noticing that all the 
specimens are characterized by a first portion with a reduced diameter 
and moment of inertia. This could be due to the different sets of tem
perature between the base plate and the printed bars, which affect the 
first layers of printing. On average, the 3D scan-based (black dashed 
line) and volume-based (red dashed line) measurements are in quite 
close agreement with each other, with an average relative error of 
around 0.9%. 

5.2. Results of the three-point bending test 

The global results of three-point bending tests in terms of applied 
force Fexp vs mid-span deflection δexp are shown in Fig. 11a. As expected, 
all the specimens tested up to a target displacement of 2 mm experi
enced a similar almost-linear elastic behavior. For each value of imposed 
vertical displacement, the experimental flexural rigidity (EfJ)exp was 
calculated according to Eq. 5. For illustrative purposes, Fig. 11b pro
vides the graph of (EfJ)exp vs δexp for a specific test (dot-3). Once the 
pseudo-plateau region was visually identified (red dotted portion of the 
graph), Ordinary Least Square Regression was used to fit the branch. 

Table 3 presents the computed values of the experimental flexural 
rigidity (EfJ)exp. The COV value is equal to 6%. It is of interest to notice 
that the value is almost twice the COV value obtained for the effective 
moment of inertia (as reported in Table 1) and for the average real 
moment of inertia (as reported in Table 2). The comparison suggests that 
the large variability of the flexural rigidity cannot be uniquely attributed 
to the specimen-to-specimen variability of the moment of inertia. 

5.3. Results of the Finite Element Analysis 

The Finite Element Analysis (FEA) was carried out considering the 
3D-scanned geometry of all specimens to create a close-to-real imperfect 
geometry of the printed bars. The aim is to calibrate the values of flex
ural elastic modulus Ef ,FE following Approach 3 (as introduced in Section 
2) and the procedure explained in Section 4.2. At the beginning of the 
iterative process, the initial value of Ef ,FE was set equal to Et. 

Fig. 12 displays the deformed shape and the bending stress contour 
(σ11) of dot-1 specimen as obtained at the last step of the simulated 
three-point bending test corresponding to a mid-point vertical 
displacement of 2 mm. It can be noticed that the peak stresses are 
around 250 MPa, thus confirming that the specimen remained within 
the elastic field during the whole test. 

The calibration procedure described in Section 4.2 was applied to all 
tested specimens. Table 4 collects the results in terms of flexural elastic 
moduli Ef ,FE from FEA. On average, the Ef ,FE value results equal to 
113 GPa with a COV value equal to 8%, thus close to the COV exhibited 
by the experimental flexural rigidity. It can be noticed that the average 
flexural elastic modulus obtained from FEA is much lower than the 
standard value of Young’s modulus of conventionally manufactured 
stainless steel for structural applications, in the range of 195–200 GPa 
[47]. Additional considerations are given in the next section. 

5.4. Discussion on the results 

The results obtained comparing the three proposed approaches for 
the evaluation of the flexural modulus of inertia allow us to make some 
useful considerations for structural design purposes. For this aim, Ta
bles 5 and 6 provide a comprehensive overview of the main results from 
the geometrical and mechanical characterization. They are useful to 
assess the accuracy of the proposed methods and compare the influence 
of the different sources of uncertainties in the estimation of the flexural 
elastic moduli. 

Table 5 compares the values of the nominal Jn, effective Jeff (from 
volume measurements) and average Jreal,m (from 3D scanning) moments 
of inertia. As already noticed in Section 5.1, the values of the effective 
and average moments of inertia are in good mutual agreement, thus 
indicating the good reliability of the two measurement methods. The 
ratios Jeff/Jn, Jreal,m/Jn and Jreal,m/Jeff are centered to values which are 
very close to 1.0 (0.98–1.01), while their maximum/minimum values 
are within the range of 1.05–0.95 indicating that the maximum relative 
errors are less than or equal to 5%. Moreover, the low COV values 
(2–3%) confirm that the investigated WAAM process has a good overall 
(at the level of the entire batch) repeatability. 

Table 6 compares the values of the nominal, effective and FE-based 

Table 1 
Effective cross-sectional diameters and moments of inertia for the tested bars: 
specimen-to-specimen variability (from volume measures).  

Specimen-to-specimen variability 

Specimen ID Jeff [mm4] deff [mm] 

dot-1 64.90 6.03 
dot-2 64.04 6.01 
dot-3 63.62 6.00 
dot-4 64.04 6.01 
dot-5 63.19 5.99 
dot-6 64.90 6.03 
dot-7 62.77 5.98 
dot-8 64.47 6.02 
dot-9 66.64 6.07 
dot-10 62.77 5.98 
Mean (batch) 64.13 6.01 
COV (batch) 1.8% 0.5%  

Table 2 
Mean values and standard deviations of real cross-sectional diameters and mo
ments of inertia for the tested bars: inherent variability (from 3D scan measures).  

Inherent variability 

Specimen ID Jreal dreal 

Mean (single) 
[mm4] 

COV (single) 
[%] 

Mean (single) 
[mm] 

COV (single) 
[%] 

dot-1 59.44 15% 5.88 4% 
dot-2 64.90 17% 6.01 5% 
dot-3 63.24 14% 5.98 4% 
dot-4 62.01 14% 5.95 4% 
dot-5 62.72 18% 5.96 5% 
dot-6 66.28 24% 6.03 6% 
dot-7 60.49 21% 5.90 6% 
dot-8 63.10 19% 5.97 5% 
dot-9 64.38 16% 6.00 4% 
dot-10 63.27 16% 5.98 4% 
Mean 

(batch) 
62.98 17% 5.97 5% 

COV 
(batch) 

3.2% / 0.7% /  
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flexural elastic moduli evaluated following the three approaches intro
duced in Section 2.2. 

The three mean values of Ef ,n, Ef ,eff and Ef ,FE are practically identical 

(113–114 GPa) to each other. The three ratios Ef ,eff

Ef ,n 

Ef ,FE

Ef ,n 
and Ef ,FE

Ef ,eff 
are, on 

average, centered to 1.0 while their maximum/minimum values are 
equal to 1.16 and 0.86. These findings indicate that none of the three 
methods leads to a biased estimation and that their relative discrep
ancies are within ±15%. It is also of interest to notice that the mean 
value of the flexural elastic modulus corresponds, on average, to around 
86% of the effective tensile elastic modulus (Et) as evaluated through 

tensile tests on vertically printed bars (dot-0) manufactured with the 
same set of process parameters, see e.g. [26], which resulted equal to 
137 GPa. This finding indicates that the anisotropic behavior of 
dot-by-dot WAAM bar is also affected by the type of internal force, apart 
from the process parameters and build angle, the latter being previously 
investigated in [26] in relation to the behavior under tensile axial forces. 

The three COV values are close to each other with values between 
6–8%, significantly higher than the COV exhibited by the moment of 
inertia. The result indicates that neither the use of the effective geometry 
nor the use of the real geometry leads to an appreciable reduction of the 
dispersion in the estimation of the flexural rigidity. These findings 

Fig. 10. Comparison between along-the-length bar diameter and moment of inertia as obtained from 3D scan and effective values from volume measures: (a) dot-1 
specimen; (b) dot-2 specimen; (c) dot-3 specimen; (d) dot-4 specimen; (e) dot-5 specimen; (f) dot-6 specimen; (g) dot-7 specimen; (h) dot-8 specimen; (i) dot-9 
specimen; (j) dot-10 specimen. 
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Fig. 10. (continued). 

Fig. 11. (a) Force vs. displacement curves from three-point bending tests; (b) Flexural stiffness vs. mid-span displacement for dot-3 specimen.  

Table 3 
Flexural rigidity from three-point bending tests.  

Spec ID dot-1 dot-2 dot-3 dot-4 dot-5 dot-6 dot-7 dot-8 dot-9 dot-10 Mean COV 

(EfJ)exp 

[106N•m2] 
6.37 7.39 7.75 7.51 7.27 7.27 7.39 6.64 7.85 7.25 7.37 6%  
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suggest that the investigated WAAM process probably induces some 
non-negligible intrinsic variability on the flexural elastic modulus that is 
not correlated to the geometrical variability. In fact, this additional 
source of variability seems not to be reduced when considering the real 
geometrical variability of the printed element according to the proposed 
Approach 3. 

In light of the obtained results, it can be noted that the three pro
posed approaches, despite the increasing levels of accuracy in the 
geometrical description of the bar (from nominal to the effective values, 
up to a close-to-real description based on an accurate 3D scan), provide a 
similar estimation of the flexural elastic modulus, also in terms of 
specimen-to-specimen variability. Therefore, based on the obtained re
sults (whose quantitative values are valid only for the investigated 
WAAM process), the use of nominal geometry for the evaluation of the 
global flexural stiffness can be considered a reasonable choice for the 
investigated WAAM process when dealing with structural design pur
poses. However, additional investigations aimed at correlating the 
printing parameters with the microstructure and key mechanical pa
rameters are necessary to confirm this interpretation and, possibly, 
extend the recommendations for other sets of process parameters. 

6. Conclusions 

The present study aims at assessing the elastic flexural behaviour of 
dot-by-dot Wire-and-Arc Additively Manufactured (WAAM) stainless 

steel bars through experimental characterization combined with 
analytical evaluations and FEA. The main novelty of the work lies in the 
assessment of the flexural elastic modulus, considering a specific set of 
process parameters and a single build angle, and its variability with 
respect to the inherent geometrical irregularities induced by the 
manufacturing process. 

The geometrical and mechanical characterizations were carried out 
to assess the flexural stiffness of WAAM bars following three approaches 
of increasing complexity, based on different considerations related to 
the geometrical irregularities at both the global (entire batch) and local 
level (single specimen). At first, detailed investigations on the geomet
rical characterization through volume measures and 3D scan acquisition 
were performed. Three-points bending tests were carried out to obtain 
the experimental values of the elastic flexural stiffness from the slope of 
the experimental vertical force vs mid-span displacement response. 
From the experimental flexural stiffness, the flexural Young’s modulus 
was calibrated according to the three introduced approaches, the first 
two leading to simplified analytical formulations (based on the nominal 
and effective geometry of an equivalent uniform cylindrical specimen), 
while the third requiring more advanced numerical simulations through 
FEA and the accurate reconstruction of the real geometry of the bar as 
obtained from high-precision 3D-scanning. The comparisons between 
the values of the flexural elastic modulus obtained according to the three 
approaches allow us to evaluate, in an average sense, the effect of the 

Fig. 12. Deformed shape (magnified) and bending stress contour map for dot-1 specimen at the last step of the simulation.  

Table 4 
Flexural elastic modulus from FEA.  

Spec ID dot-1 dot-2 dot-3 dot-4 dot-5 dot-6 dot-7 dot-8 dot-9 dot-10 Mean COV 

Ef,FE [GPa] 113.80 102.64 119.58 124.19 113.50 107.05 124.44 102.14 105.63 121.46 113.44 8%  

Table 5 
Overview of the results in terms of cross section moment of inertia.  

Specimen ID Jn 

[mm4] 
Jeff 

[mm4] 
Jreal,m 

[mm4] 
Jeff/Jn 

[-] 
Jreal,m/Jn 

[-] 
Jreal,m/Jeff 

[-] 

dot-1 63.62 64.90 59.44 1.02 0.93 0.92 
dot-2 63.62 64.04 64.90 1.01 1.02 1.01 
dot-3 63.62 63.62 63.24 1.00 0.99 0.99 
dot-4 63.62 64.04 62.01 1.01 0.97 0.97 
dot-5 63.62 63.19 62.72 0.99 0.99 0.99 
dot-6 63.62 64.90 66.28 1.02 1.04 1.02 
dot-7 63.62 62.77 60.49 0.99 0.95 0.96 
dot-8 63.62 64.47 63.10 1.01 0.99 0.98 
dot-9 63.62 66.64 64.38 1.05 1.01 0.97 
dot-10 63.62 62.77 63.27 0.99 0.99 1.01 
Mean 63.62 64.13 62.98 1.01 0.99 0.98 
COV / 2% 3% 2% 3% 3%  

Table 6 
Overview of the results of flexural elastic moduli based on the 3 approaches.  

Specimen ID Ef,n [GPa] Ef,eff [GPa] Ef ,FE [GPa] Ef,eff

Ef ,n 

[-] 

Ef ,FE

Ef ,n 

[-] 

Ef ,FE

Ef ,eff 

[-] 

dot-1 100.13 98.13 113.80 0.98 1.14 1.16 
dot-2 116.16 115.39 102.64 0.99 0.88 0.89 
dot-3 121.82 121.77 119.58 1.00 0.98 0.98 
dot-4 118.05 116.54 124.19 0.99 1.05 1.07 
dot-5 114.28 115.05 113.50 1.01 0.99 0.99 
dot-6 114.28 112.02 107.05 0.98 0.94 0.96 
dot-7 116.16 117.77 124.44 1.01 1.07 1.06 
dot-8 104.37 102.92 102.14 0.99 0.98 0.99 
dot-9 123.39 117.75 105.63 0.95 0.86 0.90 
dot-10 113.96 114.65 121.46 1.01 1.07 1.06 
Mean 114.26 113.20 113.44 0.99 1.00 1.00 
COV 6% 6% 8% 2% 9% 8%  
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geometrical irregularities. 
The main results from the geometrical characterization allow us to 

draw the following conclusions. The effective values (evaluated from 
volume equivalency) and mean values across the batch (evaluated from 
3D scanning) of both diameter and moment of inertia are, on average, 
almost coincident with the nominal values. Moreover, they exhibit very 
reduced variability with COV values of about 0.5%− 0.7% for the di
ameters and 2–3% for the moments of inertia. The low COV indicates an 
overall good repeatability of the investigated dot-by-dot printing pro
cess. The results of the investigations in terms of inherent cross-sectional 
variability at the level of the single specimen indicate that the specific 
dot-by-dot WAAM process has a limited precision since the COV values 
for the diameter and moment of inertia are of about 4% and 15%, 
respectively. 

The results of the three-point bending tests and FEA allow us to draw 
the following conclusions. The flexural elastic modulus as evaluated 
according to the three proposed approaches is approximately equal, on 
average, to 113 GPa. In fact, in an average sense, the nominal Ef ,n (e.g. 
taken considering the nominal moment of inertia), the effective Ef ,eff (e. 
g. based on effective volume based geometrical measurements) and the 
Ef ,FE (e.g. based on FEA) closely match. However, it differs substantially 
from the average tensile elastic modulus exhibited by similar vertically 
printed bars manufactured with the same set of process parameters, 
whose average value was equal to 137 GPa. This discrepancy indicates 
that the anisotropic response is also affected by the type of internal 
force. Moreover, the maximum relative differences between the flexural 
elastic moduli evaluated according to the three methods are limited 
within a range of ± 15%. Regarding the variability of the results, the 
quite high and constant COV value (6–8%) of the flexural elastic 
modulus obtained from the three approaches indicates that the printing 
process may induce an additional source of variability in the elastic 
properties of the bars that cannot be uniquely attributed to the 
geometrical irregularities. Overall the results indicate that, for the 
investigated dot-by-dot WAAM technology, the use of nominal geometry 
for the evaluation of the flexural behavior can be considered a reason
able choice for design purposes. 

However, additional investigations aimed at correlating the printing 
parameters with the microstructure and key mechanical parameters are 
necessary to confirm this possible interpretation. 

As a further remark, it is necessary to highlight that the quantitative 
results should be applied only to bars having similar geometrical prop
erties and fabricated with the same WAAM technology. In order to 
obtain trends of more general validity, a wider experimental investiga
tion on bars of different geometrical properties (diameters and lengths) 
and produced with different WAAM technologies is necessary. 

Finally, the obtained preliminary results could pave the way toward 
a more comprehensive interpretation of the buckling behavior of WAAM 
slender elements. The calibrated flexural elastic modulus could, in fact, 
be used to investigate the buckling behavior of WAAM bars under 
compression and then to calibrate ad-hoc buckling curves for structural 
design purposes. 
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