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Abstract
This study investigates the tensile response of body-centered cubic (BCC) lattice structures with tapered struts manufac-
tured from Ti6Al4V powder using a laser-beam powder bed fusion (PBF-LB) process. It quantifies how the end diameter 
(dend), mid-span diameter (dmid), and joint-node height (h) affect Young’s modulus (E), 0.2% proof stress (Rp0.2), and 
ultimate tensile strength (Rm). Experimental tensile tests performed on lattice specimens were combined with simulations 
based on the finite element method (FEM). A parametric dataset was created using results from finite element simulations 
and used to develop response surface regression models. The elastic and early plastic responses estimated numerically 
showed high agreement with experimentally observed responses, whereas the post-peak regime exhibited larger discrep-
ancies associated with progressive failure and fabrication-induced variability. Increases in dmid and dend led to higher E, 
Rp0.2, and Rm, with the largest gains observed when both diameters increased simultaneously. This indicates a strong 
geometric interaction. Joint-node height showed a secondary and geometry-dependent influence. All developed regression 
models explained more than 99% of the variability in FEM-estimated E, Rp0.2, and Rm, capturing nonlinear diameter 
effects and their interaction. When compared with experimentally determined E, Rp0.2, and Rm, the models explained 
85%, 90%, and 88% of the variability in experimentally determined mechanical properties, respectively. Overall, the 
proposed framework and the developed regression models may serve as useful tools for early-stage unit-cell geometry 
screening in lattice structures with tapered struts within the investigated design space, while broader experimental valida-
tion remains necessary.

Keywords  BCC unit-cell · Tapered struts · Additive manufacturing · Lattice structures · Mechanical properties · Finite 
element method
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Influence of strut tapering and joint-node height on mechanical 
response of BCC lattices

David Liović1 · Emanuele Vaglio2 · Federico Scalzo2 · Marina Franulović1 · Giovanni Totis2 · Marco Sortino2

1  Introduction

Recent advances in additive manufacturing (AM) have 
expanded the design space of lattice structures by enabling 
geometries that are difficult to produce using conventional 
subtractive machining. This has enabled the production of 
lattice structures with tailored mechanical responses, sup-
porting their growing application in automotive, aerospace, 
and biomedical engineering [1–4]. When lattices are inte-
grated into load-bearing components, their mechanical 
response must be thoroughly understood to ensure reliable 
performance under service loading.

Most studies conducted on lattice structures have focused 
on compressive loading [5], reflecting the importance 
of these structures in energy absorption and load-bearing 
applications [3, 6–9]. However, when lightweight struc-
tural design is required, evaluation of tensile performance 
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is equally important [5, 10, 11]. Moreover, lattice structures 
are widely used in biomedical implants as bone substitutes 
[12, 13]. As bone is subjected to a range of loading con-
ditions, including compression, tension, bending, shear, 
torsion, and their combinations, tensile characterization is 
crucial for clinical assessment [11].

By comparison, investigation of tensile behavior has 
received far less attention [5, 10]. One reason for this lies 
in the practical difficulties related to tensile testing of lattice 
specimens [10]. In addition, many studies have focused on 
the elastic response of lattice structures [14, 15]. This gap is 
pronounced for tensile loading, where both manufacturing 
constraints and test configuration can influence mechanical 
response and observed failure mechanisms.

From a manufacturing standpoint, tensile test specimens 
are commonly fabricated in vertical or near-vertical orienta-
tions to reduce distortion caused by residual stresses during 
manufacturing and to avoid internal support structures [16]. 
However, this increases build height, which in turn raises 
production time and cost [17].

To address tensile testing challenges, recent efforts have 
been made to standardize lattice tensile test specimens [15, 
18]. Gebre et al. [15] used the finite element method (FEM) 
to design optimal porosity gradients in the transition zone, 
whereas Jung et al. [18] optimized the transition region to 
reduce specimen height and mitigate high stress concentra-
tions. In such settings, optimizations based on FEM can be 
computationally intensive and time-consuming. Therefore, 
there is growing interest in incorporating representative vol-
ume element (RVE) modeling approaches [19]. Although 
RVE modeling with homogenization is widely used to esti-
mate the effective mechanical response of periodic lattice 
structures [20], such approaches without further extension 
are less suited to responses governed by localization and 
instability, including damage initiation, progressive failure, 
and geometry-dependent fracture [14, 21].

In tensile loading, failure in lattices with body-centered 
cubic (BCC) unit cells often initiates at nodal regions and 
propagates through a finite number of neighboring unit cells 
[22]. This makes boundary conditions, specimen size, and 
geometric asymmetry important factors that are not consid-
ered by classical periodic homogenization frameworks.

To reduce stress concentrations at those critical nodal 
regions, geometric modification strategies can be imple-
mented, such as adding spheres [9], fillets which act as 
smooth transitions [23], and curved struts [1]. Another 
approach to influence mechanical response, reduce anisot-
ropy, and influence stress concentration regions is strut 
tapering [24].

Although these strategies aim to reduce stress con-
centrations and improve load transfer, they achieve this 
in different ways. Fillets and spheres mainly act as nodal 

reinforcements. They modify the local geometry in regions 
where high stress concentrations are expected. On the other 
hand, curved and tapered struts modify the stiffness distribu-
tion along the strut and affect the balance between bending- 
and stretch-dominated deformation. In tapered struts, the 
end and mid-span diameters may therefore have different 
roles. The end diameter affects load transfer near the nodes, 
whereas the mid-span diameter affects strut compliance and 
bending stiffness. However, the combined influence of these 
tapering parameters under tensile loading remains insuffi-
ciently characterized.

A recent study investigated the full mechanical behav-
ior of lattice structures in both compression and tension by 
combining experiments and numerical simulations [25]. 
However, the relationship between unit-cell strut tapering 
parameters and tensile mechanical properties was not the 
primary focus of that study. In particular, the combined 
influence of strut end diameter, mid-span diameter, and 
joint-node height on Young’s modulus, 0.2% proof stress, 
and ultimate tensile strength has not been systematically 
quantified for tapered BCC lattices.

This work addresses the identified gap by characteriz-
ing the tensile response of PBF-LB Ti6Al4V BCC lattice 
structures with tapered struts and by systematically relating 
unit-cell geometry to mechanical properties through finite 
element simulations and regression modeling. The novelty 
of the study is threefold. First, it focuses on tensile load-
ing, whereas most previous studies on lattice structures have 
emphasized compressive behavior. Second, it examines the 
combined effects of dmid, dend, and h, enabling a more 
complete assessment of how tapering and node positioning 
jointly influence stiffness and strength. Third, it develops 
response-surface design equations for E, Rp0.2, and Rm 
from a FEM dataset supported by experiments, thereby 
providing surrogate models for rapid geometry screening 
within the investigated design space and potentially sup-
porting early-stage engineering design.

2  Experimental procedures

This section outlines the specimen geometry, parameters 
of the PBF-LB manufacturing process, applied annealing 
heat treatment, dimensional characterization of actual strut 
diameters after manufacturing, and tensile testing proce-
dures used in this study.

2.1  Specimen geometry

In this study, lattice specimens consisting of ∼ 4.6 × 5 × 5 
body-centered cubic (BCC) unit cells were investigated, as 
illustrated in Fig. 1. Each unit cell had fixed dimensions of 
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4 × 4 × 4 mm. As a result, the lattice section of the speci-
men exhibited an overall height of 18.5  mm, while the 
length and width were both equal to 20 mm. The selection 
of 4.6 unit cells in the loading direction enabled the place-
ment of the extensometer within the solid region of the 

specimen and reduced the likelihood of failure at the inter-
face between the solid part and the lattice structure. This 
configuration resulted in shortened struts within the bound-
ary unit cells adjacent to the solid regions, thereby increas-
ing their local stiffness and suppressing premature failure 
at the contact zones. Furthermore, a 5 × 5 arrangement of 
repeating unit cells in the transverse directions (width × 
length) was selected to reduce edge effects and therefore 
ensure a representative mechanical response.

The BCC unit-cell geometry is described using three 
parameters: strut end diameter (dend), mid-span diameter 
(dmid), and nodal joint height (h). In the experimental part, 
the nominal strut end (dend) and mid-span (dmid) diameters 
were varied between 0.6 and 1.0 mm. In the numerical part, 
the diameter range was extended to 1.2 mm to enlarge the 
parametric design space for regression modeling. In addi-
tion, the nodal joint height (h) was set to 2, 2.5, or 3 mm. 
Each unit-cell configuration is labeled using the following 
format: dend−dmid−h. This format is used throughout the 
study as the specimen identifier. An overview of all speci-
men identifiers and corresponding geometric parameters is 
provided in Table 1.

The selected tapering diameter range of 0.6−1.0 mm for 
additive manufacturing of lattice specimens was determined 
by both the limitation of the PBF-LB process and the geo-
metric constraints of the BCC unit cell. Struts with diameters 
smaller than 0.6 mm are challenging to manufacture using 
the PBF-LB process, as they are more prone to defects due to 
their thin cross-section. This, in turn, reflects disproportion-
ately on the mechanical response of the lattice. Such manu-
facturing defects limit the reliability and representativeness 
of the experimental measurements. Furthermore, the upper 
diameter limit for manufacturing was limited to 1.0 mm to 
mitigate excessive dross formation, particularly for con-
figurations combining dend = 0.6 mm and dmid = 1.0 mm. 
Due to the inclined orientation of struts in BCC unit cells, 
larger tapering diameters favor the accumulation of dross. 
These regions typically have higher defect densities, sur-
face irregularities, and increased roughness [26–28]. This, 
in turn, adversely influences the mechanical response and, 
consequently, the interpretation of the results. Furthermore, 
such surface textures make it difficult to accurately measure 
actual strut diameters. Note that for experimental valida-
tion, each geometric parameter was varied at three distinct 
levels (see Table 1), whereas in the numerical analysis, the 
design space was further extended to seven levels for the 
strut diameters, keeping three levels for joint-node height.

2.2  Specimen fabrication

A set of 36 lattice specimens incorporating various BCC 
unit-cell configurations was produced using the PBF-LB 

Table 1  BCC unit-cell configurations of manufactured lattice speci-
mens
Specimen ID dend, mm dmid, mm h, mm No. of  

specimens
06-06-2 0.6 0.6 2 4
06-08-2 0.6 0.8 2 1
06-1-2 0.6 1 2 1
08-06-2 0.8 0.6 2 1
08-08-2 0.8 0.8 2 4
08-1-2 0.8 1 2 1
1-06-2 1 0.6 2 1
1-08-2 1 0.8 2 1
1-1-2 1 1 2 4
06-06-25 0.6 0.6 2.5 1
06-08-25 0.6 0.8 2.5 1
06-1-25 0.6 1 2.5 1
08-06-25 0.8 0.6 2.5 1
08-08-25 0.8 0.8 2.5 1
08-1-25 0.8 1 2.5 1
1-06-25 1 0.6 2.5 1
1-08-25 1 0.8 2.5 1
1-1-25 1 1 2.5 1
06-06-3 0.6 0.6 3 1
06-08-3 0.6 0.8 3 1
06-1-3 0.6 1 3 1
08-06-3 0.8 0.6 3 1
08-08-3 0.8 0.8 3 1
08-1-3 0.8 1 3 1
1-06-3 1 0.6 3 1
1-08-3 1 0.8 3 1
1-1-3 1 1 3 1

Fig. 1  3D model of the lattice specimen with BCC unit-cell configura-
tion dend = 1 mm, dmid = 0.6 mm and h = 2 mm (1-06-2)
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process. Fabrication was carried out on a Concept Laser M2 
Cusing machine featuring a single-mode continuous-wave 
ytterbium-doped fiber laser with an emission wavelength 
of 1070 nm. Extra-low interstitial (ELI) Ti6Al4V Grade 23 
powder served as the feedstock material. An island scanning 
strategy was employed during manufacturing, and the asso-
ciated processing parameters are summarized in Table  2. 
Contouring was performed to improve the surface finish-
ing. Representative images of the fabricated lattice speci-
mens are presented in Fig. 2. The complete production of 
the specimen batch required 8 days and 11 h.

The annealing procedure was performed under an argon 
atmosphere to limit oxidation during heat treatment. The 
specimens were heated at a controlled rate of 3.5 ◦C/min 
until reaching 840 ◦C, where the temperature was held for 
2  h. Subsequent slow cooling was performed within the 
closed furnace.

2.3  Dimensional accuracy after production

Typically, the PBF-LB process introduces a staircase effect 
on inclined surfaces. This results in strut diameters that 
deviate from their nominal CAD values and are generally 
larger than the CAD model specifies. To account for this, 
the finite element models of the fabricated lattice specimens 

were constructed by averaging the actual measurements 
of strut diameters rather than using the nominal diameters 
defined by the CAD model. Strut diameters were mea-
sured in two characteristic directions on the as-built strut 
cross-section. Due to the inclined orientation of the struts 
and the staircase effect inherent to the PBF-LB process, 
the manufactured cross-section deviated from the nominal 
circular CAD geometry. The quantities dminor and dmajor 
denote the smaller and larger measured diameters of the as-
built strut cross-section, respectively. The effective diam-
eter deffective was calculated as the average of dminor and 
dmajor and was used as a simplified geometry correction in 
the corresponding FEM models. The corresponding mea-
surements are summarized in Table 3. Strut diameters were 
measured twelve times prior to tensile testing using a digital 
caliper with a resolution of 0.01 mm, a repeatability of 0.01 
mm, and a maximum measurement error of 0.02 mm. This 
approach provides a representative basis for comparing the 
mechanical response of the physical specimens and their 
simulated counterparts.

In this study, repeated digital caliper measurements were 
considered sufficient. The objective was to obtain corrected 
diameter values for comparison with FEM counterparts, 
rather than a full local reconstruction of the manufactured 
geometry. However, this approximation does not include 
local irregularities, such as diameter variations along the 
strut length, ovality, surface roughness, adhered particles, 
and local defects introduced during PBF-LB. These features 
were therefore not modeled individually. Their influence 
is reflected only indirectly through the effective measured 
diameters.

It should be noted that this geometric correction was 
applied only for the purpose of comparison between actual 
specimens and their corresponding numerical counterparts. 
In contrast, all regression models were developed using 
solely data obtained from the numerical simulations per-
formed on unit-cell configurations having strut diameters 
uniformly distributed at seven levels in the range between 
0.6 mm and 1.2 mm, and three different node heights (2 mm, 
2.5 mm, and 3  mm). The use of uniformly spaced diam-
eter values promotes parameter identification in regression 
modeling, reduces potential estimation bias, and facilitates 
the detection of interaction effects. This, in turn, increases 
the reliability and robustness of the regression models 
developed.

Table 2  Bulk and contour parameters of the PBF-LB process used for 
specimen production
Region P, W v, mm/s t, mm hD, mm d, mm EL, J/mm
Bulk 225 1000 0.025 0.09 0.1 0.225
Contour 200 1750 0.025 – 0.07 0.114
 Laser power (P), scanning speed (v), layer thickness (t), hatch dis-
tance (hD), laser spot diameter (d), linear energy density (EL)

Table 3  Designed and actual strut diameters after PBF-LB
ddesigned, mm dminor, mm dmajor, mm deffective, mm

0.6 0.58 ± 0.02 0.98 ± 0.05 0.78 ± 0.21
0.8 0.78 ± 0.03 1.18 ± 0.04 0.98 ± 0.21
1 0.98 ± 0.02 1.41 ± 0.03 1.20 ± 0.22
Values are reported as mean ± standard deviation

Fig. 2  Manufactured tensile test specimens featuring BCC unit cells 
integrated into a lattice
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2.4  Tensile testing

Improper specimen design or manufacturing-induced 
defects can lead to early failure at the solid-lattice interfaces 
due to stiffness discontinuities. One strategy to avoid this 
outcome is to gradually densify the lattice near these inter-
faces, thereby creating a smoother stiffness transition [27]. 
That approach requires attaching the extensometer directly 
to the lattice region. For the BCC lattice structures consid-
ered in this study, such attachment of the extensometer is 
challenging, as the only accessible locations are at the nodal 
regions. As the tensile load increases during the tensile test, 
these regions are subjected to both axial and rotational dis-
placements. In combination with unavoidable geometric 
imperfections, this adversely influences strain measure-
ments using a contact extensometer.

Therefore, the extensometer was attached to the solid 
region of the specimen. To make that possible, the lattice 
structures were designed to have approximately 4.6 × 5 × 5 
BCC unit-cells. This leads to slightly shorter struts at the 
solid–lattice interfaces, which in turn decrease stiffness 
jumps. This configuration promotes damage initiation 
within the lattice region, rather than at the solid-lattice inter-
faces, thereby ensuring reliable strain measurements.

Tensile testing was performed using a StepLAB elec-
tromechanical testing machine equipped with a 25  kN 
load cell. A crosshead speed was set to 0.01 mm/s. Strain 
measurements were obtained using an Epsilontech 3442-
010  M-050  M-ST extensometer with a gauge length of 
20 mm.

For specimens exceeding the 22  kN capacity of the 
StepLAB electromechanical testing machine, tensile tests 
were performed on a Galdabini Quasar 50 universal test-
ing machine equipped with a 50 kN load cell and DANTEC 
digital image correlation (DIC) system. The same crosshead 
speed was used in this machine to ensure consistency. In 
addition to recording the stress–strain response, the DIC 
system was used to capture displacement fields in the solid 
regions of the lattice specimens, from which strain was 
subsequently calculated using data extracted with a virtual 
extensometer.

It should be noted that the experimental tests were pri-
marily performed to provide comparative support for the 
numerical analysis across the investigated specimen con-
figurations, rather than a statistically comprehensive valida-
tion with multiple repetitions for each configuration. Most 
configurations were tested using a single specimen, while 
repetitions were available only for a subset of configura-
tions. In addition, a full mechanical response was not cap-
tured for specimen 1-1-3 due to limitations related to the 
tensile test machines used. Accordingly, the experimental 
results should be interpreted as limited verification, with 

the strongest support provided for trends in elastic and early 
plastic behavior.

3  Numerical analysis

Numerical simulations were performed using the Abaqus 
2020 software package. The Abaqus/Explicit solver was 
selected to address the pronounced nonlinearities present 
in the analyzed lattice structures, including complex con-
tact interactions, large local deformations, and progressive 
material damage. These features make the standard solver 
less robust, while the explicit formulation provides stable 
and reliable solutions for the conditions considered in this 
study. The finite element formulation and constitutive mod-
eling approach described within this section are based on 
[29, 30].

3.1  Material modeling

The mechanical response of the lattice structures was simu-
lated using an elastoplastic constitutive model with ductile 
damage implemented in Abaqus/Explicit. Plastic deforma-
tion was described using the von Mises yield criterion with 
isotropic hardening, while material degradation was intro-
duced through a ductile damage formulation. This model-
ing approach was selected since the tensile response of the 
investigated lattices involves local yielding, damage initia-
tion, and progressive loss of load-carrying capacity.

Damage initiation was defined using an equivalent plas-
tic strain criterion. In this formulation, damage starts when 
the accumulated equivalent plastic strain reaches the critical 
value specified for damage initiation. After damage initia-
tion, material degradation was described using a scalar dam-
age variable D, which progressively reduces the effective 
stress according to:

σ = (1 − D)σ̄,� (1)

where σ̄ denotes the effective undamaged stress tensor, 
while D is the scalar damage variable ranging from 0 for 
the undamaged state to 1 for complete material failure.

To reduce mesh dependence during damage evolu-
tion, a fracture-energy-based formulation was used. In 
this approach, the failure process is described through the 
energy dissipated during damage progression rather than 
only through the equivalent plastic strain at failure. The 
fracture energy Gf was calculated as:

Gf =
σy0L(ε̄pl

f − ε̄pl
D)

2
,� (2)
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where σy0 is the yield stress at damage initiation, L is the 
characteristic element length, ε̄pl

f  is the equivalent plastic 
strain at failure, and ε̄pl

D  is the equivalent plastic strain at 
damage initiation. This formulation was used to provide a 
practical representation of stiffness degradation and failure 
initiation in the lattice struts while limiting mesh-dependent 
effects in the post-yield regime.

To fully characterize the elastoplastic response of the 
material and its damage evolution, the corresponding mate-
rial parameters must be identified.

3.2  Material parameters

The mechanical properties used in the numerical model-
ing of the lattice structures were adopted from the study 
of Murchio et al. [31], who experimentally characterized 
45◦-oriented struts with a nominal diameter of 0.6  mm 
using a DIC system. Based on these findings, the mechan-
ical response of the lattice specimens was represented 
by a bilinear elastoplastic material model. The Young’s 
modulus of the solid material was fixed at 80.3 GPa for 

all lattice configurations, corresponding to the properties 
reported for the 45◦ strut orientation  [31]. A Poisson’s 
ratio of 0.31 and a mass density of 4.432  g/cm3 were 
adopted from [32, 33]. This strategy of keeping constant 
all mechanical properties for all specimen configurations 
was adopted to obtain a practical and simple modeling 
procedure across the design space, without performing 
additional recalibration steps for mechanical properties. 
The objective was therefore not to create calibrated mate-
rial properties for each strut diameter, joint-node height, 
or local strut orientation, but to evaluate whether a single 
combination of mechanical properties can capture the 
main geometry-dependent trends across the investigated 
design space.

Following the conversion of the experimental results 
reported by Murchio et al. [31] to true stress–true strain 
form, the yield strength was determined to be 582.2 MPa, 
while the ultimate tensile strength reached 768.3 MPa at 
a plastic strain of 0.031 mm/mm. The fracture strain was 
assumed equal to this value, with stress triaxiality set to 
0.33 and the strain rate fixed at zero. Damage evolution 
was governed by a fracture energy criterion that accounts 
for the characteristic element length. Accordingly, for an 
element size of 0.2 mm, the fracture energy Gf was com-
puted using Eq. (2), resulting in a value of 0.36 N/mm.

3.3  Boundary conditions

The numerical model employed two distinct symmetry-
based boundary-condition strategies, selected according 
to the geometric characteristics of the unit cells, as illus-
trated in Fig. 3. In the case of symmetric unit cells (h = 2 
mm), symmetry constraints were enforced in the x-, y-, 
and z-directions (XSYM, YSYM, and ZSYM) as shown in 
Fig.  3a.  This allowed the model domain to be reduced 
to one-eighth of the full specimen. For asymmetric unit 
cells (h = 2.5 or 3 mm), symmetry was imposed only 
along the x- and z-axes as can be seen in Fig. 3b. This 
resulted in a quarter-specimen representation.

The imposed displacement of the analytical rigid sur-
face was set to 0.6 mm, while the remaining five degrees 
of freedom were fixed at a single reference point. To limit 
the introduction of inertial effects, the displacement was 
defined using a smooth step function. Computational effi-
ciency was further improved by setting the total simula-
tion duration to 1  s and applying a mass scaling factor 
of 1000. As a consequence, the numerical simulation 
time was reduced by approximately two orders of magni-
tude compared to the experimental tensile test, while the 
effective mass of the modeled specimen was proportion-
ally increased.

Fig. 3  Finite element representation of the lattice specimen, including 
the analytical rigid surface, reference point, applied boundary condi-
tions, and constraints, for configurations with (a) symmetric, and b 
asymmetric BCC unit cells
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A reference point associated with the analytical rigid 
surface was used to monitor the reaction force, displace-
ment, and energy evolution throughout the simulation. 
Engineering stress and strain were subsequently deter-
mined during post-processing from the recorded reaction 
force and displacement data, using the nominal lattice 
cross-sectional area of 400  mm2. A tied (bonded) con-
tact interaction was defined to ensure full kinematic cou-
pling between the lattice structure and the analytical rigid 
surface.

3.4  Mesh sensitivity analysis

A mesh convergence study was conducted to determine a 
suitable discretization of the unit cell using linear tetra-
hedral elements. Six mesh densities were evaluated using 
the 06-06-2 configuration, which represents the thin-
nest investigated lattice configuration and was therefore 
considered the most critical case with respect to mesh 
resolution and post-peak localization. Young’s modulus, 
ultimate tensile strength, and the strain corresponding 
to a 30% post-peak stress drop were extracted from the 
numerical stress–strain curves, as illustrated in Fig. 4.

With increasing mesh refinement, Young’s modu-
lus and ultimate tensile strength reach stable values, 
while the strain corresponding to a 30% post-peak stress 
drop provides additional information on the stability of 
the early post-peak response. An optimal compromise 
between numerical accuracy and computational effi-
ciency was obtained with approximately 6378 elements 
per unit cell, corresponding to an element size of 0.2 mm. 
This element size was therefore adopted for all subse-
quent simulations.

The suitability of symmetry boundary conditions for 
modeling lattice specimens under tensile loading was 
also examined. The use of symmetry allows a substantial 
reduction of the computational time, thereby decreasing 
the number of finite elements required and significantly 
reducing computational cost. The BCC unit cells with 
h = 2 mm investigated in this study have three orthog-
onal planes of symmetry, which enable the application 

of three-plane symmetry boundary conditions to lattice 
specimens composed of these cells. As a result, only one-
eighth of the full specimen can be modeled, as illustrated 
in Fig. 5.

A comparison of the engineering stress–strain 
responses obtained with and without symmetry boundary 
conditions shows nearly identical behavior, with minor 
deviations observed only at higher stress–strain levels. 
These differences are attributed to the larger number of 
potential damage initiation sites present in the full-speci-
men model, which contains a greater number of unit cells 
and corresponding critical regions. Consequently, dam-
age initiation and progression occur earlier in the model 
without symmetry, leading to premature failure. In con-
trast, the use of three-plane symmetry boundary condi-
tions results in a slightly higher predicted ultimate tensile 
strength, with an increase of only 2.88% in Rm compared 
to the non-symmetric model.

The ratio of kinetic energy (EKE) to internal energy 
(EI) was monitored throughout each simulation, as 
time and mass scaling techniques were employed to 
reduce computational cost. As shown in Fig. 6a, the EKE 
remained below 5% of the EI for most of the loading his-
tory, indicating that inertial effects were negligible. 

Fig. 5  Effect of symmetry bound-
ary conditions on the engineer-
ing stress–strain response of the 
06-06-2 lattice specimen

 

Fig. 4  Convergence of the estimated E, Rm, and the strain corre-
sponding to a 30% post-peak stress drop as the mesh density per unit 
cell increases. Annotations in brown report the associated computation 
time, whereas annotations in red specify the element size used
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At the beginning of the simulation, for times up to 
0.15 s, the kinetic energy EKE slightly exceeds the com-
monly adopted threshold of 5–10% of the internal energy 
EI. In this interval, however, EKE remains below 0.1 J. 
Such low kinetic energy levels are achieved through the 
application of a smooth step displacement to the lattice 
specimen. Consequently, the contribution of inertial 
effects to mechanical response is minimal, as the asso-
ciated inertial forces during the early loading stage are 
small, as illustrated in Fig. 6b

The influence of inertial forces caused by the use of 
time and mass scaling is demonstrated using the 06-06-2 
lattice specimen without symmetry boundary conditions. 
This modeling setup allows the evaluation of reaction 
forces at both analytical rigid surfaces located at the 
upper and lower ends of the specimen. In the presence of 
elevated EKE, pronounced inertial effects would manifest 
as a discrepancy between the reaction forces measured 
at these two surfaces. As shown in Figure 6b,  the reac-
tion force difference for the undamaged lattice reaches 
approximately 6 N at 0.2 s, which is 2% of the total reac-
tion force at that given time. As time progresses, the reac-
tion force difference decreases until damage initiation 
occurs at around 0.6 s, after which larger fluctuations and 
increased force differences are observed.

As damage propagates through multiple struts, fluctu-
ations in EKE become evident, reflecting a temporary rise 
in inertial forces. These effects do not affect the evaluated 
values of Young’s modulus, 0.2% proof stress, or ulti-
mate tensile strength, since these properties were deter-
mined from the initial linear portion of the stress–strain 
response, prior to the onset of damage.

4  Statistical analysis and modeling

Statistical analyses and response surface modeling 
were performed in R [34]. Three mechanical proper-
ties obtained from the FEM dataset were considered 
as response variables: Young’s modulus (E), ultimate 

tensile strength (Rm), and 0.2% proof stress (Rp0.2). 
All continuous geometric predictors were centered and 
scaled to the interval [−1, 1].

A second-order response-surface regression frame-
work was employed to model the dependence of the 
mechanical response on lattice geometry. The geometric 
parameters describing strut tapering (dmid and dend) were 
represented by a full quadratic polynomial, including lin-
ear, squared, and interaction terms. A full model was ini-
tially specified in which all quadratic response-surface 
terms were allowed to interact with the joint-node height 
h, thereby permitting both the magnitude and shape of 
the response surface to vary continuously with height. In 
compact form, the most general model can be written as:

Y = β0 + β1xmid + β2xend + β11x2
mid + β22x2

end + β12xmidxend

+ β3xh + β13xmidxh + β23xendxh

+ β113x2
midxh + β223x2

endxh + β123xmidxendxh + ε.

� (3)

Here, Y  denotes the mechanical response of interest, 
namely E , Rp0.2, or Rm, while ε represents the random 
error term. The variables xmid, xend, and xh denote the 
centered and scaled values of dmid, dend, and h, respec-
tively. The initial model includes the full quadratic 
response surface in the two strut diameters, together with 
the additive linear effect of joint-node height and height-
dependent interactions with the diameter-related terms. 
Models including a quadratic term in xh were examined 
only as a sensitivity check and were not considered as 
candidate final models. Since h was investigated at only 
three levels, these data provide limited support for a 
robust interpretation of nonlinear height effects. There-
fore, a linear term was used for h, and interactions with 
the diameter-related terms were included during model 
selection.

Several nested candidate models were compared during 
model selection. The additive height model included the 
full quadratic response surface in xmid and xend, with xh 
included only as an additive linear term. The full interac-
tion model allowed the diameter-related linear, quadratic, 

Fig. 6  a Time histories of internal 
and kinetic energy for the 06-06-2 
lattice specimen under tensile 
loading, and b comparison of reac-
tion forces at the upper and lower 
analytical rigid (AR) surfaces, 
including their difference
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and interaction terms to vary with xh. Reduced interaction 
models were then obtained by removing non-significant 
height-dependent interaction terms from the full interaction 
model, while retaining the main effects and the full quadratic 
response surface in the two diameter-related predictors.

Nested analysis-of-variance (ANOVA) tests based on 
residual sum of squares were used to evaluate whether 
these reductions resulted in a significant loss of explana-
tory power relative to the full model. Model selection 
was further supported by the Akaike and Bayesian infor-
mation criteria (AIC and BIC). Homoscedasticity was 
tested using the non-constant variance (NCV) test, and 
normality of studentized residuals was examined using 
the Shapiro–Wilk test. Robust standard errors (HC3) 
were used to test the model coefficients in the presence of 
possible heteroscedasticity, which may arise in response-
surface models of mechanical data estimated using FEM.

5  Mechanical response: experimental versus 
numerical

The mechanical response varied widely across the inves-
tigated configurations. As summarized in Table  4, the 
investigated lattice configurations exhibited pronounced 
differences in mechanical response. An increase in the mid-
span strut diameter dmid, while maintaining a constant end 
diameter dend, consistently leads to steeper stress–strain 
curves, reflecting higher values of Young’s modulus, as 
summarized in Table 4. A similar trend is observed when 
increasing dend at a fixed dmid, confirming the positive 
influence of both tapering diameters on the elastic stiffness 
of the lattice structures.

The influence of the strut diameters on the strength-
related properties is pronounced as well. Increasing either 
dmid or dend increases both Rp0.2 and Rm. This increase in 
load-bearing capacity is due to larger cross-sectional areas 
of the struts. The effect is even more pronounced when dmid 
and dend are increased simultaneously, resulting in the high-
est values of Rp0.2 and Rm.

The simultaneous increase in dmid and dend affects the 
tensile response in more than one way. At the same time, it 
increases the material volume and redistributes local stiff-
ness within the unit cell. An increase in dmid stiffens the 
strut along its length and reduces its bending compliance. 
On the other hand, an increase in dend improves the load 
transfer near the nodal regions, where stress concentrations 
and damage initiation often occur. When both diameters are 
increased together, the unit cell becomes stiffer both along 
the strut body and at the nodal regions, which explains the 
pronounced synergistic increase in E, Rp0.2, and Rm. In 
mechanical terms, this combined effect shifts the response 
toward a more stretch- or axial-dominated regime, while 
simultaneously reducing the contribution of local bending 
and nodal compliance.

Although failure initiation was consistently observed 
near the nodal regions, the macroscopic stress required to 
reach this failure state is influenced by the stiffness of the 
entire strut, not only by the local node geometry. Increasing 
dmid increases the axial and bending stiffness of the inclined 
struts, reduces their compliance, and limits local rotations 
at the nodes. Consequently, higher macroscopic stresses 
are required before critical plastic strain levels are reached 
near the nodal regions. Thus, Rp0.2 and Rm increase with 
dmid, even though failure remains localized near the nodal 
regions.

In addition, h also influences E of the lattice structures. 
As reported in Table 4, an increase in h from 2 to 3 results 
in higher unit-cell stiffness, and consequently higher E for 
most configurations. It is worth noting that this effect is less 
pronounced for smaller dmid and dend values. This effect is 

Table 4  Experimentally determined mechanical properties of the lat-
tice specimens
ID E, MPa Rp0.2, MPa Rm, MPa

06-06-2 1048 ± 29 15.8 ± 0.4 18.0 ± 0.4
06-08-2 1741 20.4 23.8
06-1-2 2650 24.2 27.7
08-06-2 1657 19.6 23.3
08-08-2 2631 ± 87 33.3 ± 2.7 38.4 ± 1.5
08-1-2 3823 34.2 38.6
1-06-2 2562 31.4 33.2
1-08-2 4449 50.3 54.3
1-1-2 5336 ± 159 57.6 66.3
06-06-25 1016 13.6 16.7
06-08-25 1848 23.6 25.3
06-1-25 2280 26.5 29.1
08-06-25 1819 25.5 28.2
08-08-25 2447 31.4 35.3
08-1-25 4830 47.2 53.3
1-06-25 2607 32.8 38.3
1-08-25 3139 48.8 58.6
1-1-25 7303 69.1 71.9
06-06-3 1300 17 18.2
06-08-3 1542 18.8 20.7
06-1-3 2700 27.6 28.6
08-06-3 1879 25.1 26.1
08-08-3 3077 41 41
08-1-3 4693 47.3 50.1
1-06-3 2375 27.7 27.7
1-08-3 4663 58.7 59
1-1-3 7883 – –
Values are reported as mean ± standard deviation when multiple 
specimens were tested. Single values correspond to configurations 
represented by one specimen. For configuration 1-1-3, the maxi-
mum load capacity of the testing setup was reached without failure. 
Therefore, only Young’s modulus was determined. For configura-
tion 1-1-2, Young’s modulus was determined from three repetitions, 
whereas strength values were obtained from one specimen tested on 
the higher-capacity machine
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weaker than the effect associated with changes in the strut 
diameters on E.

Mechanically, this suggests that increasing h primarily 
modifies the position of the joint node and, consequently, 
the relative lengths of the connected struts rather than the 
load-bearing area of the struts along their full length. As h 
increases above the mid-height of the unit cell, the upper 
struts become shorter and the lower struts become longer, 
which increases the geometric asymmetry of the cell. This 
redistribution of strut lengths affects the local stiffness con-
tributions of the inclined members and becomes more visi-
ble when dmid and dend are already relatively large, because 
the response is then governed less by strut bending and 
more by axial stretching of the unit-cell members.

For configurations with larger strut diameters, E 
increases with increasing joint height h, with the highest 
values observed at h = 3. This trend is related to stiffer 
nodal regions and reduced bending of the unit cells, which 
are asymmetric in that case. For smaller strut diameters, 
the effect of h on E is less pronounced, suggesting that the 
overall stiffness is less sensitive to unit-cell asymmetry.

Overall, an increase in h results in an increase in the lat-
tice’s E. However, this effect is secondary compared to the 
effect of strut diameters. The effect of joint height is more 
pronounced in the case of stiffer lattice configurations with 
larger strut cross-sections. In such configurations, the defor-
mation mechanism is governed by axial loading rather than 
bending.

In this sense, the role of h differs from that of dmid and 
dend. While the tapering diameters directly increase the 
effective load-bearing cross-section and reduce compli-
ance along the strut span, the joint-node height acts more 
indirectly by changing the node position, the symmetry of 
the unit cell, and the relative deformation contributions of 
the connected struts. This interpretation is also consistent 
with the broader rationale behind other geometric strategies 
reported in the literature, such as fillets, reinforced node 
transitions, and curved struts, which likewise aim to modify 
local compliance and stress transfer in critical nodal regions 
[1, 9, 23].

The FEM-estimated variations in E, Rp0.2, and Rm 
across the parametric design space are summarized visually 
in the scatter plots shown in Fig. 7.

A comparison between 27 numerically estimated and 
experimentally observed stress–strain curves shown in 
Fig. 8 demonstrates a generally good agreement within the 
elastic and early plastic regimes across the investigated 
configurations. This agreement is most evident in the initial 
stiffness and in the relative ordering of the configurations 
with respect to Rp0.2 and Rm. However, the level of experi-
mental support is not uniform across the full design space, 
since most configurations were represented by a single 

tested specimen, and complete strength characterization 
was not available for configuration 1-1-3.

Deviations between experimental and numerical 
responses become more pronounced in the post-peak 
regime, where damage accumulation and progressive failure 
govern the mechanical behavior. In several configurations, 
the numerical model predicts a more abrupt post-peak deg-
radation compared to the experimentally observed response, 
which typically exhibits a more gradual degradation. This 
behavior can be attributed to the inherent limitations of the 
modeling approach in representing distributed damage, 
local instability, and load redistribution effects arising from 
the complex lattice topology.

Additional sources of discrepancy may also arise from 
unavoidable manufacturing defects, dimensional inaccura-
cies, surface roughness, and material heterogeneity intro-
duced during additive manufacturing. They may also arise 
from uncertainties in material parameter identification and 
from mesh sensitivity in the numerical simulations. In addi-
tion, the geometric correction used in the FEM models for 
each specimen was based on averaged effective diameters 
obtained by repeated caliper measurements, rather than on 
full-field geometric reconstruction. As a result, local shape 
deviations and surface features were not explicitly resolved, 
which may also contribute to part of the observed discrep-
ancy between the experimental and numerical responses.

Nevertheless, the present results support the use of the 
numerical framework primarily for comparative evaluation 
of geometry effects and for estimation of the elastic and 
early plastic response within the investigated design space, 
rather than for full prediction of specimen-level failure 
behavior across all configurations.

A modest discrepancy in the elastic and early plastic 
response can be observed between the numerical predic-
tions and the experimental results for configurations with 
larger strut diameters, such as 1-08-2, 08-1-25, 1-1-25, 
1-08-3, and 1-1-3. The larger deviations observed for 
some configurations with h = 3 may also partly reflect 
the change in local strut orientations caused by the out-
of-center node position. Since the numerical model used 
a single material parameter set based on 45◦-oriented 
struts, orientation-dependent differences in strut-level 
mechanical properties were not explicitly represented. 
This behavior is expected as the material properties in the 
numerical model were set according to the data reported 
for struts with a nominal diameter of 0.6 mm [31]. There-
fore, higher agreement between experimental and numer-
ical results is obtained for diameters closer to 0.6  mm. 
This simplified approach, in which identical material 
properties were used for all configurations, was adopted 
to keep the modeling procedure simple and practical. 
Despite this assumption, the model captured dominant 
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trends with generally good agreement, particularly in the 
elastic and early plastic regimes. This indicates that the 
adopted mechanical properties provide a useful balance 
between simplicity and predictive capability.

Importantly, the ability of the numerical model to capture 
relative differences between configurations suggests that it 
can be effectively used for parametric optimization, even 
when absolute post-peak behavior is not fully reproduced.

In the numerical simulations, all lattice configurations 
exhibited failure at the nodal regions (Fig. 9), which is in 
agreement with the experimental observations. However, 

the numerical models consistently predicted planar fail-
ure. In contrast, the experimental specimens showed 
more complex fracture patterns. Specifically, several 
configurations exhibited a stepped fracture surface (e.g., 
1-08-3, 1-08-2, and 1-1-25), whereas others failed along 
an inclined plane (e.g., 1-06-2).

The differences in lattice failure observed experi-
mentally and numerically are attributed to differences 
between the two approaches. In particular, the FEM 
approach considers the lattice geometry using effective 
mean strut diameters. Furthermore, internal porosity, 

Fig. 7  Scatter plot showing FEM estimations of: a E, b Rp0.2, and cRm
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Fig. 8  Comparison between experimental and numerical stress–strain responses of lattice specimens with corrected strut diameters
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surface roughness, potential specimen distortion caused 
by residual stresses, and other defects caused by the PBF-
LB process are completely neglected. In addition, minor 
specimen misalignment during tensile testing may intro-
duce additional bending or torsion due to high clamp-
ing forces. This may further contribute to discrepancies 
between experimentally observed and numerically esti-
mated mechanical responses.

Despite these differences in failure morphology, a good 
agreement is observed between numerically estimated and 
experimentally observed engineering stress–strain curves 
within the elastic and early plastic regime (see Fig.  8). 
The numerical approach, therefore, provides a useful 
basis for estimating relative differences in mechanical 
response among the investigated lattice configurations, 
particularly in the elastic and early plastic regimes. The 
proposed framework is therefore most suitable for esti-
mating E , Rp0.2, and Rm. A detailed reconstruction of 
mechanical response under damage remains outside its 
primary scope. On this basis, simplified regression mod-
els were developed as computationally efficient surrogate 
descriptions of the FEM response within the investigated 
design space.

In this respect, the present results are consistent with 
other geometry modification strategies reported in the lit-
erature, such as fillets, reinforced transitions, and curved 
struts [1, 9, 23]. Although these approaches differ geo-
metrically from tapering, they all act by reducing local 
compliance and modifying stress transfer near critical 
nodal regions. The present results suggest that tapered 
strut design causes a related effect through the combined 
influence of span-wise stiffening by dmid and strength-
ening in nodal proximity by dend. At the same time, h 
further modulates the local constraint conditions in a sec-
ondary but mechanically meaningful way.

6  Regression models

Within this section, developed regression models, their 
parameters, and statistical properties will be presented sepa-
rately for E, Rp0.2, and Rm.

The developed regression model for E captures 99.7% of 
the variability in the FEM-estimated response. Both taper-
ing diameters show pronounced nonlinear behavior, with 
stiffness increasing more rapidly at larger diameter values. 
A pronounced positive interaction between xmid and xend 
indicates a strong synergistic effect, whereby simultaneous 
increases in both parameters lead to large stiffness gains. 
Joint-node height also affects stiffness, but its effect is 
geometry-dependent. In the selected model, xh contributes 
through a linear term and through interactions with xmid 
and xend, indicating that the influence of joint-node height 
depends on the surrounding strut geometry rather than act-
ing only as a uniform vertical shift of the response surface. 
Models including a quadratic term in joint-node height 
were examined as a sensitivity check, but this term was 
not retained because h was investigated at only three levels 
and was considered insufficiently robust for physical inter-
pretation. The estimated model coefficients are reported in 
Table 5.

Model goodness-of-fit statistics and diagnostic test 
results are summarized in Table  6. Although formal tests 
indicate deviations from homoscedasticity and normality of 
the residuals, HC3 robust standard errors were used when 
assessing the estimated model coefficients.

Figure  10 shows the fitted response surface for E as a 
function of the centered and scaled predictors xmid and 
xend, displayed separately for each coded lattice height xh

. The contour lines and color gradients illustrate a smooth, 
monotonic increase in stiffness with increasing strut diam-
eters, with a pronounced interaction between the two geo-
metric parameters. Increasing xh shifts the response surface 
upward and slightly modifies its slopes with respect to 
xmid and xend, reflecting the retained height-dependent 

Table 5  Estimated coefficients of the response surface model for 
Young’s modulus E
Term Estimate SE (HC3) t p
Intercept 1759.795 10.440 168.57 < 0.001
xmid 1151.790 9.995 115.24 < 0.001
xend 1256.709 10.225 122.91 < 0.001
x2
mid

280.263 17.402 16.11 < 0.001

x2
end

173.923 16.782 10.36 < 0.001

xh 90.732 6.686 13.57 < 0.001
xmid × xend 722.179 19.259 37.50 < 0.001
xmid × xh 84.034 12.831 6.55 < 0.001
 xend × xh 67.266 13.055 5.15 < 0.001Fig. 9  Failure patterns of lattice configurations with corrected effective 

mean dend and dmid diameters using one-eighth (1-06-2 and 1-08-2) 
and one-quarter (1-08-3 and 1-1-25) symmetry
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interaction terms. This behavior is also clearly illustrated by 
the data shown in Fig. 7a.

The fitted response surface model for the Rp0.2 explains 
99.8% of the variability in the FEM-estimated response. 
Both tapering diameters exhibit pronounced nonlinear 
effects, with Rp0.2 increasing at an accelerating rate toward 
larger strut diameters, as reflected by the positive quadratic 
terms. The coded end diameter (xend) has a strong positive 
influence, as well as the mid-span diameter (xmid), which 
contributes substantially through its linear term. A strong 
positive interaction between xmid and xend indicates a pro-
nounced synergistic effect, whereby simultaneous increases 
in both parameters lead to substantially higher Rp0.2. The 
estimated coefficients (see Table 7) indicate that the influ-
ence of joint-node height on Rp0.2 was smaller than that of 
the two tapering diameters. In the selected model, xh con-
tributed through both an additive term and interactions with 
diameter-related terms, indicating that the effect of node 
position depends on the surrounding strut geometry rather 
than acting as an independent dominant factor.

Model selection for Rp0.2 was revised to avoid retaining 
height-dependent interaction terms that were not statisti-
cally informative. The full interaction model improved the 
fit relative to the additive height model, but several of its 
interaction terms showed high p-values and did not contrib-
ute meaningfully to the interpretation of the response sur-
face. Therefore, a reduced interaction model was evaluated.

The selected reduced model retained the full quadratic 
response surface in xmid and xend, together with the 

additive effect of xh, the interaction xend × xh, and the 
interaction x2

end × xh. This reduced model provided the 
lowest information criteria among the compared alterna-
tives (AIC = 324.5, BIC = 354.5), compared with the full 
interaction model (AIC = 326.4, BIC = 365.3), the addi-
tive height model (AIC = 348.4, BIC = 372.3), and the 
reduced model containing only xend × xh (AIC = 328.6, 
BIC = 355.5). In addition, comparison with the full inter-
action model showed that removing the non-informative 
interaction terms did not result in a significant loss of fit 
(F (3, 135) = 1.29, p = 0.282). The reduced model was 
therefore selected as the final model for Rp0.2. The esti-
mated model coefficients are reported in Table 7.

Model goodness-of-fit statistics for the Rp0.2 model are 
summarized in Table 8. Although formal tests indicate devi-
ations from homoscedasticity and normality of the residu-
als, HC3 robust standard errors were used when assessing 
the estimated model coefficients.

Figure 11 shows the fitted response surface for the Rp0.2 
as a function of the centered and scaled mid-span and end 
diameters, displayed separately for each coded joint-node 
height. The contour plots reveal a strong nonlinear depen-
dence of both tapering diameters, with a pronounced inter-
action effect leading to rapid increases in Rp0.2 when both 
diameters are large. Increasing h produces an overall down-
ward shift of the response surface, while interactions with 
h allow modest changes in the magnitude of selected geo-
metric effects across h levels. Overlaid FEM data points, 

Table 6  Goodness-of-fit statistics and diagnostic tests for the response 
surface model of E
Metric Value
Number of observations 147
Residual standard error (MPa) 62.48
R2 0.9974

Adjusted R2 0.9973
F-statistic 6682
F-test p-value < 0.001
NCV test (χ2, p) 37.24, p < 0.001

Shapiro–Wilk (W , p) 0.925, p < 0.001

Table 7  Estimated coefficients of the reduced response surface model 
for Rp0.2

Term Estimate SE (HC3) t p
Intercept 24.309 0.130 187.59 < 0.001
xmid 12.541 0.103 121.27 < 0.001
xend 15.351 0.101 151.33 < 0.001
x2
mid

1.884 0.176 10.71 < 0.001

x2
end

1.037 0.178 5.82 < 0.001

xh − 0.489 0.085 − 5.75 < 0.001
xmid × xend 7.873 0.191 41.13 < 0.001
xend × xh 0.511 0.132 3.88 < 0.001

x2
end × xh

0.443 0.219 2.03 0.045

Fig. 10  Contour plot of the fitted 
response surface for E as a function 
of the centered and scaled geomet-
ric parameters. The overlaid points 
represent FEM simulation data, 
with point color indicating residu-
als between FEM-estimated values 
and response-surface predictions
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colored by residual magnitude, show no systematic spatial 
pattern, indicating that the response surface model ade-
quately captures the dominant geometric trends across the 
investigated design space.

The regression model developed for the Rm captures 
99.6% of the variability. Increases in tapering diameters 
have positive effects on Rm. In addition to pronounced lin-
ear effects, both diameters show significant quadratic terms, 
indicating a nonlinear strengthening trend toward larger 
strut diameters. A strong positive interaction between xmid 
and xend indicates a synergistic effect, whereby simultane-
ous increases in both parameters led to higher Rm.

Once the model selection procedure was completed, it 
was found that the inclusion of height-dependent interaction 
terms is justified. Relative to the additive height model, the 
reduced interaction model provided a significantly improved 
fit (F (2, 138) = 9.03, p < 0.001), whereas a further com-
parison indicated that the full interaction model did not 
improve fit relative to the reduced model (F (3, 135) = 0.92, 
p = 0.433). Information criteria supported the reduced 
interaction model: AIC favored the reduced interaction 
model (AIC = 402.8) over the full (AIC = 405.8) and addi-
tive models (AIC = 416.9), and BIC likewise favored the 
reduced interaction model (BIC = 432.7) over both the addi-
tive (BIC = 440.8) and full models (BIC = 444.7). Given the 
stronger complexity penalty of BIC and the goal of interpre-
table response surfaces, the reduced interaction model was 
selected as the final one. The estimated model coefficients 
are reported in Table 9.

Model goodness-of-fit statistics for the Rm model is sum-
marized in Table 10. Although formal tests indicate devia-
tions from homoscedasticity and normality of the residuals, 
HC3 robust standard errors were used when evaluating the 
estimated model coefficients.

Figure 12 shows the fitted response surface for the Rm 
as a function of the centered and scaled mid-span and end 
diameters, displayed separately for each xh. The contour 
plots reveal a dominant influence of tapering diameters on 
Rm, with consistently higher Rm values observed at larger 
diameters. Increasing xh results in a downward shift of the 
response surface, with largely preserved interaction struc-
ture and only minor height-dependent curvature effects. The 
absence of systematic spatial patterns in the overlaid FEM 
data indicates that the model adequately captures the domi-
nant geometric trends.

Table 8  Goodness-of-fit statistics and diagnostic tests for the reduced 
response surface model of Rp0.2

Metric Value
Number of observations 147
Residual standard error (MPa) 0.704
R2 0.9975

Adjusted R2 0.9974
F-statistic 6966
F-test p-value < 0.001
NCV test (χ2, p) 39.11, p < 0.001

Shapiro–Wilk (W, p) 0.912, p < 0.001

Table 9  Estimated coefficients of the reduced response surface model 
for Rm (HC3 robust standard errors)
Term Estimate SE (HC3) t p
Intercept 25.235 0.163 154.42 < 0.001
xmid 12.329 0.130 94.53 < 0.001
xend 16.030 0.126 127.22 < 0.001
x2
mid

1.926 0.226 8.50 < 0.001

x2
end

1.013 0.216 4.69 < 0.001

xh − 1.596 0.186 − 8.59 < 0.001
xmidxend 7.568 0.229 33.11 < 0.001
x2
midxh

0.763 0.277 2.76 0.0066

x2
endxh

0.683 0.264 2.59 0.0108

Table 10  Goodness-of-fit statistics and diagnostic tests for the reduced 
response surface model of Rm

Metric Value
Number of observations 147
Residual standard error 0.918
R2 0.9959

Adjusted R2 0.9957
F-statistic 4239
F-test p-value p < 0.001
NCV test (χ2, p) 20.03, p < 0.001

Shapiro–Wilk (W, p) 0.969, p = 0.002

Fig. 11  Contour plot of the fitted 
response surface for Rp0.2 as 
a function of the centered and 
scaled geometric parameters. The 
overlaid points represent FEM 
simulation data, with point color 
indicating residuals between FEM-
estimated values and response-
surface predictions
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6.1  Validation of the regression models

To evaluate predictive performance of the regression mod-
els, a 10-fold cross-validation procedure was performed 
for the response surfaces of E, Rp0.2, and Rm. The results 
are shown in Table 11. All three responses have very high 
prediction accuracy. In particular, the cross-validated coeffi-
cient of determination R2

CV is higher than 0.99, and the nor-
malized root mean square error (NRMSE) stays below 2%. 
These results confirm that the proposed equations provide 
robust surrogate models for rapid screening and compara-
tive assessment of lattice geometries within the investigated 
FEM design space.

To further examine how well the FEM-based regression 
models describe experimentally determined mechanical 
properties, an additional validation was carried out using the 
experimental dataset. The experimental results were com-
pared against the developed regression models. As shown 
in Table 12, the agreement between model predictions and 
experimental measurements remained high for all three 
responses, with R2

EXP values ranging from approximately 
0.86 to 0.90. The prediction errors were higher than in cross-
validation. This is expected, since the experimental compar-
ison reflects not only model approximation error, but also 
actual manufacturing deviations, geometric imperfections, 

and experimental variability not captured in the idealized 
FEM data. Nevertheless, the obtained results support the 
practical usefulness of the regression models as predictive 
engineering tools. They also indicate that the highest accu-
racy is achieved when models are applied within the inves-
tigated FEM design space.

6.2  Back-transformed regression models

The back-transformed models are intended as surrogate 
equations suitable for early-stage design and geometry 
selection of tapered-strut BCC lattices within the investi-
gated design space, where many candidate designs must be 
evaluated under limited time and computational resources. 
In this setting, Eqs.  (4–6) can be used to rapidly estimate 
and compare candidate combinations of (dmid, dend, h) 
against stiffness and strength target values before perform-
ing detailed finite element analyses or manufacturing tri-
als. Since Eqs.  (4–6) are developed using FEM data and 
supported by a limited set of experiments, they should be 
interpreted as design screening tools rather than stand-alone 
predictive formulas for all as-built lattice specimens. Their 
use is therefore most appropriate for early-stage geometry 
selection, sensitivity analysis, and workflow acceleration 
within the investigated domain.

These equations capture nonlinear diameter effects, joint-
node height effects, and their interactions. As a result, they 
can be used to investigate different design options and per-
form sensitivity analyses. This approach makes it easier 
to see how changes in tapering diameters and joint-node 
height affect E, Rp0.2, and Rm in design space. Their ana-
lytical form also allows their use in optimization workflows 
as approximate objective or constraint functions. In such 
workflows, detailed FEM analyses can still be used to ver-
ify accuracy. When supplemented by measured dimensional 
offsets from manufacturing, such as as-built diameters after 
PBF-LB, these equations may also support approximate as-
built property screening. More broadly, the low computa-
tional cost of evaluating these equations may facilitate their 
future integration into design frameworks in which repeated 

Table 11  Results of the 10-fold cross-validation used to evaluate the 
predictive stability of the regression models within the investigated 
FEM design space
Response RMSE (MPa) MAE (MPa) R2

CV
NRMSE (%)

E 67.24 49.40 0.9968 1.22
Rp0.2 0.73 0.52 0.9972 1.20
Rm 0.95 0.74 0.9953 1.54

Table 12  Experimental validation results for the FEM-based regres-
sion models using effective diameters as input variables
Response RMSE (MPa) MAE (MPa) R2

EXP
NRMSE (%)

E 653.67 414.85 0.8594 9.52
Rp0.2 4.42 3.28 0.9029 7.96
Rm 5.06 4 0.8882 9.15

Fig. 12  Contour plot of the fit-
ted response surface for Rm as 
a function of the centered and 
scaled geometric parameters. The 
overlaid points represent FEM 
simulation data, with point color 
indicating residuals between FEM-
estimated values and response-
surface predictions
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lattice-level FEM simulations would be impractical. In 
Eqs.  (4–6), the geometric variables dmid, dend, and h are 
expressed in mm, while the predicted mechanical proper-
ties E, Rp0.2, and Rm are expressed in MPa. Consequently, 
the units of the regression coefficients depend on the cor-
responding polynomial terms.

E = 6937.43 − 10388.33 dmid − 7632.32 dend − 726.34 h

+ 3114.04 d2
mid + 1932.48 d2

end + 8024.21 dmiddend

+ 560.23 dmidh + 448.44 dendh.

� (4)

Rp0.2 = 27.96 − 74.61 dmid − 12.52 dend + 3.93 h

+ 20.94 d2
mid − 13.09 d2

end + 87.48 dmiddend

− 14.31 dendh + 9.85 d2
endh.

� (5)

Rm = − 22.36 + 3.20 dmid + 25.76 dend + 22.83 h

− 20.99 d2
mid − 26.67 d2

end + 84.09 dmiddend

− 30.52 dmidh − 27.31 dendh

+ 16.96 d2
midh + 15.17 d2

endh.

� (6)

 Overall, the developed regression models serve as a design 
map of the tensile response of tapered-strut BCC lattices 
within the investigated design space. They enable rapid 
comparative estimation at low computational cost and may 
support preliminary engineering decisions involving feasi-
bility checks and iterative geometry refinement.

7  Conclusion

In this study, the tensile response of PBF-LB Ti6Al4V BCC 
lattices with tapered struts was investigated. The influence 
of unit-cell geometry was investigated by altering the end 
diameter dend, mid-span diameter dmid, and joint-node 
height h. The tensile test experiments were complemented 
by the finite element simulations using an elastoplastic 
model with ductile damage. Manufacturing-related diam-
eter deviations were measured and implemented in the finite 
element models to support a consistent comparison.

Both experiments and simulations showed that stiff-
ness and strength increased with increasing dmid and dend

, with the largest gains obtained when both are increased 
simultaneously, confirming a strong geometric interaction. 
The numerical framework showed good overall agreement 
with the experiments in the elastic and early plastic regime, 
whereas larger differences appeared after peak load, where 
progressive failure, specimen-level variability, and manu-
facturing-related imperfections became more influential. A 
single set of mechanical properties was intentionally used 
across all investigated configurations to retain a simple and 
practically applicable modeling procedure. Within these 
assumptions, the experiments provided meaningful support 

for the main numerical trends across the investigated geom-
etries, although the experimental dataset remained limited 
for some configurations and full failure characterization was 
not achieved for configuration 1-1-3.

Failure initiated in nodal regions in both approaches, 
although experimental fracture surfaces were often more 
complex than the planar patterns obtained numerically.

Based on a FEM parametric dataset, response surface 
models were developed for E, Rp0.2, and Rm, capturing 
the dominant nonlinear effects of the tapering diameters and 
their interaction within the investigated design space. These 
models may serve as computationally efficient tools for pre-
liminary geometry screening and comparative assessment, 
particularly when the focus is on elastic and early plastic 
response.

Future work will address the post-peak regime more 
explicitly by incorporating specimen-level geometric vari-
ability, surface roughness and porosity, and enhanced 
damage or instability modeling, as well as expanding exper-
imental validation to additional geometries and loading 
conditions. Higher-resolution geometric characterization 
methods, such as CT or optical 3D reconstruction, may fur-
ther improve specimen-specific numerical fidelity.
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