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Abstract. Additively manufactured beam-based lattice materials made of repeating unit cells are nowadays
used inmodern lightweight engineering design. In this paper we propose a redesign of a typical mechanical spring
aiming to achieve reduced material usage by introducing a multi-scale architecture. A parametric model of the
helical spring made of lattice material is developed to enable both rapid geometry and finite element preparation
as well as the optimization based on differential evolution algorithm. Judicious multiscale optimization of the
lattice structure together with the stress homogenization based on the lattice gradient, proved to significantly
improve the spring stiffness. Experimental validation of the proposed redesign is performed on the additively
manufactured spring prototypes.
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Acronyms and notation
AM
 Additive Manufacturing

FE
 Finite element

ht
 Coil height

LM
 Lattice Materials

nc
 Wire section circumference points

nr
 Wire section radial points

ns
 Sections per coil

rbeam
 Beam radius

R
 Coil radius

rin
 Inner wire radius

rout
 Outer wire radius

RP
 Reference Point

SLM
 Selective Laser Melting

SLS
 Selective Laser Sintering

UC
 Unit Cell
1 Introduction

Achieving further weight reduction in the design of
modern engineering products is often based on a
straightforward concept: increasing the proportion of
voids in the material in a structured and well-planned
way. The rapid advancement of Additive Manufacturing
arenic@insa-toulouse.fr

penAccess article distributed under the terms of the CreativeCom
which permits unrestricted use, distribution, and reproduction
(AM) technologies, particularly Selective Laser Melting
(SLM) for metals and Selective Laser Sintering (SLS) for
polymers, has made it possible to design materials at the
micro-scale. This has led to the creation of Lattice
Materials (LM), which exhibit strength and stiffness that
scale proportionally with the solid volume fraction of the
material [1]. LM are on small-scale topologically ordered,
three-dimensional open-celled structures composed of
repeating Unit Cells (UCs). Nowadays, LM are usually
created of beam-based (focus of this work, Fig. 1) or
surface-based UCs, however, the number of options and
possible realizations is endless. This capability enables the
design of lightweight structures that maintain strength
and stability making them interesting in different
applications (see Figs. 1b, 1c), and in particular in the
aerospace industry [4,5]. In addition, LM can be optimized
for specific mechanical properties, such as stiffness (or its
inverse � compliance), by adjusting the lattice structure.
More precisely, the macroscopic elastic and fatigue
behavior of these structures depend on different param-
eters related to: UC topology, material, manufacturing
process, and loading conditions.

The choice of these parameters leads to either bending-
or stretch-dominated UC’s overall mechanical response.
Bending-dominated LM absorb a large amount of
mechanical energy at lower stresses and are generally
characterized by a stress plateau [6] after an initial stress
peak. Stretch-dominated LM, on the other hand, respond
with the predominant traction/compression of the beams
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Fig. 1. (a) example of different unit cells (BCC, FCC, CO); (b) example of lattice materials based protective equipment (helmet) [2];
(c) aeroplane wing made of lattice material within the airfoil skin [3].

Fig. 2. Additively manufactured springs: (a) with uniform coil diameter made with FFF process and PLA filaments [8], (b) made with
sls process and PA powder, (c) non-uniform coil diameter made with FFF and PLA filaments [9]. (d) Non-uniform coil steel spring in
NES application [10].
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and exhibit higher yield stresses. Thus, these structures are
more suited to lightweight and higher stiffness applica-
tions. There is a vast literature related to the usage of LM in
mechanical energy absorption, see an exhaustive review [7]
and references therein. In these works the application is
often related to protective systems, (Fig. 1b) and the
numerical and experimental investigation is mainly related
to compression type of load on the simple prismatic
samples built of LM.

In this paper, the focus is on redesigning and optimizing
mechanical helical springs (see Fig. 2) by introducing a
multiscale architecture. A spring is a mechanical device
whose principal role is to store and restore mechanical
energy by elastic deformation. Springs come in many
shapes and sizes and are used in different mechanisms (e.g.
deployable systems of a satellite [11], suspensions systems,
etc.). Taking, for instance, a standard helical compression
spring, from Figure 2, we notice that the spring action is
naturally multiscale. More precisely the spring action is
happening on two scales: (i) structural scale� compression
which takes the applied force in the suspension mechanism,
and (ii) material scale � torsion of the homogeneous cross-
section of the wire which stores the mechanical energy.
Commonly, the spring is made of the round high-carbon
steel wire with uniform coil diameter (conical Figs. 2c and
2d or barrel shapes are sometimes used to meet particular
load-deflection requirements). In this sense, traditional
manufacturing methods no longer offer the possibility of
improvement [5].

In addition to the described multiscale character of
springs, two key benefits arise from using AM when
designing mechanical springs: the ability to introduce a
hierarchicalcomplexityandmultiplematerialswithinasingle
printed spring. The main interest of exploring the first,
addition of hierarchical complexity, is to introduce the non-
homogeneous, lattice spring section using topologically
ordered UCc (as in Fig. 1a). That is, to replace standard
homogeneouswirecross-section (material scale (ii)�which is
responsible for the storage and restitution of mechanical
energy) with the LM. In order to function properly, the
mechanical spring is on the scale of the device a carefully
designed structure, e.g. the helical or wave shape with
different pitch. Interestingly, using AM together with LM
whichwepropose inthisworkopensthepossibilitytoredesign
the spring both on the structural (i) and material scale (ii).

As mentioned and cited above, in the majority of the
published work on the crashworthiness and protective
equipment application, the role of LM is to favor energy
dissipation. In that sense, the experimental modelling is
usually related to the compression of simple testing
specimens made of LM [12,13]. While there is extensive
literature on the compression loading of LM for energy
absorption applications, references specifically addressing
the modelling of additively manufactured LM-based
mechanical springs remain relatively sparse. Saleh et al.
[14] study the effect of spring geometry on the shear
modulus of Ti-6Al-4V helical springs produced by SLM,
showing how smaller pitches influence mechanical perfor-
mance. In [15] the investigation of the optimization of
variable dimension wave springs using experimental
methods and finite element (FE) analysis is presented.
Introduction of the concept of customizable 3D-printed
springs, emphasizing design flexibility is given in [16].
Sacco et al. [5] explore 3D-printed springs for aerospace
applications, focusing on performance under extreme
conditions.
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To our knowledge, none of the references is adding LM
to the above mentioned (ii) material scale, for instance in
the cross-section of the helical spring. Our goal here is to
explore this possibility. Unlike the majority of the
literature dealing with LM, which focuses on the energy
dissipation and simple compression tests, for the helical
mechanical spring the loading regime and dominant
loading mode change significantly, namely:

–
 The absorbed energy is supposed to be fully reversible
(elastic) to ensure the spring restitution.
–
 On top of that, the absorbed energy within a helical
spring is principally related to the torsional mode. That
is, the stresses on the cross-section of the wire are mainly
shear stresses which give rise to the stress resultant in
terms of the torsional moment.

Thus, the general tendencies reported in the available
literature on the application of LM need to be verified.
A preliminary experimental study of torsional properties of
additively manufactured LM with the spatial gradient is
presented in [17]. Both surface-based (TPMS � triply
periodic minimal surfaces) and beam-based LM were
designed in cylindrical shape specimens produced with HP
Multi Jet Fusion process. Not surprisingly, they conclude
that the stiffness and energy absorption can be improved
by optimizing material distribution, namely, they alter UC
thickness which increases towards the outer surface of the
cylindrical specimen.

The main objective of this study is to design, test and
validate a compression spring made of LM at the material
scale. To this end, the structure of the paper is organized as
follows. Section 2 introduces the key features of the
parametrized geometrical modelling of the spring coil made
of lattice material. With the parametrized model, the
choice of optimal unit cell is detailed. Next section deals
with the whole lattice spring model. The optimization of
the previously chosen unit cell in terms of the stiffness-to-
mass ratio is presented together with the possibility of
adding a material gradient. Section 4 discusses the
modelling, additive manufacturing and post-processing
of the compression, helical spring prototypes made of
lattice material, including the elementary testing coupons
for the material parameters identification. Special atten-
tion is given to the particularities of the rather challenging
cleaning process in the preparation phase identifying
auxiliary and temporary features. Finally, experimental
results are discussed and compared with finite element
modelling. Last section lists the key conclusions and
research perspectives.
2 Designing a helical spring made of lattice
material

2.1 Key features of the lattice spring model

The first step in designing amechanical spring based on LM
is to explore the possibility of adding a hierarchical
complexity in the cross-section of the spring. In order to
pave the way of redesigning the mechanical spring, a
common component in mechanical engineering, we start
with a well accepted helical shape on the structural level.
We shall, thus, explore the possibility of replacing the
standard wire design with LM. Initial tests were conducted
in a somewhat simplified context, using straight, cylindri-
cal lattice specimens similar as in [17]. The specimens were
designed with the Ntop software [18] which has a built-in
support to generate the transformed UCs fitting the
cylindrical shape. Finally, the specimens were manufac-
tured using the SLS process to evaluate their suitability for
the spring design. It turned out that for SLS process, the
major obstacle was the post-processing. The removal of
unsintered powder trapped inside the lattice proved to be
very difficult or even impossible, contrary to the MFJ
process presented in [17]. To address this issue, a simple
redesign based on a hollow cylindrical sample was made.

Following the conclusions and the experience from the
initial tests performed on the straight, cylindrical lattice
samples, the coil wire sections were designed as hollow. The
geometry of the spring is first discretized into a structured
hexahedral layout composed of brick-shaped cells, which
later serve as containers for inserting lattice UCs. This
structured grid provides a flexible framework for paramet-
rically generating various lattice spring configurations with
controlled material distribution. To that end, we introduce
two sets of parameters: geometrical and discretization.
Geometrical parameters define the shape and size of the
spring: rin and rout is inner and outer radius of the wire
cross-section, rcoil is the coil radius, and ht is the vertical
pitch of the spring (all depicted in blue in Fig. 3).
Discretization parameters in our context defines how finely
the geometry is sampled with: nc and nr being the number
of divisions in circumferential and radial directions of the
wire cross-section (Fig. 3a) while ns represents the number
of divisions per coil (Fig. 3b). Having these parameters in
hands, the hexahedral cells are defined using a parametric
mapping based on the following coordinates: (1) r and u
being the polar coordinates in the wire cross-section
(Fig. 3a); (2) f being angular coordinate along the helical
spring centerline (coil progression shown in Fig. 3b); (3) h
representing a vertical elevation (y�direction) between
cross-sections along the helix (Fig. 3c). These coordinates
define a smooth helical path, and the corresponding local
reference frames provide a basis for orienting and
positioning UCs within the spring volume. The set of all
(r, u, f, h) positions forms a structured hexahedral grid to
be populated with a lattice UC. The entire spring geometry
is then constructed by iterating over discrete index
increments i, j, and k corresponding to circumferential,
radial, and axial directions, respectively, as detailed in the
parametric equations in sequel. For the development of the
parametric equations defining the spring geometry, we
introduce three discrete index increments in the range:

i∈ 0;1; . . . ;nc� 1f g;j∈ 0;1; . . . ;nr� 1f g;k∈ 0;1; . . . ;ns� 1f g:

Using these indices, the point locations are defined as
follows:



Fig. 3. Illustration of the parametric mapping used to generate the spring geometry. (a) Unit cells are distributed in a polar grid within
the circular cross-section using coordinates (r, u). (b) This cross-section is swept along a circular coil path, introducing the
circumferential coordinate f. (c) The full helical spring is formed by stacking multiple coils vertically, using the elevation coordinate h.
This multi-stage mapping allows a Cartesian unit cell grid to be morphed onto a smooth helical spring with a curved lattice structure.
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–
 Within the cross-section, in polar coordinates (r, u)
(Fig. 3a)

ui ¼ 2p

nc
i ð1Þ

rj ¼ rin þ rout � rinð Þ
nr � 1

j: ð2Þ
–
 Along the helical coil path, using the angular progression
f (Fig. 3b)

fk ¼
2p

ns
k: ð3Þ
–
 In the vertical (axial) direction, where hk is the vertical
elevation increment per unit cell (Fig. 3c)

hk ¼ ht

ns
k: ð4Þ

Given these parameters, the Cartesian coordinates
(x, y, z) of each lattice node along the spring can be
calculated using the following parametric equations:

x ¼ Rþ rj cos uið Þ� �
cos fkð Þ;

y ¼ rj sin uið Þ þ hk sin fkð Þ;
z ¼ Rþ rj cos uið Þ� �

sin fkð Þ:
ð5Þ

It is important to note that in conventional spring
designs, the circular cross-section of the wire is normal to
the helical centerline. In our model, by contrast, the cross-
sections are aligned with the vertical (y) direction for the
purpose of defining a structured hexahedral grid. Since the
goal of this study is to explore novel spring designs based on
LM, this deviation from classical alignment is not
restrictive. In fact, when observed in the plane normal
to the helical centerline, our cross-section becomes slightly
elliptical. For the helix angle used in this work (9�, a typical
value for standard coil springs), the geometric distortion
introduced by this alignment is minor, and represents a
maximum diameter reduction of approximately 1.2% in
one direction. This confirms that the geometric deviation
remains negligible, and the comparison to conventional
cylindrical wire springs remains valid.

With these parametric equations, a Python script was
developed to automate the generation of both CAD and
finite element models. The finite element modeling
process was integrated into the Abaqus Scripting
Interface, enabling quick creation and analysis of lattice
spring geometries. This scripting approach allows for
systematic testing of various lattice architectures to
identify the most efficient configurations for the target
application. The performance of single coils filled with
12 different UCs types is compared under compression
in Section 2.2.
2.2 Preliminary numerical analysis: choosing the
optimal UC candidate

Finite element simulations were conducted using Abaqus
software to evaluate the efficiency of a coil spring made of
12 different unit cells (see Fig. 4). Efficiency refers to the
spring’s ability to store mechanical energy when loaded in
compression. It can also be associated with the area under
the force-displacement curve, which follows a linear trend
with a slope equal to the spring stiffness. Therefore, for the
weight reduction in the design of engineering products
based on LM, and for the imposed displacement tests, the
analysis focuses on the mass-specific stiffness km as a key
parameter to assess spring performance.

For the preliminary numerical analysis, the coils were
characterized by the following geometric parameters: (i)
R=32 mm, rout = 8 mm, rin = 4 mm, and nr=2 were fixed;
while (ii) nc and ns were varied, to try numerous lattice
refinements (Fig. 6a spring made of the Cuboctahedron
(CO)UC comprises 279 elements/coil as a product of nc=9
and ns=31).



Fig. 4. An overview of the 12 different UC tested in finite element analysis. The UCs abbreviations used in sequel are: Body Center
(BC), Body-Centered Cubic (BCC), Face Center (FC), Face-Centered Cubic (FCC), Body Face Center (BCFC), Body Face-Centered
Cubic (BCCFCC), Center Face Center (CFC), Center Face-Centered Cubic (CFCC), Cuboctahedron (CO), Diamond (DIA),
Octahedron (OCT), Octet-Truss (OTR).
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Finite element model is created as a wire structure
dicretized with shear flexible, linear interpolation beams
(type B31) with 6 degrees of freedom. On top of the fixed
geometric parameters (i) presented above and on Figure 3,
for the beamFEmodel, we ought to define the beam section
properties. The latter was modeled as circular with
rbeam=0.65 mm. The cross-sections on the extremities of
the coil were used to impose the displacement boundary
conditions. The lower section was coupled (Kinematic
coupling) to a fixed Reference Point (RP) located along the
central axis of the spring to impose clamped boundary
conditions, while the upper section was coupled to another
RP, also positioned on the spring’s axis, to which a vertical
displacement uy=� 10 mm was applied. The degrees of
freedom of displacement ux and uz were left free. In
addition, to ensure a controlled loading path, the rotational
degrees of freedom were constrained such that ux=0, and
uz=0. Upon completion of each of total of 350 simulations,
the vertical reaction force (FR) and the approximated total
mass (m) of the model were recorded. The total mass m
recorded from FE model is said to be ‘approximate’ since
the beamFEmodel doesn’t take into account the overlap of
the beams in the lattice nodes. From these results, firstly
spring stiffness (k) and then the mass-specific stiffness km
was calculated for each UC. Related to the approximate
mass estimate, as a comparison a full cylindrical wire made
with the same material would induce a mass of about
0.04 kg (with a stiffness of 13000 N/m, and a mass-specific
stiffness of about 324N/mm/kg). As can be seen from
Figure 5b some UCs lead to similar or even higher mass
(which is theoretically impossible). Exact computation of
the mass of the lattice spring containing numerous voids
would lead to a greater value of the mass-specific stiffness
than the bulk helix wire. Figure 5 presents selected results
from the preliminary numerical study, comprising 350
simulations of 12 UCs with varying refinement levels. The
evolution of (a) spring stiffness (k), (b) approximate total
mass (m), and (c) mass-specific stiffness (km) is shown for
fixed nc=9. As expected, stiffness increases with refine-
ment but tends to plateau, while approximate mass grows
nearly proportionally with ns. This trade-off results in a
peak in km, identifying an optimal refinement around
ns=37. Among all candidates, the CO unit cell consistent-
ly exhibits the highest km across the full refinement range
15� ns� 47 and 7� nc� 14 (the latter not fully shown for
clarity), making it themost promising candidate for further
optimization.

The performance of certain UC in terms of km is
directly related to the stress distribution within the lattice
structure. To that end, we give in Figures 6a and 6b the
distribution of the normal stresses in each beam (s ’xx) of
the lattice structure of the single spring coil, for the best
(CO) and one of the worst (BCC) performing UC. Note
that s ’xx is given in the local beam coordinate system,
where x ’ is the axis of each beam in LM. It can be seen
from Figures 6a and 6b mostly in the region in the vicinity
of the inner coil diameter (rin in Fig. 3a), that the beams of
each UC are asymmetrically loaded in tension (red) and
compression (blue). As mentioned in Introduction, this
phenomenon reflects the torsion of the coil which can, in
the limiting case of pure shear, be represented with the
opposite tension/compression principal (normal) stresses
orientated towards principal vectors, that is, ±45�

relative to the helicoidal neutral fiber of the coil.
Similarly to a conventional spring [19], higher stresses
and strains are observed in the region in the vicinity of
the inner coil diameter. As might be expected, when this
tension-compression interaction is more pronounced,
which occurs typically when the beams are oriented near
45° relative to the neutral fiber of the spring, the spring
stiffness increases. Finally, from the preliminary numer-
ical analysis, based on the performance in terms of km, we
choose CO UC as the optimal candidate for the following
optimization. The other UCs (especially those with
significantly lower km values, as BCC UC), were not
considered relevant.



Fig. 5. Preliminary analysis of the effect of lattice refinement (ns) on (a) spring stiffness (k), (b) approximate mass (m), and (c) mass-
specific stiffness (km), for 5 different UCs at fixed refinement in circular direction (nc=9).

Fig. 6. Beam FEmodel and the distribution of stress s ’ xx (MPa) in a single spring coil made of (a) CO and (b) BCC UC. The stress is
plotted on the model with ht=32 mm, R=32 mm, rin=4.0 mm, rout=8.0 mm, nr=2, ns=31, nc=9, rbeam=0.65 mm.
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3 Lattice spring modelling and optimization

3.1 Modelling of the whole LM spring

Following the preliminary analysis performed on the single
coil in order to choose the optimal UC, we turn now to the
development of the spring prototype. Following the
previously explained design process of the coil, the python
script was used to generate both the FE and CADmodels of
the whole helical spring made of LM. The coils-end
geometry can have a significant influence on a spring
behavior [20]. Thus, in addition to the automated model
creation, two bulk circular end-plates were added on the
top and on the bottom of the CAD model of the spring
lattice structure, see Figure 7a. Analogously as for the
single coil, FE model is created as a wire structure
dicretized with beam FEs to which a circular cross-section
is assigned. To facilitate the comparison, two cutting
planes intersect the beams to model the bulk-end plates,
which are in FE model considered as rigid1. More precisely,
the endpoints of the beams lying within each cutting plane
are coupled to a reference point positioned on the same
1 Given the difference in stiffness between bulk end-plate and
slender beams in LM, modelling the end plates as rigid is
reasonable choice.
plane and aligned with the spring’s y�axis, as depicted in
Figure 7b with yellow lines. Imposed boundary conditions
are similar to the single coil simulations: The reference
point located at the bottom of the spring, is clamped, while
the reference point at the top of the spring, is assigned a
displacement U along the y-axis. Likewise, the rotations
about x- and z-axes are restrained to align the model to the
the kinematics of the bulk end-plates as much as possible,
while the displacements ux and uz are left free.
3.2 Optimization

To reduce the number of printed and tested samples
required to identify the most efficient spring design, the
whole spring model detailed above will be coupled with an
optimization algorithm. This algorithm maintained the
same outer dimensions and wire section radial points (nr),
while adjusting parameters related to the number and size
of cells. Specifically, it varied the wire section circumfer-
ence points (nc), the sections per coil (ns), the beam radius
(rbeam), and the inner wire radius (rin), while nr = 2.

Thus, the four design variables (N=4), that define the
lattice-based spring geometry, involved: (1) Discrete
integer variables nc, ns∈ℤ (in the range reported above);
(2) Continuous variables rbeam∈ℝ≥0.5mm and rin∈ℝ≥4mm,



Fig. 7. CAD (a) and beam FE (b) models of the whole spring
with LM made of CO UCs. The bulk end-plates are added to
lattice structure in CAD model. Corresponding coupling for the
application of the boundary conditions is created in FE model.

2 A number of candidate solutions evaluated in each iteration.
3 This limit was chosen given the cost of finite element
simulations.
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that are conveniently arranged in parameter vector
p= [nc, ns, rbeam, rin]. We note that the lower limits of
rbeam and rin are aligned with the manufacturing
constraints (choice of the process and material) as
detailed in the following section. As it was the case for
preliminary analysis, the objective was to maximize the
stiffness-to-mass ratio (km). To reformulate this as a
minimization problem, the objective function was defined
as the inverse of this ratio

J pð Þ ¼ 1

km
; with km pð Þ ¼ FR pð Þ

m pð Þ⋅uy
; ð6Þ

where the reactive force FR and approximate massm of the
spring are extracted from FE simulation, while uy denotes
the imposed vertical displacement applied to the top of the
spring. In addition, a constraint was introduced to ensure
that springs whose cell spans would overlap, thereby
eliminating the voids in the lattice structure, were excluded
from the optimization process. More precisely, the relative
volume (Vr) of the UC, that is, the fraction of the UC’s
volume occupied by material, has to be limited with the
threshold Vmax:

V r pð Þ ¼ V solid pð Þ
V cell

� Vmax; ð7Þ
Thus, the optimisation problem can be formally given as

min
p

J pð Þ subject to V r pð Þ � V max: ð8Þ

Here, p denotes the vector of optimization variables,
including nc, ns, rbeam, and rin, as introduced in Section 2.1.

The optimization process was implemented using the
differential_evolution function from the scipy.
optimize library [21]. A differential evolution algorithm was
chosen for its ability to efficiently explore large parameter
space and is well-suited when optimizing complex, mixed
variables non-linear objective functions (Fig. 5c depicts the
non-linear relation km (ns)). At each iteration, (i) the variables
were adjusted, (ii) a FE model was regenerated with the script
presented above, and (iii) another Abaqus simulation run was
executed. At the end of these three steps of each iteration, the
applied force and mass are recorded to compute the mass-
specific stiffness of the spring. This process was repeated in a
loop until convergence was achieved, resulting in the optimal
spring configuration. The algorithm was executed with a
population size2 of 10, a maximum of 10 iterations3.
Additionnaly, 4 bounds (N= 4) were taken to constrain the
variables within specified minimum and maximum values :
9� nc� 14, 46� ns� 74, 0.5� rbeam� 0.8 and 4.0� rin
� 6.0. This configuration resulted in a maximum of 440
function evaluations. We note also that in order to verify the
constraint (7), in practice, we took the threshold that implies
that the UC is almost fully occupied by material (and merits to
be discarded from the optimization process) as Vmax� 0.9.
That is, the optimization problem is classified as unconstrained,
and unacceptable configurations Vmax> 0.9 were discarded
manually in the step (ii) after the generation of FE model.

Figure 8 presents the results of the optimization. It
displays the values of the objective function and the local
minima identified every 40 evaluations (population size
�N) corresponding to each iteration, see Figure 8 (left). By
focusing on the local minima, Figure 8 (right), the
minimization procedure can be traced as the values of
the objective function value decreases and converges
towards an estimated global minimum. The optimization
process terminates when the relative difference between the
best and worst objective function values in the population
drops below the given tolerance, taken here as 0.01. This
condition ensures that further iterations do not yield a
significant improvement in the objective function, and
indicates the population convergence. In our example,
convergence is visible from the plot of the best objective
function value against both the number of function
evaluations and iterations, which shows diminishing
improvements while approaching towards the global
minimum. For the CO spring with ht=32 mm, rcoil=32
mm, rout=8.0 mm, nr=2, we end-up with ns=58, nc=13,
rbeam=0.72 mm, rin=5.99 mm.

3.3 Adding lattice gradient for the stress
homogenization

As discussed previously (and depicted in Fig. 6), springs
experience significantly higher stress at the inner coil fiber
and lower stress at the outer coil fiber. When designing
springs for additive manufacturing using lattice materials
(LM), it is natural to attempt to homogenize the stress
distribution over the entire wire cross-section using so
called functionally graded lattice structures. The ‘grading’
can generally be achieved in two ways: by varying the unit
cell size, or by modifying the dimensions (the radius) of the
beams. Both techniques have been widely studied for
controlling relative density and tailoring mechanical
response [22,23]. In this work, we adopted the latter



Fig. 8. Results of the topological optimization showing the objective function values and local minima. In the left subplot all the
evaluations are presented (blue) together with the local minimum (red) for each iteration. The iteration comprising 40 evaluations are
separated with vertical grid lines. In the right subplot, the zoom showing only the local minima of objective function (6) vs the
optimization iterations is shown.

Fig. 9. Gradient beam radius profile rbeam (s) along the radial
coordinate s of the spring cross-section. The outer coil fiber
corresponds to s=R+ rout, and the inner coil fiber to s=R� rout.
The beam radius increases linearly from rmin to rmax= f ⋅ rmin to
redistribute material toward higher stress regions. The red beam
illustrates how the radius is assigned based on its midpoint
position along s: the beam’s endpoints are marked with red circles
and the midpoint with a red plus symbol.
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approach.More precisely our gradient lattice aims to assign
a larger radius to the beams located near the inner coil fiber,
compared to those near the outer coil fiber, thereby
increasing material density in regions of higher stress and
improving structural efficiency. We note that this can be
considered a form of horizontal grading as classified in [23].
The decision to vary the beam radius rather than the size of
the unit cells was guided by both modeling and
implementation considerations. Since our FE model is
based on beam elements, modifying cross-sectional prop-
erties allows for straightforward parameterization without
requiring re-meshing or altering cell topology. On top of
that, this approach preserves connectivity and periodicity,
and integrates naturally into our parametric CAD and FE
workflows.
Figure 9 illustrates the beam radius variation. A cross-
sectional profile of the spring wire is shown, with the
horizontal axis corresponding to the radial direction of the
coil in the cylindrical coordinate system. The coordinate s
spans from the outer surface of the spring (s=R+ rout) to
the inner surface (s=R� rout), where R is the spring coil
radius. The beam radius increases linearly from rmin to rmax
over this interval. Recall that the cross-section boundaries
(inner and outer wire surfaces) are defined by r= rin and
r= rout. In practice, each beam is assigned a constant radius
based on the position of its midpoint along the
s-coordinate. This is illustrated in Figure 9, where a
representative beam is shown in red, with circular markers
indicating its endpoints and a plus symbol marking its
midpoint. The value of rbeam for that beam is taken from
the gradient profile at the midpoint (‘+’ marker) location.

The spring obtained from the previous topology
optimization (with a constant beam radius) was therefore
modified to include this gradient definition. For the initial
analysis, rmin= 0.5 mm was selected based on the
manufacturing process and material limitations. Through
a series of FE simulations, the optimal scaling factor was
found to be f=1.6, resulting in a significantly more uniform
stress distribution across the spring wire.

The contour plot of the equivalent (VonMises) stress for
bothconfigurations isdepicted inFigure 10andqualitatively
illustrates the effect of stress homogenization. Namely, the
localized stress concentrations near the inner coil fiber are
reduced when a gradient LM is used. We note that, in the
beam FE model used here, the visualization provides only a
volumetric impression of the lattice geometry (rendered
using Abaqus’ “render beam profile” option), rather than a
true volumetric or continuum stress field.

4 Lattice spring prototypes, experimental
modelling and validation

In order to validate the optimization procedure discussed
above, an experimental modelling was performed on the



Fig. 10. Beam FE model and the distribution of equivalent stress (MPa) in the (a) previously optimized spring (CO UC) and
(b) the same spring with gradient lattice to achieve stress homogenization in the wire cross-section.
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lattice spring prototypes. These prototypes were based on
the script generated CAD model, see Figure 7a.
4.1 Samples manufacturing and preparation

Generally, the 3D printing of LM made of repetitive UCs
(Fig. 4) is challenging, as supports are often required to fill
voids and stabilize overhangs even with the surrounding
powder in the powder bed fusion processes. In this work the
samples were manufactured using Selective Laser Sintering
SLS process, specifically with Fuse 1machine (Formlabs Inc.,
Somerville, MA, USA) and PA-12 powder material. Key
advantage (and motivation) of this choice of process and
powdermaterial is that itallowedthe lattice springprototypes
(with complex lattice material in helicoidal overall shape)
manufacturing without any support. Major disadvantages
related to our choice of process and material are:

–

4

w
st
Themechanical properties of printed parts are depending
on the printing orientation as well as the type of
mechanical tests performed, as highlighted in [24] for
PA-12 material. However, our helicoidal lattice material
springs are composed of a number of beams which are
oriented in, virtually, all directions with respect to the
printing direction. Thus, as the first choice when
modelling our springs, the mean material properties
are taken and assigned to each beam in LM.
–
 The other difficulty is related to cleaning of the residual
and unsintered powder. This process, illustrated on
Figure 11, starts after the samples were printed, by
transferring the chamber to Formlabs Fuse Sift ma-
chine4. Once most of the unsintered powder was sifted,
the parts were initially cleaned as thoroughly as possible
using brushes. Final cleaning step was performed by
sandblasting with low-pressure (approximately 4 bars)
alumina powder, see Figures 11b and 11c.

To simplify this rather laborious powder cleaning
process, and avoid damaging the manufactured lattice
spring prototype, two features were added in CADmodel of
the spring:
This machine functions as a residual powder recovery station,
hich is used to sift the unsintered powder as well as to recover,
ore, and mix the powder for future reuse.
–
 We created auxiliary holes in the end-plates to carefully
clean the transitional region near the ends, where the LM
joins the bulk circular plate to avoid altering the spring
behavior;
–
 Atemporarycentralcolumnalongthespringaxiswasadded
to reinforce the structure during cleaning (see Fig. 12).
4.2 Control of the lattice spring prototypes

X-ray computed tomography (CT) was performed on the
spring prototypes to assess the quality of the manufactur-
ing/cleaning process and to measure the dimensions of the
various beams in the lattice structure. Figure 13 presents a
typical coil cross-section cutting the beams in our LM. Note
that in Figure 13a a CT slice image of the manufactured
LM spring is presented (so called ‘as-manufactured’
configuration [13]), whereas in Figure 13b a typical
cross-section of the CAD model of the spring is presented,
related to so-called ‘as-designed’ configuration. There are
two key observations from this analysis:

–
 We note that the image of the ‘as-manufactured’
configuration shows two distinct material morphologies/
densities.Thewhite regions represent fully sinteredpowder,
while the gray regions indicate unsintered or partially
sinteredpowder thatwas insufficiently cleanedandwhich is
situated in the less accessible regions (for the referenceof the
position of the cross-sections refer to Figure 7a).
–
 Moreover, it was observed that the overall dimensions of
the beams composing the lattice structure were system-
atically smaller than in the ‘as-designed’ configuration.
Not surprisingly, decrease of the beam’s radius is caused
by the cleaning process detailed above, and especially due
to the sandblasting process. Our lattice structure made of
a number of slender beams is particularly sensitive to the
dimensional discrepancy since each beam is covered with
the ‘skin’ of loosely attached or partially sintered powder
prone to detachment during cleaning (related to first
observation), as noted in [25].

In this paper we seek to characterize the lattice spring
on the scale of engineering components. No special
treatment was proposed to include mentioned distinct
material morphologies or any other defects related to the
manufacturing process in our modelling (see [26] for an
interesting approach capable of altering beam based lattice



Fig. 11. Lattice spring prototype cleaning process, plots (a), (b) and (c).

Fig. 12. Specific design to ease the powder cleaning process and
to avoid damaging the spring prototype when it carries the weight
of non-sintered powder is related to two temporary features: (a)
holes are added to spring end-plates, and (b) a central column.
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FE model to represent ‘as-manufactured’ configuration in
statistically more reliable way). Complementary micro-
scopic analyses such as SEM could provide further insight
into surface morphology, sintering quality, and porosity.
These aspects were not included in the present study but
will be explored in future work aimed at correlating
manufacturing-induced defects with mechanical perfor-
mance of LM springs. The beam radius reduction due to the
preparation/cleaning process will be taken in the average
sense. To include the reduction in a qualitative way,
various measurements were taken from CT images and
using calipers on LM springs made of beams of different
dimensions rbeam. These measurements were performed on
printed spring samples with beam sizes ranging rbeam=
{0.50, 0.55, 0.65, 0.75}mmand revealed a consistent loss in
radius ranging from 0.15 to 0.2mm. On average the beam
radius reduction is significant and is about 25%.

4.3 Lattice spring prototypes

Material parameter identification To determine the
mechanical properties of the material, specifically Young’s
modulus (E)5, several standard traction tests were
5 Given that FE modelling is based on the beam FEs, and that we
are interested in linear elastic behavior, Poisson’s ratio (n) is not
important.
performed. To that end, we printed standard test coupons
(following the norm ASTM D638 Type 1) which are
positioned in different directions with respect to the
printing direction, Figure 14a. The values of identified
Young’s modulus and its variation is given in the table,
Figure 14b. For the numerical modelling of the springs with
LM in helicoidal structure where the beams are occupying
different directions in space, a simple mean of E=1090
MPa is chosen for FE modelling.

Testing spring prototypes Afterwards, printed and
prepared spring prototypes were tested in compression
using the Andilog Springtest 1 (Andilog Technologies,
Vitrolles, France) testing bench, Figure 14c. The spring
was positioned vertically on the lower end-plate, and a
displacement was applied to its upper end-plate. The
compression process was carried out manually in
incremental steps of 1mm, with both the applied
displacement and the corresponding force recorded at
each step. Testing was terminated either when the
machine’s force limit of 250N was reached or when the
spring coils came into contact. We report here the results
for two lattice spring samples: 1. without topological
optimization, and 2. optimized lattice spring. The former
consisted of ns=31, nc=9, rbeam=0.65 mm, while the
later consisted of ns=58, nc=13, rbeam=0.72 mm.
The results of these mechanical tests in terms of
measured force (F) and imposed displacement (U) are
presented with circular markers in Figure 15 for both
samples.

Results discussion. From the experimental results we
can note that the springs behave linearly below about
20mm of the spring compression (U). Linear regression
curves were added on this linear part of the experimental
curves to determine the stiffness of the springs. The
stiffness identified from the force-displacement data in the
first sample was k=534.1 N/m, while the sample 2 gives
k=1505.4 N/m. We note that our optimization presented
in Section 2 resulted in almost 300% gain in stiffness of the
lattice spring prototype.

In order to establish a meaningful basis for compari-
son with previous work [17], an equivalent shear modulus
(Geqv) was computed for both the cylindrical specimens
reported in [17] and the helical lattice-spring developed
in the present study. For the cylindrical lattice specimens
of the radius r=12.5 mm and a length of L=100 mm,



Fig. 13. Typical spring cross-section cutting the beams in: (a) ‘as-manufactured’ configuration with the CT slice image;
(b)‘as-designed’ configuration related to CAD model (see Fig. 7a for the reference of the position of the cross-sections).

Fig. 14. (a) Manufactured standard test coupons (following ASTM D638 Type 1) positioned in printing direction (V) and
perpendicular to printing direction (L, H); (b) Results of the identified Young’s modulus; (c) Testing of the spring prototypes.
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Geqv was determined from the torsional stiffness kt using
the relation Geqv,c (9.1).

Geqv;c ¼ 32ktL

pð2rÞ4 Geqv;h ¼ 8knð2RÞ3
ð2routÞ4

: ð9Þ

Likewise, the equivalent shear modulus (Geqv,h) for the
helical spring was computed, see (9.2), where k represents
the measured stiffness of the spring and n the number of
coilsR the coil radius, and rout the radius of the spring wire.
As we noted in the Introduction, different unit cells were
varied and tested in [17]. Taking for instance the beam-
based Vertically Inclined structure (called structure VI in
[17]), this yields an equivalent shear modulus of
Geqv,c=33.13 MPa. Using the equivalent shear modulus
as the common basis, Geqv,h was found to be 51.27MPa for
the non-optimized design and 144.52MPa for the opti-
mized spring configuration. Clearly, we compare here
different geometries, unit cells and processes with the same
material (PA-12). However, these results indicate that the
optimized lattice-based spring exhibits a notably higher
equivalent shear modulus, which translates into enhanced
load-bearing performance relative to the structures
investigated in [17]. The improved performance not only
underscores the potential of multi-scale optimization in the
design of lattice-basedmechanical springs but also provides
clear, quantitative design guidelines for achieving superior
stiffness-to-mass ratios in practical applications.

A slight nonlinear response was observed in the
experimental force�displacement curves for displacements
exceeding approximately 20mm. This behavior is not
captured by the present beam-based linear FEmodel and is
not the focus of this study, which targets stiffness
optimization in the elastic regime. The observed nonline-
arity is believed to result from a combination of geometric
and material nonlinearities. Namely, large beam deflec-
tions and local plasticity or micro-damage in partially
sintered regions, particularly at beam junctions. Since such
effects cannot be accurately captured with linear beam
elements, they are left for future studies aimed at modeling
large deformation and energy-dissipating behavior of
lattice springs.

Following the observed trend of the reduction in the
beam radius due to the cleaning process, we proceeded with
FE modelling (taking the previously identified mean
material parameters for PA-12, namely E=1090 MPa
and Poisson’s ratio n=0.4) to adjust the mean beam radius
value. This was done in an iterative manner until the
model’s stiffness matched that of the corresponding
experiment. This resulted in an estimated average beam



Fig. 15. Experimental force-displacement curves for the two
samples.
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radius reduction of: (sample 1) from rbeam=0.65 mm to
rbeam,adjust. = 0.52 mm (20%); and (sample 2) from rbeam=
0.72 mm to rbeam,adjust. = 0.55 mm (24%). These reductions
are agreeing well with the trends of the measured
reductions reported above.

This modeling approach effectively relates the experi-
mental results and the simulation to identify an equivalent
beam radius that explains the observed stiffness. The
resulting adjusted radii were consistent with CT-based
dimensional measurements, confirming the estimated
beam reduction due to cleaning. While this identification
strategy proved useful, the FE model remains based on the
ideal geometry (with mean radius reduction). Incorporat-
ing full “as-manufactured” geometry from CT scans could
further improve prediction accuracy by capturing localized
deviations and structural imperfections. This remains an
important direction for future work, in particular for
fatigue applications.
5 Conclusion

In this paper we are dealing with so-called lattice materials
made of repeating unit cells. Using these materials in a
modern engineering design (in particular in aerospace
application) is a promising avenue for weight (and material
usage) reduction. To that end, the focus of the presented
work is on redesigning and optimizing mechanical helical
springs made of (beam-based) lattice materials by
introducing a multiscale architecture. More precisely, we
seek to replace traditional wire cross-section (called the
material scale) with the lattice structure, which results in
significant improvement in stiffness-to-mass ratio, up to
300% gain.

Workflow for practical spring design. The fully
automated script that generates both CAD and FE models
facilitates rapid iteration and optimization, providing a
systematic path from concept to prototype. The key
component in the proposed design workflow is a flexible
parametric model of the helical spring, in which the lattice-
based cross-section is defined by the unit cell choice (a unit
cell library of 12 different cells is presented inhere), discrete
and continuous variables for which the recommended
ranges are identified. Heaving the parametric model in
hands, a differential evolution algorithm is applied to
concurrently optimize the material scale (lattice geometry)
and the structural scale. From the selected library of cells,
Cuboctahedron (CO) UC leads to superior performance.
Incorporating a linear gradient in beam thickness (with a
minimal beam radius of 0.5mm and a scaling factor f of 1.6)
has been shown to homogenize stress distribution across
the spring cross-section. This guideline assists in mitigating
stress concentrations, particularly at the inner coil.

Regarding the prototype manufacturing and post-
processing adjustments, some auxiliary and temporary
features were proposed to facilitate cleaning and avoid
damaging the lattice structure. However, the experimental
observations revealed an average beam radius reduction of
approximately 25% due to cleaning processes. A corre-
sponding design correction factor is thus recommended to
adjust the nominal dimensions during the modeling phase
to account for post-processing deviations.

Future work. One of the first avenues for further
exploration are related to the lattice base material. To that
end, the use of rubber-like polymers (e.g. TPU), could
provide higher elasticity and energy storage capacity, while
metal additive manufacturing (SLM) should offer superior
mechanical performance for high-load applications.

Further perspective is related to spring’s structural
shape design. While this study focused on helical shape,
other configurations (e.g., wave, barrel springs or auxetic
structures) could be explored to enhance energy absorp-
tion. Additionally, while the unit cells in this study were
inserted with fixed orientation into structured hexahedral
meshes, their orthotropic symmetry ensured mechanical
response was invariant under discrete 90° rotations.
However, in future developments involving non-uniform
meshing or composite unit cell assemblies, orientation
effects could become relevant. This opens up a promising
research direction involving anisotropic or meso-structured
unit cells tailored for directional stiffness in complex
loading scenarios.

Considering the manufacturing challenges further
exploration should be undertaken to carefully tune process
parameters to ensure dimensional accuracy andmechanical
reliability. In addition to geometrical evaluation through
CT imaging, future work will focus on microscopic-scale
characterization of the lattice material surface. In
particular, scanning electron microscopy (SEM) will be
employed to assess sintering quality, porosity, and surface
roughness. These features, not addressed in the present
study, are relevant for understanding fatigue behavior and
long-term performance of lattice-based springs under cyclic
loading.

Another important avenue for future research
is the modeling of nonlinear mechanical behavior. While
the present study focuses on stiffness optimization
in the elastic regime, experimental tests revealed a slight
nonlinear response at higher displacements. This behavior



M. Serretiello et al.: Mechanics & Industry 26, 33 (2025) 13
is likely due to a combination of large beam deflections and
local plasticity or damage at partially sintered beam
junctions. Capturing such effects would require geometric
and material nonlinear modeling, and possibly transition-
ing to continuum-based finite element representations.

The integrated design framework combining paramet-
ric lattice-spring modeling, differential evolution-based
multi-scale optimization, and practical manufacturing
adjustments, proves to be a robust and scalable lightweight
design strategy. This framework’s versatility can be a
aiming for high-performance sectors such as aerospace,
automotive, and energy-absorbing systems, where reduc-
ing weight while maintaining mechanical integrity is
paramount. Its versatility offers a scalable strategy that
can be adapted to other critical structural components,
paving the way for future research and industrial
innovation.
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