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Abstract: Cellular structures are easily found in natural materials with high mechanical performance, i.e., low weight
and high mechanical strength. In recent years, additive manufacturing technologies have evolved, allowing the
manufacturing of complex geometry components with high impact energy absorbing capacity such as cellular
structures. For this reason, nowadays it is possible to find companies exploring these structures for collision
protection elements as, for example, in sport personal protective equipment. This work presents computational tools
for the design of products based on cellular structures and some considerations for their numerical simulation when
subjected to impact loadings. In addition, this work also comprises a short overview on types of cellular structures
that present reasonable-to-good resistance to impact loading, of which some are numerically evaluated using the finite
element method.
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INTRODUCTION

Materials with cellular structure are easily found in nature, such as wood, cork, plant tissue, bone tissue, etc. This is
because biomaterials are mechanically more efficient, i.e., they have greater mechanical strength together with minimal
body mass. The internal structure of wood is a good example, it has an exceptional high performance to resist bending
and crushing loads.

In recent years, cellular structures in biomaterials are being used as inspiration for development of new materials
with similar structures, especially due to their mechanical properties and lower weight. This makes these materials
attractive for specific applications as for example shock energy absorption, thermal insulation, high resistance to
repetitive loads, stability, among others, involving lower cost in certain cases.

These cellular structures are already commonly used (macro scale) in lattice structures in civil constructions, it is
seen in structures made of bars and beams [1] and even bridges explore lattice structures because of the good
mechanical strength and low mass. However, the application of these structures in a smaller scale was unachievable
since traditional manufacturing methods are not able to manufacture parts with such complexities or fabricate them with
many defects as porosity, cracks, material pullout and accumulation, misalignment and even microstructural changes
that ended up decreasing the resistance of these materials [2].

With technological improvements in the manufacturing area, new alternatives have emerged to solve these obstacles,
such as additive manufacturing technologies that allow the fabrication of structures with high geometric complexity,
such as cellular structures, allowing to explore the potential of these structures in several applications.

Therefore, nowadays is already being explored the introduction of cellular structures in mechanical components and
products that involve a high absorption of impact energy, mechanical damping and even comfort together with a
considerable reduction in mass [4], as for example in soles of custom-made shoe [5], protective sports helmets [6] and
even on military car tires that doesn’t s use an inner tube [5,7] as shown in Fig. 1.

In helmets, for example, they are used as an internal material for impact damping, leading to a greater chance
reduction of skull fractures and brain injury in accidents, when compared to a standard helmet. In addition, it was
possible to verify in impact tests [6] that conventional helmets do not have good results in oblique impacts, opposite the
helmet that had cellular structures and was able to more satisfactorily absorb the impact.
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Figure 1 – Examples of cellular structures: (a) in a car tire, (b) in the sole of shoes and (c) in a helmet.

CELLULAR STRUCTURES FOR IMPACT APPLICATIONS

Cellular structures for mechanical applications

There are several types of cell structures that can be explored in mechanical design to obtain a better structural
response. For example, cell structures based on mathematical formulations can be introduced in various applications by
adjusting their mechanical properties through various parameters such as density, geometry and material, etc., to obtain
more efficient structures depending on the application.

Although cellular structures have great structural efficiency when compared to solid structures, it is not that simple
to recognize which cellular structure has better performance than others for a specific application. It is necessary to
identify the loading conditions to verify which structures are prone to obtain good results in the impact loading tests.

The types of loads in cellular structures according to [3] can be classified into: gravity loading, compression, torsion,
tension, bending, shear and even a combination of some of these loads. Besides, other important factor [3] is the loading
direction (which can be classified as uniaxial, biaxial or multiaxial) and the application period, that is, how it is applied
along time (slow increase, impact, constant over a long period of time or cyclical). Having defined the characteristics of
the load to be applied to the mechanical structure (type, direction and period of application), it is possible to choose
which structure will present the best performance.

Analyzing some of the cellular structures found in nature, it can be observed that some of them have a better
performance for mechanical stresses with specific load characteristics. In addition, these cellular structures end up
having other non-structural advantages such as storage space, thermal and acoustic regulation. Table 1 shows some
natural cellular structures and their respective loads.

Table 1 – Natural cellular structures and the loads they support [3].
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Table 1 – Natural cellular structures and the loads they support [3] (continued).

Generation of cellular structures

Disregarding the software that allows the development of more complex cellular structures, some structures as
lattices can be generated manually or using mathematical formulations [8]. To create cell structures manually the most
common methods are the use of beams and truss structures, it commonly results in structures with simpler geometry as
shown in Fig. 2. By this method, the structures can be easily parameterized, so it is easier to implement than others.

Figure 2 – Example of structures made manually [8].

With mathematical formulations, it is possible to create cell structures with different patterns by using different
algorithms. Unlike manual structures, these structures can explore more complex geometries which are a subset of
hyperbolic surfaces. Some examples of mathematical formulations are: nodal approximation, variation level set
approaches, and Weierstrass formulas [8]. Figure 3 shows some examples.

Figure 3 – Example of structures made by mathematical formulations [8].
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Triply periodic minimal surfaces (TPMS) are a non-intersecting 3D surface characterized by a zero value of mean
curvature at each point. TPMS are used to design regular structures with crystalline symmetry [9]. TPMS structures are
defined by:

(with i = x,y,z) (1)𝑘𝑖 = 2π * 𝑛𝑖
𝐿𝑖

Where ki are the TPMS function periodicities, ni are the numbers of cell repetitions in directions x, y and z and Li are
the absolute sizes of the structure in those directions. [10]

And TFCC is a topology-optimized face center cube [11]. Where the face center cube consists of a sort of
rearrangement of the atom.

Furthermore, to be able to compare the structures performance, it is necessary that they have approximately the
same mass and that they were made of the same material. In that way, relative density is a good parameter to select the
best structures even when there are different types of lattices. Relative density is expressed as:

(2)ρ*
ρ𝑠

Where is the density of the cellular structure and is the density of the material that structures are made. Theρ * ρ𝑠
relative density is calculated depending on the geometry of the structure. On the examples below, it has beam-based
structures that assume function of the ratio of the thickness of the member over its length (t/l) [3]:

Honeycomb: (3)ρ*
ρ𝑠 = 𝑐1 * 𝑡

𝑙

Open cell foam: (4)ρ*
ρ𝑠 = 𝑐2 * ( 𝑡

𝑙 )
2

Where c1 and c2 are constants. In case of more complex structures, it can be computed directly from the CAD
software or can be measured experimentally once manufactured. And, with relative density, it is possible to predict a
mechanical response for certain properties, this relation is called by “Scaling Laws”. In that way, these properties are
geometry dependent, but can be used in the absence of analytically derived relationships.

For example, the effective modulus can be expressed by:

(5)𝐸 *= 𝑐 * 𝐸𝑠 * ( ρ*
ρ𝑠 )

𝑛

Where E* is effective modulus of cellular structure and Es is effective modulus of the solid material. In this way, if
the same material and the same loadings are used and the tests have the same parameters, the effective modulus may be
adequate to compare different cell structures and to determine which is more suitable.

Is it important to mention that scaling laws ignore the variation of parameters, i.e., even changing thickness of walls
or changing cell sizes, different structures can have the same relative density. Figure 4 shows two different lattices with
the same relative density [3].

Figure 4 – Lattices with same relative density (a) small cells with thinner trusses (b) large cells with thicker
trusses [3].
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Empirical methods for evaluating performance of cellular structures

Regarding empirical methods, it is worth mentioning that there is no standardized method to measure the
performance of cellular structures, either for all types of loads or for a specific one. Therefore, in order to have the
desired performance, specific research is needed where specimens are subjected to certain loads to evaluate their
performance.

So, it is possible to find scientific research in which various types of cell structures are empirically evaluated in
order to find those with better performance according to the type of load. For example, several cellular structures are
designed based on geometric patterns and, from tests (experimental or computational), it is possible to find the most
promising structures in terms of impact energy absorption. Figure 5a below shows the computer simulation of the
3-point bending test of a solid beam, which was filled using different patterns of cellular structures to verify which of
those present better bending performance. Fig. 5b shows one of these filling patterns that showed excellent results [3].

Figure 5 – Example of computational test: (a) object being tested (b) and one of the alternatives of cellular
structures. [3]

With empirical methods, it is possible to determine cellular structures with best response to certain loadings, Fig. 6
shows results for 3-point bending tests of a beam and comparing in different relative densities. The displacement was
used for an effective flexural rigidity (EI)*, with I = area moment of inertia. This quantity was normalized with respect
to the flexural rigidity EsI of a solid beam constructed with material Es [3].

Figure 6 – Graph with different cellular structures across a range of relative densities [3].

COMPUTATIONAL TOOLS FOR DESIGNING CELLULAR STRUCTURES

Nowadays, it is possible to find in the international market commercial codes that allow the creation and
implementation of a wide diversity of cellular structures into components and products. This is only possible with the
development of manufacturing techniques, particularly the emergence of additive manufacturing technologies, that
allow the manufacture of increasingly complex products. In Table 2 are presented some examples of Computer-Aided
Design (CAD) software that allow the design of products with cellular structures.
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Table 2 – Commercial software that allows the creation of cellular structures.

Software Company Website

nTopology ntopology.com

Materialise materialise.com/en/software/3-matic

Autodesk withinlab.com

Autodesk autodesk.com/products/within-medical

Autodesk autodesk.com/products/netfabb

Altair altair.com/inspire

It is already possible to find products that use cellular structures made using these software on the market. Due to
the many benefits (good shock absorption, high surface area, good strength-to-weight ratio), projects involving these
structures are even more common to create products that can perform better mechanically.

Figure 7 shows a product designed with the aim of reducing mass and overcoming some of the restrictions of
additive manufacturing when topology optimization is used, i.e., optimizing the structures with variable density [12].

Figure 7 – Use of cell structures together with topology optimization [12].

Cellular structures are also used as a supporting structure to prevent failures caused by residual stress in laser
powder bed metal additive manufacturing. Figure 8 shows the design of a part in CAD with the support made with
cellular structures [13].

Figure 8 – Support made with cellular structures [13].

These structures can even be used to produce implants more similar to human bones in case of surgery to repair
accidents as shown in Fig. 9 [14].
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Figure 9 –Implants used in medical surgery [14].

STUDY CASE: CAE ANALYSIS OF CELLULAR STRUCTURE SUBJECTED TO IMPACT LOAD

In this work, the nTopology software was used for the elaboration and design of cellular structures. In this software,
the modeling of cellular structures is done through block programming as shown in Fig. 10.

Figure 10 – Block programming used to create the cellular structure.

For the elaboration of the cellular structures, the “lattice” option was used, which allows the generation of different
types of lattice structures. In Fig. 11, it is possible to see some of these structures built from a 20x20x20mm cube, all
CAD modeling developed in nTopology.

(a) (b) (c)
Figure 11 – 3D modeling of cellular structures using nTopology software: (a) Walled TPMS Gyroid, (b) volume

lattice octet and (c) volume lattice triangular honeycomb.

After CAD modeling, numerical simulation can be initiated in the model. nTopology software counts on with a CAE
module to perform Finite Element Analysis (FEA) in the CAD model already created. Simulations were all performed
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in a honeycomb hexagonal cube specimen. Computer aided engineering (CAE) allows practicing mechanical tests on
virtual prototypes, reducing the time for product development, having physical results even without carrying out
experimental tests, foreseeing any consequence of geometry changes in the product performance.

Initially, nTopology software was used for CAE. CAE simulations were made considering just one cell of a
hexagonal honeycomb structure to save time processing. After some tests, it was possible to verify the lack of more
complex tools in the software. CAE simulations in nTopology code are limited to linear elastic materials and FE
implicit analysis, so it was not possible to create, for instance, a rigid object or include contact mechanism.

In that way, CAE analysis was initiated in Abaqus, a FE software more specific for CAE simulations for scientific
research so counting with more diversity of tools (explicit analysis, contact mechanism, rigid bodies, non-linear
materials with strain rate sensitivity, etc.) that allows a more accurate FE analysis and more precise results. It is worth
mentioning that to perform the numerical simulations, smaller specimens were used to reduce the processing time of the
results.

Performing the first tests in Abaqus, some problems impede the completion of the test, problems related to the large
quantity of elements and event time that leads to an extremely long processing time. To solve these problems, “mass
scaling” strategy was implemented. With this strategy, it was possible to reduce the processing time by modifying
artificially the density of the material, but care must be taken to not influence the mechanical event results. So, it was
possible to accomplish the test, but it was still time consuming and the process was not complete as seen in Fig. 12.

Figure 12 – Numerical simulation using mass scaling.

Even after this change, results were not satisfactory, so the CAD geometry was modeled in other software (Fusion
360 software) to smooth the corners of the CAD model, allowing it to create less complex meshes to reduce the
software processing time. A large quantity of elements leads to longer processing times, at the same time, more
complex elements (non-linear material) require more complex equations to solve the problem. Figure 13 shows the
difference between nTopology and Fusion 360 cellular structures.

(a) (b) (c) (d)
Figure 13 – (a) Original Cellular structure made in nTopology (b) and respective mesh; (c) Cellular structure made

on Fusion 360 software (d) and the mesh with less complex elements.

Using the cellular structure performed in the Fusion 360, it was possible to obtain satisfactory results even without
the use of mass scaling. Below Fig. 14 shows the numerical impact test of the honeycomb hexagonal cell structure.
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Figure 14 – Numerical simulation accomplished in Abaqus with hexagonal honeycomb.

From the numerical analysis, some response data can be obtained from the test. Figure 15 shows the velocity of the
rigid body that compressed the cell structure (rigid body represents the rigid plates of the testing machine). Velocity is
constant before contact with the rigid plate, but, after contact, the velocity decreases almost linearly since the weight of
the object (mass = 30 kg) is much greater than the resistance offered by the cellular structure.

Figure 15 – Velocity x time graph of numerical analysis.

And Fig. 16 represents the force applied during the analysis. The test was performed with an elasto-plastic material.
At the beginning of the impact, the applied force increases linearly for a period of time (elastic regime), after which the
plastic regime of material is reached and the force falls slightly.

Figure 16 – Force x time graph of numerical analysis.
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CONCLUSIONS

It is clear how important cellular structures are becoming for the present market, whether to create products with a
good strength-to-weight ratio, for excellent shock absorption properties, or for diverse other advantages. The
advancement of manufacturing techniques such as additive manufacturing technologies and the emergence of specific
software to design cellular parts was essential for the increasing implementation of more complex geometries in
common products such as cellular structures.

However, it is important to highlight the deficit that new software to design cellular structures still have in terms of
CAE simulation tools, particularly when dealing with more specific and simulations of average complexity. In this
sense, the use of traditional CAE software is needed to amend this deficit. In addition, it is necessary to reduce the size
of the cellular specimens to carry out the numerical simulations, since larger structures demand very long processing
times, impeding processing in home computers.

Finally, it is expected that with the advancement of present technologies, more advanced software and faster
computers will emerge and they probably will allow dealing numerically with more complex parts requiring less
processing time than currently is needed. Thus, more specific research in this direction can be explored.

REFERENCES

[1] An introduction to cellular beams. New Steel Construction, 2017.
https://www.newsteelconstruction.com/wp/an-introduction-to-cellular-beams/

[2] Processos de fabricação: fundição, extrusão, laminação e soldagem. Infomet, 2021.
https://www.infomet.com.br/site/metais-e-ligas-conteudo-ler.php?codAssunto=60

[3] BHATE, D.; PENICK, C.; FERRY, L.; LEE, C. “Classification and Selection of Cellular Materials in Mechanical
Design: Engineering and Biomimetic Approaches”, Designs, Volume 3, n. 1, p. 19-49, 2019.

[4] “New Balance Launches TripleCell Platform. Sneakers”, 2019. https://www.sneakers.me/new-balance-triplecell/

[5] NAZIR, A.; ABATE, K.M.; KUMAR, A. et al. “A state-of-the-art review on types, design, optimization, and
additive manufacturing of cellular structures”, Int J Adv Manuf Technol 104, 3489–3510, 2019.

[6] BLIVEN, E.; ROUHIER, A.; TSAI, S.; WILLINGER, R.; BOURDET, N.; DECK, C.; MADEY, S.M.;
BOTTLANG, M.; “Evaluation of a novel bicycle helmet concept in oblique impact testing”, Accident Analysis &
Prevention, Volume 124, p. 58-65, 2019.

[7] SNELLING, D; LI, Q.; MEISEL, N.; WILLIAMS, C.B.; BATRA, R.C.; DRISCHITZ, A.P.; “Lightweight Metal
Cellular Structures Fabricated via 3D Printing of Sand Cast Molds”, Advanced Engineering Materials, Volume 17,
p. 923-932, 2015.

[8] CHEN, X; JI, Q.; WEI, J.; TAN, H.; YU, J.; ZHANG, P.; LAUDE, V.; KADIC, M.; “Light-weight shell-lattice
metamaterials for mechanical shock absorption”, International Journal of Mechanical Sciences, Volume 169, 2020.

[9] KHALEGHI, S.; DEHNAVI, F.N.; BAGHANI, M.; SAFDARI, M.; WANG, K.; BANIASSADI, M. “On the
directional elastic modulus of the TPMS structures and a novel hybridization method to control anisotropy”,
Materials & Design, Volume 210, 2021.

[10] MASKERY, I.; STURM, L.; AREMU, A.O.; PANESAR, A.; WILLIAMS, C.B.; TUCK, C.J.; WILDMAN, R.D.;
ASHCROFT, I.A.; HAGUE, R.J.M.; “Insights into the mechanical properties of several triply periodic minimal
surface lattice structures made by polymer additive manufacturing”, Polymer, Volume 152, p. 62-71, 2018.

[11] TEIMOURI, M.; ASGARI, M.; “Mechanical performance of additively manufactured uniform and graded porous
structures based on topology-optimized unit cells”; Proceedings of the Institution of Mechanical Engineers, Part C:
Journal of Mechanical Engineering Science, 2021.

[12] CHENG, L.; ZHANG, P.; BIYIKLI, E.; BAI, J.; ROBBINS, J.; TO, A.; "Efficient design optimization of
variable-density cellular structures for additive manufacturing: theory and experimental validation", Rapid
Prototyping Journal, Vol. 23, 2017.

[13] CHENG, L; LIANG, X.; BAI, J.; CHEN, Q.; LEMON, J.; TO, A.; “On utilizing topology optimization to design
support structure to prevent residual stress induced build failure in laser powder bed metal additive manufacturing”,
Additive Manufacturing, Volume 27, p. 290-304, 2019.

[14] Autodesk. “Expanding design possibilities with the use of additive manufacturing software”,
https://damassets.autodesk.net/content/dam/autodesk/www/products/within-medical/fy18/case-studies/pdf/within-no
vax-dma-case-study-en.pdf


