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INTRODUCTION 

Motivation for choosing the research topic 

The development of sandwich structures has its origins in the 20th century aerospace 

and naval engineering, where lightweight yet high-strength materials were needed to ensure 

structural efficiency. Traditional sandwich configurations, consisting of two rigid faces and a 

lightweight inner layer, initially used honeycomb or foam cores to improve flexural stiffness 

and energy absorption. With advances in materials science, additive manufacturing (AM), and 

computational design (CAD), mechanical metamaterial cores have become an attractive 

alternative, offering superior performance through customized topology and programmable 

behaviour. The research community's interest in this topic has grown in the 21st century due to 

the potential of metamaterials to achieve unprecedented mechanical behaviours, such as 

negative Poisson's ratios, high impact energy dissipation and absorption, and tuneable 

anisotropy. As a result, the convergence of modelling and fabrication of very small complex 

topologies and the possibility of their experimental and numerical validation has propelled the 

exploration of these novel innovative artificial architectures, making them a prominent area of 

interdisciplinary research. 

Current challenges include optimizing and minimizing defects during the fabrication of 

such structures, improving mechanical robustness under complex loading conditions, and 

increasing the ability to parameterize and scale such geometries. In addition, understanding the 

long-term durability and deformation mechanisms of sandwich configurations with novel 

topologies remains a critical area of research. Also, advanced modelling and simulation 

methods are needed to effectively predict the mechanical behaviour of metamaterials, with a 

view to structural optimization from the design phase. The motivation behind the choice of the 

thesis research topic arose from the need to address these challenges through interdisciplinary 

research and exploration of the multifunctionality of metamaterial-based sandwich structures, 

such as vibration damping and energy absorption, in order to increase the interest in their wide-

scale adoption in engineering. 

Relevance and importance of the doctoral research 

Whether incorporated into sandwich components or not, metamaterials constitute a 

current research direction in the field of unconventional structural elements, being artificial 

materials designed to exhibit unusual properties or behaviours. Although the notion is mature 

enough to expect intense research in the mechanical field, it has only experienced significant 

interest in recent decades, with the advances in imaging technologies and the development of 

additive manufacturing capabilities. These tools have transformed the means available to 

researchers in various fields, providing more efficient control over the manufacturing scale and 

allowing the exploitation of new geometric configurations and material design. At the same 

time, the idea of modifying the micro-geometry of a structure in order to obtain a macroscopic 

behaviour adapted to a specific application has been developed [1]. 

From metamaterial structures with constant cross-section, such as hexagonal 

honeycombs or chiral topology, to complex three-dimensional geometries, such as 

interconnected ligament cores, foams, or foldable walls, all have seen a long exposure to 

research and implementation in practical applications. In addition, with the progress of additive 

manufacturing technologies, very complex topologies can now be generated and analysed with 

methods involving an automated approach. More detailed classifications of the types of existing 

sandwich structures with metamaterial cores are presented in [2–4]. 
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The intensive use in many critical applications, together with the existence of several 

components in the basic construction, has favoured the analysis of the design freedoms of such 

configurations. There are a multitude of types of cores and faces that can be used, and the choice 

of materials depends on the specific requirements of each application. The performance of the 

panels is influenced by factors such as the nature and physical properties of the component 

elements, the interaction between them, the ratios of the defining geometric features, etc. For 

example, honeycomb cores are often used in aerospace applications due to their high strength-

to-weight ratio, while foam cores are commonly used in the construction industry due to their 

low cost and good insulation properties. 

Systematic studies of various mechanical properties of the most common types of 

metamaterials, such as [5–8], can provide valuable indications on the possible applications of 

such topologies. The modification of the mechanical response of the structures, such as the 

energy absorption capacity and the overall stability of the structure, can be done by changing 

the dimensions and orientation of the representative volume element (RVE) or by using a 

gradient-based approach. Relevant articles for understanding how different modifications of the 

basic geometry affect the mechanical properties are [9], [10], [11], [12]. 

Additive manufacturing techniques, such as selective laser melting (SLM) [13,14], 

direct metal laser sintering (DMLS) [15,16] and stereolithography (SLA) [17,18], have already 

been demonstrated to be suitable for creating complex topologies from metals, polymers or 

ceramics. General observations on the fabrication parameters of each method are summarized 

in studies such as [19,20]. Ongoing research aims to refine the fabrication parameters to achieve 

higher resolution, reduce defects and improve mechanical properties, while investigating new 

materials and hybrid bonding approaches to improve the performance and scalability of 

metamaterial structures. 

The traditional method of developing mechanical metamaterials involves a heuristic 

approach, in which artificial materials are developed and tested manually, to be confirmed or 

disproven as a viable option for certain implementation directions. Often, they are not built 

based on clear rules regarding the basic configuration of a sandwich structure. Thus, the lack 

of restrictions on the number of materials, number of faces, fabrication parameters, macro- or 

micro-level geometry and the way the materials are interfacing gives rise to an endless selection 

of combinations of existing or conceivable topologies, and associated materials or fabrication 

technologies. 

Thus, there is a need to establish rules based on which to simplify the choice of the type 

of geometry used. Among these are the way in which the structure will be used, the intensity of 

the anticipated stresses during its lifetime and the profitability of the materials used. In addition, 

it is useful to establish a methodology that starts from the choice of the type of sandwich 

configuration and the core used and ends by obtaining the mechanical properties relevant for a 

given application, taking into account all aspects related to the manufacture, testing and 

simulation of the behaviour of the structural component. 

Thus, based on the multitude of scientific papers published each year in this field and 

the desire to identify innovative solutions for high-performance lightweight structures, the topic 

of the doctoral thesis becomes relevant and can help stimulate research interest in this direction. 

Purpose and objectives of the doctoral research 

The main goal of the work is to develop a methodology that involves the design, 

fabrication and testing of new configurations of sandwich structures with cores formed by 

mechanical metamaterials, which can be easily integrated into physical components, whether 

we are talking about classic sandwich configurations that are used in predetermined areas, or 

whether we are talking about their incorporation into stand-alone pieces by using shell-type 

elements. 
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To achieve this goal, the doctoral thesis aims to achieve the following main objectives:  

1. Studying the specialized literature in order to identify the most promising 

metamaterial topologies used in sandwich configurations, as well as the applicable 

fabrication and testing methods. 

2. Configuring sandwich structures that incorporate metamaterial cores formed by 

new, clearly defined and easily parameterizable representative cells. 

3. Fabricating the proposed configurations and investigating the quality of the obtained 

samples, by highlighting probable manufacturing defects and ways to avoid them. 

4. Testing the specimens in uniaxial compression and identifying general deformation 

modes, as well as estimating the mechanical properties at other relative density 

values. 

5. Exploring and characterizing some modifications of the designed cells, to validate 

the easy parameterization of the proposed topologies and studying how they 

influence the mechanical properties. 

6. Using finite element analysis to predict the mechanical behaviour of the studied 

structures and making a comparison between the results obtained and experimental 

data. 

7. Studying the response of structures to low-velocity impact loads, as well as methods 

for increasing energy absorption performance. 

Structure of the doctoral thesis 

The doctoral thesis is structured in six chapters, accompanied by bibliographical 

references. 

Chapter 1 presents a review of the specialized literature, which provides context and 

highlights existing research in the field of mechanical metamaterials. The existing 

configurations relevant for cores and sandwich composites are detailed, observations on their 

applications and properties, information on the additive manufacturing techniques used, as well 

as destructive and non-destructive testing procedures for the designed structures. 

Chapter 2 develops a set of general rules that formed the basis for the design of 

representative cells of new triple periodic minimum surfaces (TPMS) and stochastic 

metamaterials, the way in which they were defined, and a preliminary analysis of the 

possibilities of additive printing, constructive parameters and anisotropy. Subsequently, the 

material properties and the SLA manufacturing procedure adopted for the production of the 

specimens are detailed, as well as various control methods: analysis of dimensional deviations, 

surface quality and homogeneity. 

The uniaxial compression testing of the 10 types of sandwich specimens printed from 

photopolymer resin is presented in chapter 3. The experimentally determined failure 

mechanism is detailed for each specimen, by comparison with the gyroid geometry, used as a 

reference topology. Subsequently, the repeatability of the tests is analysed and how the mass 

distribution in the volume of the part can influence the way in which the structures deform. In 

addition, a method is presented by which the mechanical properties can be estimated for 

multiple values of the relative density based on experimental data, how the alteration of the 

initially proposed uniform geometries influences the behaviour of the structures, as well as the 

mechanical response of the specimens to cyclic compressive stresses is developed. 

In chapter 4, the numerical analysis of the compression tests is developed. The 

characteristics of implicit geometric modelling are presented and how the models obtained by 

this technique can be integrated into numerical simulations. Subsequently, four types of 

material models are presented, the boundary conditions, the discretization of geometries and 
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how they influence the results obtained. Finally, the deviations between the results of the finite 

element analysis and the data obtained through experimental tests are detailed. 

The analysis of the low-velocity impact behaviour of the proposed topologies, both 

simple and with bi-component silicone filling, is made in chapter 5. Also, a method is developed 

for filling the voids in the sample volume so as to ensure their homogeneity. Finally, the 

parameters evaluated following the impact tests and the results obtained following the stresses 

at two different impact energies, on 10 sandwich structures, are presented. 

Chapter 6 contains the essential conclusions of the thesis, the contributions made, the 

limitations encountered and possible directions for future research. 
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1. CHAPTER 1 - ANALYSIS OF MECHANICAL 

METAMATERIALS TYPES  

 

Mechanical metamaterials offer a high degree of freedom in terms of design, from the 

types of materials, to the geometry used, to the ways of combining the elements that compose 

a sandwich structure, to the way of interfacing them, to the additional filling components that 

can be used. This, although it seems advantageous, can induce a continuous search for perfect 

models that is costly in time and financial resources. It is important to narrow the search area, 

based on favourable observations of previous research so as to reach the most promising results 

as quickly as possible. 

Additive manufacturing processes, although conceptually seem very accessible, are 

difficult to use in order to obtain parts free of defects, which present repeatability in terms of 

their testing. Knowing the influence of manufacturing parameters can improve the results and 

their consistency. 

Attributing a failure mode to mechanical metamaterials is difficult, as several types of 

stresses are observed that lead to the destruction of the samples. In addition to the significant 

influences of manufacturing defects, metamaterials can have a “bending dominated” or 

“stretching dominated” behaviour, depending on the strongest stresses occurring in the 

component elements, bending moments or axial loads. In general, the bending-dominated 

deformation mechanism makes the structures ideal for energy absorption, while the tensile-

dominated structures tend to be more rigid. 

Many research works have studied the axial load, bending and impact responses of 

metamaterials in their raw form or of sandwich structures with two-dimensional cores, but very 

few have verified the behaviour of three-dimensional configurations. Examples of such 

topologies are shown in Fig. 1-1Fig. 1-1. Consequently, it is evident that research in the field 

of using three-dimensional mechanical metamaterials in the form of a core in sandwich 

applications is not sufficiently developed to increase the degree of confidence in this type of 

materials and lead to their adoption in industrial applications.  

a) 

 

b) 

 

c) 

 

d) 

 

e) 
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f) 

 

g) 

 
Fig. 1-1 Metamaterial topologies 3D [21], [22], [23], [24], [25] 

Thus, after consulting the current state of existing metamaterial structures and 

performing an analysis of how they can be manufactured, I believe that a suitable direction of 

research is the prototyping of new three-dimensional mechanical metamaterial configurations, 

through manufacturing processes belonging to different categories of technologies. In addition 

to the aspects often encountered in the literature, an analysis of printed samples must be carried 

out to identify manufacturing defects that can induce errors in the interpretation of the behaviour 

of metamaterials. This can be done either by testing a significant number of samples to observe 

the repeatability of the results, or by precise three-dimensional scanning of the structures and 

interpreting the identified problems. It is also possible to try to achieve structures with variable 

relative density, with different gradients, so that the density is maximum near the high load 

areas and minimum in the low-load areas. Finally, after experimental testing, it is recommended 

to verify the results by comparison with numerical simulations, although this step can be 

problematic given the complex geometries and the interaction between different materials. If a 

computational analysis is impossible, it is advisable to identify a practical application that 

incorporates the proposed configurations, so as to perform efficient testing. 
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2. CHAPTER 2 DEFINITION OF THE GEOMETRIC MODEL OF 

SANDWICH STRUCTURES WITH MECHANICAL 

METAMATERIALS CORES  

Following the analysis carried out in the first chapter on the types of existing 

metamaterials and their characteristics, in conjunction with the available manufacturing 

possibilities, a set of rules was defined, intended to simplify the choice of the main research 

direction. Based on this, eight new topologies of TPMS-type structures were defined, together 

with the gyroid geometry selected as a reference element, given that it has been intensively 

studied in the specialized literature. In addition, a stochastic geometry was also defined, 

intended to simulate a behaviour specific to foams. The mathematical expressions of the 

proposed topologies are presented in Table 2-1Table 2-1. 

Table 2-1 Mathematical functions describing the topologies of the analysed samples 

Sample Function 

S1 𝑓(𝑥, 𝑦, 𝑧) = 𝑐𝑜𝑠(𝑥) 𝑠𝑖𝑛(𝑦) + 𝑐𝑜𝑠(𝑦) 𝑠𝑖𝑛(𝑧) + 𝑐𝑜𝑠(𝑧) 𝑠𝑖𝑛⁡(𝑥) (2-1) 

S2 
f(x, y, z) = 2[cos(x) cos(y) + cos(x) cos(z) + cos(z) cos⁡(y)] − [cos(2x)

+ cos(y) + cos⁡(2z)] 
(2-2) 

S3 

𝑓(𝑥, 𝑦, 𝑧) = 𝑐𝑜𝑠(𝑥) 𝑐𝑜𝑠(𝑦) + 𝑐𝑜𝑠(𝑥)𝑐𝑜𝑠(𝑧) + 𝑐𝑜𝑠⁡(𝑦)𝑐𝑜𝑠(𝑧) + 𝑠𝑖𝑛(𝑥)𝑐𝑜𝑠(𝑦)
+ 𝑠𝑖𝑛(𝑥)𝑐𝑜𝑠(𝑧) + 𝑠𝑖𝑛(𝑦)𝑐𝑜𝑠⁡(𝑧) + 𝑠𝑖𝑛(𝑦)𝑐𝑜𝑠(𝑧)
+ 𝑠𝑖𝑛⁡(𝑧)𝑐𝑜𝑠(𝑥) + 𝑠𝑖𝑛⁡(𝑧)𝑐𝑜𝑠(𝑦) 

(2-3) 

S4 

f(x, y, z) = cos(2x) cos(y)cos(z) + cos(2y) cos(x) cos(z)
+ cos(2z) cos(x) cos(y)
+ sin(x) cos(y)+sin(x) cos(z)+sin(y) cos(z) + sin(y) cos(z)
+ sin(z) cos(x) + sin(z) cos(y) 

(2-4) 

S5 𝑓(𝑥, 𝑦, 𝑧) = 𝑠𝑖𝑛(𝑥) 𝑐𝑜𝑠(𝑦)
𝑧

2
+ 𝑠𝑖𝑛(𝑦) 𝑐𝑜𝑠(𝑧)

𝑥

2
+ 𝑠𝑖𝑛(𝑧) 𝑐𝑜𝑠(𝑥)

𝑦

2
 (2-5) 

S6 
f(x, y, z) = 4cos(x)cos(y)cos(z) − (cos(2x)cos(2y) + cos(2y)cos(2z)

+ cos(2x)cos(2z)) 
(2-6) 

S7 
f(x, y, z) = 4sin(x)cos(y)cos(z) − (cos(x)cos(y) + cos(y)cos(z)

+ cos(x)cos(z)) 
(2-7) 

S8 

f(x, y, z) = 8cos (
x

2
) cos (

z

2
) sin (

x

2
) + 8cos (

y

2
) cos (

z

2
) sin (

y

2
)

+ 8cos (
x

2
) cos (

y

2
) sin (

z

2
) 

(2-8) 

S9 
f(x, y, z) = sin(x) sin(y) + sin(x) sin(y) + sin(x) sin(y)

− 4 cos(x) cos(y) cos(z) 
(2-9) 

S10 

Stochastic (imposed conditions: vector in z direction, with an average number of 6 

ligaments intersecting at the same point and an average distance between them of 

3.5 mm) 

 

 

For the design of the structures, an implicit approach was used, using the Ntopology and 

TPMS Designer software. With their help, it was possible to analyse the printability, the 

variation of the constructive parameters depending on the relative density, the degree of 

anisotropy and the mass distribution inside the samples. Representative figures summarizing 

the elements of this analysis are presented in Fig. 2-2Fig. 2-1. 
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a) 

  

b) 

c) 
     

S1 S2 S3 S4 S5 

     
 S6 S7 S8 S9 S10 

Fig. 2-1 a) Variation of wall thickness depending on the relative density of the samples; b) 

Representing the need for supports during additive manufacturing; c) Representation of the anisotropy 

of each sample [26] 

Subsequently, an SLA manufacturing technology (Fig. 2-2Fig. 2-2 a)) was used to print 

the samples (Fig. 2-2Fig. 2-2 b)), presenting practical considerations regarding the successful 

fabrication of such complex geometries. Tensile tests were performed to validate the properties 

of the photopolymer used. In general, these coincided with the values declared by the 

manufacturer, except for the specific deformation at break, where significant differences of up 

to 22% were identified. 

a) 

 

b) 

S1 

 

S2 

S3 S4 

S5 S6 

S7 S8 

S9 S10 

Fig. 2-2 a) Sample fabrication through stereolithography; b) Each type of specimen 
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Next, an analysis of the quality of the manufactured samples was carried out in terms of 

surface roughness, dimensional and mass deviations and internal porosity of the material. 

Following additive manufacturing, a discrepancy was also determined in terms of the 

density of the resin after polymerization, which had a higher value of 1.23 g/cm3 than the value 

declared by the manufacturer of 1.07 g/cm3. Most likely, this value is specific to the uncured 

liquid resin, and the difference in density is associated with a more compact molecular structure 

of the polymerized parts. Such a difference has also been reported in the relevant literature, 

such as [27,28] or specified by other resin manufacturers [29]. A direct link between the 

maximum surface area of the topologies and the deviation from the average mass was also 

determined, which indicates that samples with complex and reduced geometric characteristics 

must be subjected to intensive washing treatments. This is necessary to successfully remove the 

entire mass of resin that adhered to the surface of the part before it was cured in the treatment 

chamber. 

By three-dimensional scanning of the manufactured samples, it was determined that 

there were no significant deviations from the designed CAD geometry, the only dimensions 

that went out of the imposed tolerance of 0.1 mm being at the level of the lower areas where 

the part came into contact with the plate supporting the side supports. This can be eliminated 

by changing the printer settings to impose a greater distance between the components or by 

completely abandoning the support plate. The dimensional deviations are consistent with those 

specified in other publications, where the average difference from the nominal values varied 

between 0.045 mm and 0.15 mm [30] or from 0.042 mm to 0.127 mm [31]. Also, Emir and 

Ayyildiz specify in [32] that the average dimensional deviations of an SLA technique have a 

value of 68.5 µm, significantly higher than those indicated in the process used in this work. 

a) 

  

b) 

c) 

  

d) 

Fig. 2-3 a) Dimensional deviations for S1; b) Dimensional deviations for S8; c) Deviations distribution 

for S1; d) Deviations distribution for S8 

By analysing the roughness of the flat surfaces of the samples, it was determined that, 

although there were differences between surfaces of the same type, the same surfaces presented 

very similar roughness, which denotes a stable manufacturing process, without fluctuations. In 

terms of value, the roughness analysis validated the results previously obtained in the 

dimensional analysis, with no frequent Rp values above the imposed limit of 0.1 mm. The 

average roughness Ra was 2.47 µm, a value specific to well-controlled additive manufacturing 

processes, and the average distance between the highest and lowest points of the profiles was 

26.32 µm. These values indicate a very good quality of the surfaces and the lack of layer-by-

layer appearance, therefore a good homogeneity of the part, without the need for grinding 
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procedures or additional processing. The values obtained for the roughness Ra are in line with 

relevant studies on the same topic, such as those specified in [33]: 0.87–4.44 µm, then in [34]: 

0.71– 2.91 µm or in [35]: 2.66 - 3.37 µm. However, this aspect can be improved because other 

works suggest lower values of roughness.  

In order to detect defects that are impossible to see with the naked eye, a microscopic 

analysis of the outer surfaces of the part was performed. Most of the analysed surfaces did not 

present defects, reinforcing the idea that the chosen manufacturing process is suitable for the 

designed geometries. Different types of possible superficial defects were highlighted, some of 

which can be limited by a more careful control of the way in which the resin is stored between 

successive prints. Also, an important aspect to avoid damage to the parts is the very thorough 

cleaning of the residual resin, as it is adherent and tends to accumulate impurities. Furthermore, 

careful handling of the samples before being introduced into the ultraviolet radiation treatment 

chamber can limit the appearance of surface defects. 

    

a)  b) c) d ) 

    
e) f) g) h) 

Fig. 2-4 Examples of defects: a) Superficial micro-exfoliation; b) Trace left by removing printing 

supports; c) Impurities embedded in resin; e) Protuberance on the surface of the part; e) Excess 

polymerized resin; f) Micro-irregularities; g) Contamination with sand grains; h) Layer-by-layer 

appearance [36]   

To analyse the internal defects of the samples, a non-destructive method of analysis 

using ultrasonic waves was used. The flat surfaces large enough to allow the probe to contact 

were checked, there being no indications of the presence of defects in the depth of the samples. 

This testing method excluded the presence of major defects, such as exfoliations or internal 

voids, but in order to verify whether there are very small porosities, which cannot be captured 

by non-destructive methods, it was decided to perform an internal analysis of the samples. The 

pieces were cut by water jet cutting and the generated surfaces were analysed. By comparison 

with the lateral surfaces, a better homogeneity was found in the depth of the pieces and a lack 

of the layer-by-layer appearance, which is still visible on the outside under a microscope. The 

lack of inclusions of other materials inside the sample may indicate that the incidents of 

impurities on the outer surface are not a consequence of non-compliant storage, but of 

inadequate post-processing before hardening. In the multitude of surfaces checked, there were 

also micro-porosities in the processed surfaces, which may indicate either insufficiently 

polymerized internal voids that were removed at the time of cutting, or are the consequence of 

an inadequate cutting process. Whatever the cause, there are indications related to the 
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possibility of the appearance of local inhomogeneities, which could be better identified in a 

subsequent analysis by subjecting the samples to X-ray checks. 

    
a) b) c) d) 

Fig. 2-5 a) Section exposed through cutting, x40; b) Lateral surface, x40; c) Section exposed through 

cutting, x200; d) Lateral surface, x200 

By interpreting the results obtained, a very low standard deviation of the sample mass 

and roughness values was observed, which denotes a narrow distribution of the parameters and 

a high reproducibility of the manufacturing technology, without any indications of the existence 

of significant defects likely to critically influence the behaviour of the analysed samples.
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1. CHAPTER 3 COMPRESSIVE TESTING OF THE PROPOSED 

METAMATERIAL SAMPLES 

Among the defined metamaterial geometries we find the gyroid-type shape S1 

extensively studied in the literature, adopted in the work as a comparison standard, other TPMS 

structures based on thin walls similar to the gyroid (S2, S3, S4, S7, S8, S9), the stochastic 

structure (S10) that behaved like a metamaterial based on interconnected ligaments, structures 

with wall thickness variation along the loading direction (S5) and structures with considerably 

reduced dimensions of the constitutive geometric features (S6). 

Following uniaxial compression testing, the proposed cores presented different 

deformation methods, identified in Fig. 1-1Fig. 3-1. Topologies S1, S6, S7 and S8 exhibited a 

“bending-dominated” behaviour, characterized by a long plateau, with negligible material 

softening and reduced fluctuations in the loading force. The effect is a constant or continuously 

increasing response of the capable force during deformation. The structures S2, S3, S4, S5 and 

S9 showed a mixed behaviour, “bending-dominated” and “stretching-dominated”, where the 

yield is followed by a “softening” zone, in which the bearing force decreases with local buckling 

or wall bending, until the contact between them, which gives rise to a new stiffening stage. 

Depending on the way the material is arranged inside the sample, the number of steps differs 

affecting the overall deformation mechanism and the energy absorption capacity. The stochastic 

structure showed a pure “stretching-dominated” behaviour, where the axial forces in the core 

ligaments led to rapid buckling after the elastic stop, resulting in a much more pronounced 

reduction in the bearing capacity and energy absorption. However, compared to the gyroid 

evolution, the stochastic structure exhibited superior stiffness results in the elastic deformation 

zone and a force corresponding to the onset of flow higher by approximately 6%. The results 

thus highlight the differences between the two types of three-dimensional metamaterials 

mentioned and manage to attribute to each a predefined type of deformation in accordance with 

research in the literature [37], [38].  

 Visible deformation 

initialization 

At a compression of 

10 mm 

 Visible deformation 

initialization 

At a compression of 10 

mm 

a) 

S1 

  

f) 

S6 

  

b) 

S2 

  

g) 

S7 
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c) 

S3 

  

h) 

S8 

  

d) 

S4 

  

i)  

S9 

  

e) 

S5 

  

j)   

S10 

  

Fig. 1-1 Images from compression testing for each sample at the moment when visible deformation 

initiation was observed and at a compression of 10 mm [39] 

Compared to the gyroid, the S8 topology showed a similar evolution of the load 

capacity, with significantly higher values of up to 31% of the value of the force corresponding 

to the yield point and a higher densification rate. The surplus of the capable force suggests that 

an equivalent geometry, but with a lower relative density, could lead to values similar to those 

obtained by testing the gyroid-type structure, but with the advantage of reducing mass. 

Regarding the energy absorption efficiency, it was highlighted that the structures with 

higher values are those whose stresses do not show significant fluctuations during the loading, 

but offer a clear and long yield plateau. Thus, the S8 and S1 samples showed close values, while 

the curves specific to the other TPMS topologies showed significant reductions in efficiency, 

given the significant fluctuations of the compressive force. These were maximum in the case 

of stochastic geometry, which had the lowest efficiency at high values of specific strain. 

In order to estimate the mechanical properties at different relative densities, a model 

specific to structures based on interconnected ligaments with open cells was used. The 

evolution of the variation of the elastic modulus and the yield stress was presented based on the 

known values for the relative density chosen in the experiments. It was observed that in most 

cases, the values are found between the limits mentioned in the literature specific to polymers, 

except for a single case encountered in specimen S8. This deviation can be based on the 

differences between the manufacturing technologies and the wide family of materials to which 

the limits are assigned. 
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a) b) c) 

Fig. 1-2 Variation of yield stress as a function of the relative density of the samples for different 

behaviours: d) bending; e) mixt; f) stretching 

Four ways of modifying the initially proposed uniform geometries were presented (Fig. 

1-3Fig. 3-3). They demonstrate the high capabilities of core customization based on implicit 

modeling and show how choosing a configuration with a different number or shape of the 

representative cell influences the mechanical behaviours. It was observed that the use of a lower 

number of cells provides a higher compressive strength, but also a lower specific strain to the 

appearance of the first cracks, while the use of a higher number of cells distributes the stress 

more evenly in the sample mass and allows higher specific strains at the expense of the loading 

force and stiffness. The use of a wall thickness gradient leads to a localized deformation in the 

upper zone together with a specific plastic zone plateau and a lower energy absorption than the 

homogeneous model. 

 a) b) c) d) 

S1 

    

S8 

    

  

e) f) 

Fig. 1-3 Shape changes for S1 and S8: a) 2x2x2; b) 6x6x6; c) Applying a wall thickness gradient; d) 

Applying a cell height gradient; e) Compressive force versus strain diagram for S1; b) Compressive force 

versus strain diagram for S8 
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Analysing the way in which the configurations return to dimensions close to the nominal 

ones after being subjected to a specific deformation of 33.33%, it was observed that they are 

suitable for applications where repeated stresses occur. In this regard, cyclic tests were 

performed, observing the evolution of the energy absorption capacity for each sample. It was 

observed that for stresses in the elastic domain, S1 ranked third, after S8 and S10, which 

however had a faster rate of accumulation of residual deformation. Finally, it can be mentioned 

that the S1 gyroid had a mechanical behaviour slightly inferior to the S8 specimen, while the 

S10 stochastic geometry had a behaviour specific to metamaterials based on three-dimensional 

interconnected ligaments, for which the cracks in the depth of the piece determined an inferior 

behaviour in a repeated test. 

 100 cycles 50 cycles 

a) 

  

b) 

  

Fig. 1-4 a) Total energy absorbed during loading and hysteresis, during; b) Variation of energy absorbed 

during 100 /50 cycles [40] 
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1. CHAPTER 4 NUMERICAL SIMULATION OF COMPRESSION 

TESTS 

Following a convergence analysis of the discretization, it was established that a 

maximum size of the side of the regular tetrahedron elements of 0.3 mm provides an optimal 

balance between the accuracy of the results and the increase in the computational effort required 

to obtain a solution. The use of a single discretization may, however, prove insufficient in the 

case of cores with walls whose thickness is not constant or in areas with very low thicknesses, 

where at least two rows of elements cannot be built, resulting in convergence problems or 

reductions in accuracy, such as the case of the S4 and S10 configurations. 

An analysis of the implications of the use of implicit modelling in finite element 

simulation was performed. For the same gyroid topology, geometric models obtained both by 

the conventional CAD method (Fig. 2-1Fig. 4-1a)) and by a proprietary method, which allows 

the integration of the geometries obtained by implicit modelling into numerical analyses (Fig. 

2-1Fig. 4-1b)). The dimensional deviations exceeded the imposed tolerance value of 0.1 mm, 

with maximum values of 0.17 mm. However, the results obtained regarding the curves of 

variation of the compressive force as a function of deformation (Fig. 2-1Fig. 4-1c)) showed a 

very good overlap between the two models. A disadvantage is the fact that for the use of a 

geometry obtained by implicit modelling, the times required to establish the faceted geometry, 

transform the geometry into a solid, discretize and obtain the solution are significantly higher. 

They can be up to five times higher than in the case of a conventional approach, which makes 

the finer discretization of solids even more difficult due to the rapid increase in the 

computational effort.     

a) 

 c) 

 

2. b
) 

 
Fig. 2-1 a) Creating the CAD geometry of sample S1; b) Procedure for obtaining solids usable in finite model 

analysis starting from implicit modelling; c) Evolution of the loading force of sample S1 depending on the 

type of geometry used 

 Four material models were proposed (Fig. 2-2Fig. 4-2 a)-d)) and it was verified which 

of them most closely approximates the behaviour of the chosen photopolymer resin. With the 

help of the data obtained experimentally through tensile tests, two isotropic material models 

were empirically defined, the bilinear and the multilinear. Next, an iterative method was used 

to configure two other material models, Powerlaw and Three Network Model. The parameters 

defining their equations were configured so that the characteristic curves of the material 

behaviour overlap as accurately as possible over the real average characteristic curve and 
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presented so that the material model is easy to replicate in the Ansys calculation program. 

Following the tests carried out on the four types of materials, it was verified how large the 

deviation of each one is from the experimentally determined average force-strain curve (Fig. 

2-2Fig. 4-2 e)). Deviations of less than 6% were found, the optimal model being the multilinear 

one which had a deviation of only 2.54%. 

  

 

 

a) b) 

  
c) d) e) 

Fig. 2-2 a) Bilinear isotropic hardening model; b) Multilinear isotropic hardening model; c) Power Law 

Plasticity model; d) Three Network Model; e) Evolution of the loading force of the S1 specimen as a function 

of deformation for the defined material models 

Two types of finite element simulations were performed, the one performed in the 

NTopology software and the one performed in Ansys Static Structural. Studying the difference 

between the two analyses, it can be seen that in terms of the distribution of the von Mises 

equivalent stresses there is a high degree of similarity. The limitations of the material definition 

mode in NTopology make the differences between the maximum equivalent stress values 

substantial, even greater than 100% as is the case for samples S1 and S10. In addition, the 

simulations in the Ansys module provide clearer indications leading to the anticipation of the 

deformation mode of samples such as those of topologies S2, S7 and S9. However, as a first 

step in a rapid prototyping effort, the simulation module in NTopology can provide a sufficiently 

accurate answer for faster filtering of topologies according to the desired mechanical response. 

Performing quasi-static numerical analyses that include large deformations on complex 

three-dimensional geometries can prove difficult due to the contacts that occur inside the 

samples. Increasing the tolerance of the walls penetrating each other can increase the 

convergence rate but will also lead to reduced accuracies. In this sense, static tests were 

performed on a deformation of only 2.5mm, a value chosen so that no contacts occur that would 

lead to difficulties in obtaining a solution. Even in this case, due to the periodic nature that 

determined thin walls on the contour of the S4 core, the deformation value was reduced to 1mm 

so that the simulation converges to a solution, even if a smaller area of the flow phenomenon is 

captured. Avoiding or minimizing these situations can be done by modifying the range of the 

function that defines the part or by subsequent rotation of the representative cell around an axis. 

It should be borne in mind that the latter would lead to other types of mechanical behaviours, 

since the geometries are not symmetrical in both directions 
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By corroborating the field of von Mises equivalent stresses and total equivalent strains 

obtained for each sample, conclusions can be drawn regarding the general failure mode of the 

samples. In general, all these conclusions lead to a deformation mechanism similar to that 

identified by experimental tests. Sample S6 is the exception to the rule, the more significant 

deformation in the lower area not being able to be identified by simulation. There is a possibility 

that its failure mode is influenced by manufacturing defects that have not been previously 

identified, especially considering the topology of the representative cell with smaller 

dimensions than the other samples. 

Analysing the force-strain compression curves obtained by simulation and comparing 

them with the experimental ones (Fig. 4-3Fig. 4-3) it can be observed that the overlap is optimal 

only for samples S1 and S8 that presented the highest values of the yield strength. The other 

samples show significant deviations as its value decreases. However, the shape of the curve is 

maintained, and a more accurate characterization of the material used can lead to significant 

improvement of the results, especially in the plastic limit area. The nonlinear nature of the 

behaviour of polymers makes it difficult to accurately simulate the reality of experimental 

determinations due to high deformations that lead to discretization distortions and convergence 

problems. In addition, the transition to plastic behaviour is much more sensitive and complex 

than in the case of conventional materials. Also, the contacts that inevitably occur inside 

complex TPMS-type geometries introduce additional nonlinearities because the boundary 

conditions change as the deformed surfaces come into contact.  
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Fig. 4-3 Comparison between the force-strain curves obtained experimentally and by finite element 

analysis for each geometry [41] 

The analysis in the Explicit Dynamics module captured the overlapping of the cell layers 

more accurately, leading to similar results in the low-strain zone. However, it showed a 

noticeable reduction in the material loading force at high strain values, which is based on the 

nonlinearity of the material. Thus, this calculation model also fails to perfectly capture the 

phenomenon of gradual stiffening of the proposed cores. However, in the case of this analysis 

as well as in the case of the static analysis, the failure mode coincided with the one identified 

experimentally. 

  

a) b) 

 
c) S1 

 
d) S8 

Fig. 2-4 Comparison between the real force-strain curve and those obtained by finite element analysis 

for: a) S1; b) S8; The von Mises equivalent stress field in two views, front and side, for: c) S1; d) S8; 
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1. CHAPTER 5 LOW SPEED IMPACT TESTING 

The chapter aims to extend the understanding of the behaviour of TPMS and stochastic 

structures proposed in the previous chapters, through low-velocity impact tests. The two most 

promising types of triple periodic topologies and stochastic topology were chosen. As an 

extension of the study and due to the interest in this direction in the specialized literature, it was 

proposed to fill the gaps in the TPMS cores with a two-component silicone solution, vulcanized 

at room temperature (RTV). The topology of the proposed cores makes such an approach 

possible, due to the fact that one or more continuously communicating volumes are generated 

inside that can be filled with filler material, without having closed enclosures. 

10 samples of the same material used previously were proposed and made by 

stereolithography (SLA) to be tested for impact at two different energies. For filling with filler 

material, the specific recommendations for the silicone type material are adopted for its 

homogenization, then a proprietary method is proposed to ensure the elimination of as much as 

possible of the silicone porosity inside the printed samples (Fig. 1-1Fig. 5-1). From our own 

observations, the use of a vacuum pump is insufficient to achieve a homogeneous structure. 

The process used thus involves mixing the solution and using the vacuum pump to extract the 

air incorporated during mixing. Then, it is poured into the moulds made for easy subsequent 

extraction, and the enclosure is mounted on an exciter to introduce vibrations in the vertical 

direction and is again connected to the vacuum pump for another 8-10 minutes. After 24 hours, 

the parts are extracted from the moulds and the excess material is removed.   

 

1. Vacuum pump 

VE2100N 

2. Precision balance 

PFB2000-2 

3. Vacuum chamber 

4. Pressure gauge  

5. Shaker 2075E 

6. Arbitrary function 

generator XDG2035 

7. Power amplifier 

2050E09 

Fig. 1-1 Installation for removing air from the sample volume 

The obtained samples were tested at low-velocity impacts, with energies of 30 J and 40 

J. To allow for comparison of the performances of the proposed structures, the parameters 

presented in Table 1-1Table 5-1 were evaluated. The highest and lowest values of the 

parameters were highlighted in green and red, respectively, for each set of tests. 
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Table 1-1 Parameters for evaluating the performance of structures under impact loads 

Sample 

type 

Impact 

energy 
Mass  

Maximum 

force 

Maximum 

deformation 

Total 

absorbed 

energy 

Average 

force 

Specific 

absorbed 

energy 

Impact 

force 

efficiency 

Recovered 

energy 

Damping 

index 

  [J] [g] [kN] [mm] [J] [kN] [J/kg] [-] [J] [-] 

S1_1 30 67 5,413 7,76 29,07 3,75 433,95 0,692 0,93 31,25 

S1_2 30 147 6,35 7,33 29,72 4,05 201,90 0,639 0,28 106,14 

S8_1 30 66,6 5,798 8,33 29,78 3,58 447,08 0,617 0,22 135,36 

S8_2 30 146 7,911 10,43 29,88 2,86 204,24 0,362 0,12 249 

S10_1 30 67,8 3,275 17,27 30,19 1,75 445,48 0,534 0,19 158,89 

S1_3 40 66,1 4,428 15,09 40,35 2,67 610,72 0,604 0,35 115,28 

S1_4 40 147 7,067 7,86 37,17 4,73 253,72 0,669 2,83 13,13 

S8_3 40 66 8,869 12,81 39,75 3,10 602,18 0,350 0,25 159 

S8_4 40 147 6,271 13,04 39,61 3,04 268.,91 0,484 0,39 101,56 

S10_2 40 66,3 4,526 13,82 39,93 2,89 601,90 0,638 0,07 570,42 

 A first observation is that the manufacturing process remains optimal, due to the 

minimal deviations that occur between the masses of specimens of the same type. The standard 

deviation for samples without filler material was 0.66 while for those with the addition of 

silicone it was 0.49. However, filling the sandwich specimens leads to obtaining structures with 

a final mass 2.2 times (219%) higher than the initial ones, which may present an impediment 

in situations where mass is an important criterion. 

Fig. 1-2Fig. 5-2 shows the evolution of the impact force as a function of the impactor 

displacement for S1, S8 and S10, with and without silicone. Studying the value of the maximum 

force obtained, it is observed that the use of silicone filler led, in three out of four cases, to 

stiffer samples, which develop higher impact response forces. However, the maximum force is 

recorded for the simple S8 structure, tested at an impact energy of 40 J, in which case the 

addition of silicone resulted in a lower force value. Due to the unexpected response, another 

test was performed to study the repeatability of the data, which validated the response obtained. 

Another observation is that the S8 structure presents higher impact force values compared to 

the classic gyroid, while the sample with stochastic core obtained the lowest values during both 

tests, due to the reduced stiffness of the ligaments used.  

  
a) b) 

Fig. 1-2 Evolution of impact force as a function of displacement for: a) 30 J; b) 40 J 

  Most of the time, a high impact force was also accompanied by a high value of the 

impactor displacement and implicitly of the sample indentation. This is the case for structures 
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S1_2, S8_2, S8_3, S8_4, for which the cracking of the upper face also caused the core to break 

along the entire height. So, although the S8 topology presents higher values of the maximum 

impact force, it is more susceptible to the loss of structural integrity, especially at high values 

of the impact energy. In contrast, samples S1_1, S8_1 and S1_4 presented only damage to the 

upper face, with minimal cracking in the depth of the core. Structures S10_1 and S10_2 allowed 

high local deformations, and the impactor destroyed the ligaments in the impact area, without 

generating total destruction of the pieces. This phenomenon is most visible in the stochastic 

topology, but was also encountered in the 40 J energy test on the gyroid sample, S1_3. 

During the tests, all samples reached the imposed threshold of 30 J and 40 J, 

respectively. However, some of them absorbed this energy in full, and others transmitted a small 

part of it back to the impactor. The absorbed energy is controlled by the plastic damage of the 

samples, so the sample with the best absorption capacity is sample S1_3, which deformed up 

to a value of 15 mm, while the sample that absorbed the least part of the impact energy 

introduced during the tests was S1_4, whose resistance led to the transmission back to the 

impactor of a higher energy, 2.83 J. It can be concluded that a structure with a low value of the 

energy reintroduced into the system at the end of the test, presented in the penultimate column 

of Table 1-1Table 5-2, is favourable in energy absorption applications, since it can lead to the 

reduction of the damage caused to the object impacting the sample. On the other hand, if it is 

desired that the struck object suffers as little damage as possible, it is desirable that the 

recovered energy have higher values, as is the case with gyroid-type samples. 

Although the S8 topology presented in most cases higher values of the impact force, the 

significant deformations make the average impact force have the highest value in the case of 

the S1_4 sample, due to the lack of plastic deformation and impactor rebound. At the opposite 

pole are the pieces with stochastic core that presented the most significant deformations, 

resulting in a reduced average impact force. If the additional mass introduced by the silicone 

filler is taken into account, it is observed that the hybrid structures lead to much lower specific 

absorbed energy values. Values up to 215% lower were obtained following tests with an impact 

energy of 30 J, respectively 240% for 40 J. 

The existence of significant oscillations in the impact force values is highlighted by the 

impact force efficiency. The narrower its evolution distribution, the more it is considered that 

the structure can absorb the impact energy more efficiently, without introducing large stress 

gradients during the phenomenon, which can cause significant plastic deformations. In this 

case, structures with gyroid and stochastic cores are found, which present efficiencies of 0.6-

0.7. 

The damping index indicates the system's ability to reduce vibrations after the impact. 

The lower this index has values; the more structures tend to generate greater vibrations and 

impactor rebound phenomena. Similarly, structures with high values of the damping index can 

dissipate more energy and attenuate vibrations more quickly [42]. In most cases, almost all the 

absorbed energy was used to penetrate the samples and only a small amount of energy was 

transferred back to the impactor, so the damping is very high. The exceptions are the structures 

S1_1 and S1_4. 

Taking all this into account, it can be concluded that sandwich structures with TPMS 

and stochastic cores are optimal solutions for applications where energy absorption is 

important. The S8 structure showed higher performance at lower impact energy values, but it 

plastically deformed faster by losing structural integrity at higher energies. At the same time, 

the stochastic structure showed the most predictable response, localizing the deformation, 

without endangering the integrity of the panel, in accordance with similar observations in the 

literature [43]. 

Regarding the use of silicone filler material, the solution generally leads to a stiffer 

response from the structures, as a result of testing at high impact energies, but does not 
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significantly improve the energy absorption properties. Given the process of obtaining such 

homogeneous structures, especially on a large scale, as well as the additional mass they imply, 

their use is effective only in specific applications, where it is desired to prevent the destruction 

of the panels, the silicone acting as a binder between the chambers generated in the core volume. 

The proposal to use the filling made with bi-component silicone is, however, only an example 

used to illustrate the hybrid design concept that can be used for a TPMS type geometry and its 

manufacturing feasibility. The proposed structures can find applicability in different fields, such 

as vibration damping, impact mitigation systems or other specific applications. 
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1. CHAPTER 6 FINAL CONCLUSIONS 

1.1 General conclusions 

The doctoral thesis presents experimental and numerical analyses of the low-velocity 

compression and impact behaviour of innovative sandwich configurations with mechanical 

metamaterial cores. Based on the study, the following general observations and conclusions can 

be drawn: 

• Eight new TPMS configurations and a stochastic geometry were developed, with 

the aim of comparing their mechanical performance with that of a gyroid 

structure, often found in the literature. Thus, the capabilities of implicit 

modelling to generate novel metamaterial topologies were demonstrated. 

• There are software programs that allow the development of a method by which 

such topologies can be defined and analysed in terms of manufacturing 

possibilities, anisotropy degree or constructive parameters. 

• Implicit modelling allows for rapid scaling and modification of constructive 

parameters. This was demonstrated by altering the basic topology in four 

different ways, using techniques that cannot be implemented by conventional 

computational design. 19 types of specimens, of different geometries or 

dimensions, were thus designed. 

• It has been proven that the SLA manufacturing technique can print TPMS and 

stochastic topologies with representative cell sizes up to 5 mm and wall 

thicknesses up to 0.3 mm. The adopted settings that generated specimens of 

optimal quality are based on the following observations and recommendations: 

o avoiding the generation of closed enclosures in the volume of the parts, 

because resin remains embedded in them, which generates significant 

deviations from the nominal geometry; 

o using a layer thickness of 0.05 mm; 

o printing directly on the printing table; 

o using only side supports whose base is separated from the sample; 

o positioning the samples at a distance from each other on the printing 

table in order to be able to effectively wash the residual resin deposited 

on them; 

o upon completion of the manufacturing procedure, it is necessary to 

minimize the time until the start of post-processing in order to avoid the 

occurrence of shape deviations; 

o preheating the post-processing enclosure with ultraviolet radiation to 

guarantee the repeatability of the process on different samples; 

o careful control of the exposure of the resin to ultraviolet radiation and its 

contamination with impurities. 

• The applicability of the chosen manufacturing process was demonstrated by 

verifying the quality of the parts with the following results: 

o the dimensional deviations of two samples obtained by three-

dimensional laser scanning have a root mean square of 35 µm; 

o the average deviation of the sample masses is 1.54% compared to their 

average value; 

o the average roughness was 2.47 µm, in accordance with the values 

specified as optimal in the specialized literature; 
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o the presence of different types of surface defects that do not endanger 

the integrity of the samples; 

o the ultrasonic analysis did not identify inhomogeneities in the volume of 

the parts; 

o the cross-sections of the samples showed optimal homogeneity 

following a microscopic analysis.  

• Quasi-static compression tests were performed for the 10 proposed 

configurations, each of which was assigned a general deformation mechanism. 

S1, S6, S7 and S8 exhibited a „bending-dominated” behaviour, characterized by 

a negligible reduction in the yield strength after the yield zone and a slow 

densification. S , S , S , S  and S9 exhibited a “mixed” response, in which the 

mode of contact of the cell walls determined a stepwise evolution of the 

compressive force. S10 showed a „stretching-dominated” behaviour, 

highlighted by the significant reduction in the force value given by the premature 

rupture of the ligaments. The S8 topology exhibited a force value corresponding 

to the onset of yielding up to 31% higher, and S10 up to 6% higher, compared 

to the gyroid geometry. 

• Following cyclic compression tests, it was determined that the S8 structure has 

better energy absorption performance, 39% higher than the S1 sample, in 100 

loading cycles in the elastic zone. In the case of cyclic stresses in the plastic 

deformation zone, S8 remains the configuration with the best results, obtaining 

only 3% more energy absorbed compared to the gyroid. 

• By making changes to the initial geometry, the following were found: 

o a smaller number of cells provides greater compressive strength, but 

reduces the specific deformation until the first cracks appear; 

o a larger number of cells distributes the stress more evenly in the volume 

of the part, allowing greater specific deformations, at the expense of the 

maximum load force and stiffness; 

o applying a gradient of wall thickness determines a localized deformation 

in the upper area (with the smaller thickness) and a lower energy 

absorption capacity compared to the homogeneous model; 

o applying a geometric gradient lead to a curve of compressive force as a 

function of deformation that follows the pattern identified in the case of 

the uniform sample, but with slightly lower force values. 

• Finite element simulation of the quasi-static compression test highlighted the 

following: 

o a discretization with a maximum size of 0.3 mm or 3 regular tetrahedral 

elements on the wall thickness ensures an optimal balance between the 

accuracy of the results and the increase in computing power 

requirements; 

o the use of geometries obtained by implicit modelling in simulation 

models does not induce significant errors in the results, but they assume 

times up to five times longer for the convergence of the results; 

o the four proposed material models approximate the real phenomenon 

well enough; the multilinear model presented the smallest deviation from 

the experimental data, with a value of only 2.54% for the gyroid topology 

S1; 

o using the criterion of von Mises equivalent stresses and total equivalent 

strains, the failure mechanism of the proposed structures can be 
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estimated; in eight out of nine TPMS structures, the areas with maximum 

stress values were the ones that failed first during the experimental tests, 

leading to a deformation mode similar to the one determined 

phenomenologically. 

• A proprietary method was developed to minimize the porosity of the silicone 

added as a filler material in the proposed specimens; this involves the use of a 

two-stage vacuum pump, in parallel with the use of an exciter, which introduces 

vibrations that facilitate the elimination of air voids from the volume of the part. 

• Following the impact tests at low speeds, with energies of 30 J and 40 J, the 

following were highlighted: 

o in 75% of cases, filling the inner enclosures of the studied topologies 

with silicone led to the achievement of stiffer sandwich structures, 

capable of generating impact forces up to 60% higher than in the case of 

simple, unfilled constructive solutions; 

o the S8 sample generates higher impact forces compared to the gyroid, 

while the S10 stochastic core configuration recorded the lowest values 

for both test energies, due to the low stiffness of the ligaments; 

o the S8 sample is more prone to the loss of structural integrity, presenting 

deformations that are transmitted more easily into the volume of the part, 

compared to the gyroid topology; the stochastically impacted specimen 

led to the most predictable results regarding the deformation, which 

remained localized in the area near the impactor; 

o the additional mass added by the silicone filling obviously leads to 

hybrid structures with higher mass, but also to significantly lower 

specific energy absorbed values, up to 215% for an impact energy of 30 

J and up to 240% for 40 J. 

o taking into account the impact force efficiency, which implies a higher 

average impact force and fewer voltage fluctuations during impact, the 

S1 and S10 structures offer superior efficiencies to the S8 geometry, with 

values up to 0.6-0.7; 

o the S8 and S10 topologies have a higher damping index than the S1 

gyroid topology, making them more suitable for applications where the 

integrity of the striking object is desired or for vibration damping; on the 

other hand, the S1 sample was the one that transferred the largest amount 

of energy back to the impactor, being suitable for applications where the 

protection of the parts being struck is desired; 

o The use of silicone addition causes a stiffer response of the structures but 

does not significantly improve the energy absorption performance; 

taking into account the complexity of the process of obtaining such 

structures, especially on a large scale, as well as the addition of 

additional mass, their use is recommended only in specific applications, 

where preventing the destruction of the sandwich panels is essential, the 

silicone acting as a binder between the chambers in the core volume.  

  

1.2 Personal contributions 

Personal contributions to experimental and numerical methods applicable to the 

development of metamaterial cores used for sandwich structural components are notable for: 
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• Design of eight novel TPMS-type topologies and a stochastic geometry, in order 

to compare the mechanical properties with those of the gyroid (reference 

configuration in the literature) - Subchapter 2.2 

• Construction in the nTopology program of a working methodology with clearly 

defined stages, in order to quickly modify the defining parameters of the created 

topologies. This also allows imposing a relative density, studying some 

constructive parameters, verifying anisotropy properties and performing a 

preliminary numerical simulation - Subchapter 2.3. 

• Optimization of the manufacturing parameters of an SLA-type technology, so 

that over 40 structures with different geometries and dimensions can be printed, 

with a very high degree of repeatability of the sample quality - Subchapter 2.4. 

• Successful use of non-destructive and destructive inspection equipment for 

parts, rapid prototyping by photopolymerization and those used for the 

successful addition of filler material in TPMS-type geometries - Subchapters 

2.4, 2.5 and 5.2 

• Building a procedure through which the quality of parts made by additive 

manufacturing can be analysed. This includes the determination of dimensional 

deviations, roughness and surface defects and homogeneity - Subchapter 2.5. 

• Performing an experimental and numerical analysis of the behaviour of the 10 

proposed topologies under quasi-static and cyclic compressive loads, to 

determine the structural and energy absorption performances - Subchapter 3.3 

and 4.6. 

• Studying the implications of altering the basic geometry (changing the cell 

dimensions and using gradients) on the mechanical response of the samples - 

Subchapter 3.5. 

• Development of a clear methodology for the successful use of geometries 

obtained by implicit modelling in finite element analyses and presentation of 

their implications - Subchapter 4.2.2 and 4.6.3. 

• Proposing a simplifying method for adapting some material models used in finite 

element analysis, based on experimental data obtained on the resin used to 

manufacture the specimens - Subchapter 4.3 and 4.6.2. 

• Development of a facility and a method for filling the voids in the volume of 

TPMS type topologies with liquid vulcanizable rubber material, in order to 

obtain hybrid specimens with optimal homogeneity - Subchapter 5.2. 

• Complementing the experimental analysis in compression with a study of the 

response of the specimens to impact loads at low speeds, at different impact 

energies. These were carried out on three types of topologies, both simple and 

filled with silicone - Subchapter 5.4. 

1.3 Future research 

• Analysis of defects and homogeneity of samples manufactured by SLA, through 

imaging techniques such as computed tomography and comparison of the results 

with those identified by the techniques presented in the paper. 

• Study of the mechanical response of the proposed samples to other types of 

stresses, such as three-point bending or impact at speeds considerably different 

from those used in the paper. 

• Manufacturing of the proposed samples through an additive manufacturing 

technology based on metal powder sintering and resuming the methodology 
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from the paper in order to analyse the manufacturing quality and mechanical 

properties of the samples obtained. It can thus be determined which of the 

technologies is optimal for printing complex three-dimensional configurations 

and how these technologies influence the general mechanical behaviour of the 

structures under the same stresses. 

• Making samples from a different type of polymer resin and studying the impact 

that the material has on the deformation mechanisms. It is intended to determine 

whether the critical influence on mechanical performance is given by the cell 

architecture or by the material from which they are manufactured. 

• Development of a method to automatically generate new metamaterial 

topologies, imposing manufacturing and general appearance constraints, 

filtering them by simulating the mechanical behaviour, either by using the 

capabilities of the nTopology software or by an integrated Python-Ansys 

approach. 
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