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Abstract 

 

In a perspective of Isolation from Vibrations, a sector of significant industrial 

interest, this work thesis is developed as a part of a bigger project initiated 

by the University College of London, Mechanical Engineering Department, 

London (UNITED KINGDOM). 

The aim of this project is to be able to fully foresee the vibrational behavior 

of reticular panels with different geometries and different imperfections 

and, consequently, to write a guide about design of reticular panels and 

relationships between geometric aspects and vibrational response. 

In addition to geometric variations, this work also studied the introduction of 

imperfections: cuts on the lattice structure given by the absence of 2 or 

more lattice walls, joining in this way 2 or more adjacent cells. 

This is to investigate as much as possible the relationship between 2D lattice 

morphology and corresponding vibrational transfer function. 

The samples were produced with stereolithography and laser sintering. 

With the aim of reducing noise and vibration in industrial engineering 

applications, the project focused on low and medium frequency range 

response (1-1000 Hz) which is typical of structural-borne noise in many 

engineering applications (e.g. vehicle chassis), and where there is limited 

experimental data on the dynamic response of periodic lattices. 

The first part of the work was focused on the experimental investigation of 

the structure. In this phase, the Frequency Response Function (FRF) of the 

samples was measured using a modal shaker, accelerometers and force 

meters in order to calculate the Accelerance, the ratio between the 



frequency dependent acceleration and the exciting force; this represented 

the main indicator used for comparison. The survey was divided into three 

different phases, considering the following variables: number of unit cells, 

relative density and introduction of imperfections, constituted by missing 

walls in the lattice. 

In the second part of the work, a numerical simulation of the structure 

dynamic behaviour was performed by means of a Finite Element Analysis 

using the ANSYS APDL software. It has been run an eigenvector analysis to 

extract natural frequencies and mode shapes of the structure and a 

harmonic analysis to calculate FRFs at specific points which could be 

compared with the measured ones.  

Finally, to experimentally estimate operational deflection shapes of the 

structure an analysis with a High-Speed Camera has been performed. The 

results show the increase in the natural frequency of the lattice structure as 

the relative density increases. In cases where cuts have been introduced due 

to lack of material, it can be seen that the more reticular walls are missing, 

the more the frequencies, related to the same modal shape, decrease. 

 

 

 

 

 

 

 



 

Abstract  
ITALIANO 

 

In un’ottica di Isolamento dalle Vibrazioni, settore di rilevante interesse 

industriale, questo lavoro di tesi si sviluppa come parte di un progetto più 

grande avviato dall’ University College of London, Londra (REGNO UNITO). 

L’obiettivo di questo progetto è quello di poter prevedere in toto il 

comportamento vibrazionale di pannelli reticolari con geometrie differenti 

ed imperfezioni di diversa natura e, di conseguenza, arrivare a stilare una 

guida per la progettazione di pannelli reticolari tenendo conto delle relazioni 

tra effetti geometrici e risposta vibrazionale. 

Oltre a variazione geometriche questo lavoro si è occupato anche di studiare 

l’introduzione di imperfezioni: veri e propri tagli sulla struttura reticolare dati 

dall’assenza di 2 o più pareti del reticolo, andando così ad unire celle 

adiacenti. 

Questo per indagare quanto più possibile la relazione tra morfologia del 

reticolo bidimensionale e la corrispondente funzione di trasferimento delle 

vibrazioni. 

I campioni sono stati prodotti con stereolitografia e sinterizzazione laser. 

Con l’obiettivo principale della riduzione delle vibrazioni e del rumore nelle 

applicazioni industriali, il progetto si è concentrato su un range di basse e 

medie frequenze di risposta (1-1000 Hz) che sono caratteristiche di molte 

applicazioni ingegneristiche (es. chassis dei veicoli); questo anche alla luce 

del fatto che i dati a disposizione, per quello che riguarda la risposta 

dinamica dei materiali composti da reticoli periodici, sono limitati. 

 



La metodologia prevede la misurazione della FRF (Funzione di Risposta in 

Frequenza) tramite shaker modale, accelerometri e misuratori di forza per 

calcolare l’Acceleranza, rapporto tra l'accelerazione dipendente dalla 

frequenza e la forza eccitante; questo ha rappresentato l’indicatore 

principale di comparazione.  

L'indagine è stata divisa in tre diversi tipologie in base alle seguenti variabili: 

numero di celle unitarie, densità relativa e introduzione di imperfezioni 

costituite da pareti mancanti nel reticolato. 

L’Analisi agli Elementi Finiti per mezzo del software ANSYS APDL è stata utile 

per: simulare i test che sarebbero stati condotti, estrarre FRF, eseguire 

misurazioni localizzate e graficare le forme modali delle strutture modellate. 

L’analisi per mezzo della High-Speed Camera è andata ad indagare le forme 

modali che dei provini, trovando una correlazione concreta con i risultati 

provenienti dall’analisi numerica. 

I risultati dei test riportano l'aumento della frequenza naturale del materiale 

reticolare all'aumentare della densità relativa. 

Nei casi laddove si sono introdotti tagli dati da mancanza di materiale, si 

nota che tante più pareti reticolari vengono a mancare, tanto più 

diminuiscono le frequenze, in relazione alla stessa forma modale. 
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1. Introduction 

 

As a student from ”Università Politecnica delle Marche” I worked on this 

project at “UCL University College of London”, Mechanical Engineering 

department, thanks to the Erasmus+ Traineeship. 

The project lasted 5 months, from April 2019 to the end of August 2019; during 

this period I was enrolled at UCL as a Professional Development Student. 

 

Project Supervisors at “UCL University College of London” were: 

Prof. Dr. Eral Bele, Senior Teaching Fellow and Deputy Departmental Tutor ,  

Prof. Dr. Ali Abolfathi, Senior Teaching Fellow. 

 

Project Supervisors at “UNIVPM Università Politecnica delle Marche” was : 

Prof. Dr. Milena Martarelli, Associate Professor. 

 

 

 

 

 

 

 

 

 

 



The industrial world in this global market requires always new solution in order 

to face everyday problems. 

With the aims of maximum efficiency and global competitiveness. 

 

The Vibration Isolation field is widely active because in mechanical system low-

frequency problems like hums or ringing are really common. 

They can be dangerous for the operators, they can also affect the quality of the 

products and the machine life-cycle duration.  

This can undermine all the work in a strong way, shifting the profit and the 

efficiency level in a critical as dramatic way.  

 

The study will estimate the significance of the relationship between the 

morphology of a 2-dimensional lattice and their property to transfer the 

vibration.  

Specimens will have different number of cells, 20 by 12 and 29 by 17. The 

practical application is to understand the potential of lattice materials as 

vibration attenuator.  

The accelerance curves are determined for specimens in the relative density 

ranging from 5% to 40%.  

In order to add complexity, tests with induced imperfections, as missing walls 

that join adjacent cells, will be conducted.  

 

 

 

 



 

1.1. Lattice materials  
This project faced the concept of lattice material in the light of past literatures 

and proposed methodologies. Lattice materials are made of cellular structure 

of uniform lattice elements. For example, the interconnecting network of 

beams or rod, tessellating throughout the space.  

The structure introduces major benefits which are desired in many engineering 

lightweight application due to its superior mechanical properties. These include 

energy absorption, high strength and even thermal and vibrational protection 

as the internal structure responds to external energy in the form of the band 

gap and decrease the noise and vibrating impact (Chen, Zheng and Liu, 2018).  

This study targeted the properties of the lattice as metamaterial and its 

contribution in the field as vibration attenuator. The findings will be used for a 

general guide formation in order to tailor the material and architecture 

systems.  

 

1.2. Properties of lattice material  
Lattice materials can offer multiple advantages. 

Stiffness and strength anisotropy of these materials can be exploited for 

carrying directional loads.  

Moreover, micro-architecture of unit cell geometries of the lattice has made it 

conceivable to realize materials with negative effective Poisson’s ratio also 

called Auxetics. According to different experimental investigation on auxetic 

honeycomb, it is demonstrated the high sensitivity of material properties 

(Young’s modulus, Poisson’s ratio) of the honeycomb. (Scarpa et al. 2000). 



The main advantage is clearly low weight for equal stiffness, this because 

thanks to a topological optimization the lattice has less mass compared to a 

simple panel. Mass is located only where is necessary. 

They also are known for their energy absorption properties, depending on the 

on the orientation of the load as on the unit cell geometry. (Mueller et al. 

2000). 

Concerning the vibrational behaviour, it is known the great potential lattices 

have in absorbing vibrations. (Bergamin, 2016) 

This kind of materials are essentially ready for technical applications, but their 

limitations are connected to small-scale productions, so at the moment they 

are not integrated in the industrial manufacturing process. 

 

1.3. Additive manufacturing applications  
Additive manufacturing use is imposing itself in different fields such as 

automotive industries, medications and drugs, the aerospace world, architects 

and education. 

Different types of 2-dimensional printings are defined: “stereolithography” and 

“extrusion printing method” are some of the examples from the already 

proposed methods of additive manufacturing (Gorguluarslan et al., 2016).  

• Stereolithography production process is realized layer by layer using 

photochemical processes by which light causes chemical monomers to 

link together to form polymers with the designed geometry. 

• Extrusion Printing process means that the material, mainly a plastic 

filament, is heated, melting in the printing head of the 3D printer and 

then selectively dispensed through a nozzle or orifice. 

 



Additive manufacturing permits a simultaneous optimization of strength and 

stiffness for a minimum weight. The sparse distribution of materials using a 

regular architecture arrangement of cells ensures optimal use of material to 

withstand imposed stresses. 

For lattice materials AM assumes a particular beneficial role because with their 

complex geometry using a subtracting manufacturing process would definitely 

be more problematic and therefore more expensive. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

2. Literature Review  

2.1. Lattice materials  
According to Phani (2011), lattice material has a spatial “periodic 

microstructure”, suitable in the sensitive weight of “multifunctional structural” 

applications such as the “sandwich panels”.  

It does not only possess the high stiffness but also it provides a significant 

opportunity to “thermal properties” and “tailor acoustic” by designing the 

topology of the cell unit.  

The study provided dynamic and static load tests, results were remarkable for 

the understanding of surface and bulk wave phenomena. 

Nouh, Aldraihem and Baz (2014) studied the characteristics of the 

metamaterial beams, describing them as assembling of cells with local 

resonance incepted in the periodic cells’ lattice structure.  

The defined structure of each cell stating that each cell consisted on base 

cavities that were occupied by a viscoelastic membrane which was responsible 

for supporting the formation of resonance from the small mass-based cells.  

The results emphasized the perspective of the “metamaterial beams” in the 

deliverance of “vibration attenuation” and "an exhibition of band gaps”.  

These findings define the special characteristic of the “metamaterial beam” 

that is they are highly effective as vibration attenuator irrespective of size and 

weight. Furthermore, Phani et al. (2006) supported the existence of bandgap 

theory in triangular and hexagonal honeycomb where complete bandgaps are 

displayed from the first mode of natural frequencies under static condition.  

 



2.2. Honeycomb sandwich panels  
Honeycomb sandwich can be classified as the closest metamaterials to the 

lattices due to the hexagonal honeycomb core presented in both structures.  

Arunkumar (2016) assessed the vibro-acoustic and sound transmission loss 

behaviour presented in aluminium honeycomb core sandwich panels with 

different facings. Furthermore, Petrone et al. (2013), emphasized the modal 

damping value of unreinforced core to be higher than those which were fibre 

reinforced as a result from the influence of viscoelastic properties of material.  

This distinct feature of facing sheets distinguish the sandwich panels from our 

project as supported by another work of Arunkumar (2017) by highlighting that 

face sheet thickness on sound transmission loss is significant. However, the 

latter study directed the major attention to influence of the core, especially the 

cell size.  

The study found that sound transmission can be improved with lower core 

height while the cell size can be shortened to reduce the weight without 

causing major change in sound transmission loss. 

The study was conducted with the aim of investigating the potential of lattice 

materials as vibration attenuator weakening and filtering low-frequency 

structured vibrations over the plain periodic beams, without relations to size 

and weight. 

According to the Julien, Massot, and Poinsignon (2004), typical applications 

contain “sandwich beams”, “panels and space trusses”.  

The most common use is in the crashworthy structure in the automobile 

production. 

It has been witnessed that a “unit cell geometry” affect the “macroscopic 

mechanical” behaviour which retort under the dynamic and static and dynamic 

condition of loading.  



“Optimal design” of the lattice microstructures presents upsurge appearance 

properties such as “band-gaps” which have been examined in the study. 

Band-gaps are essentially a spectrum of frequencies that prohibits vibrational 

transfer.  These can come in many forms while observing the frequency 

response function of the specimen.  

 

2.3. Honeycomb sandwich panel core parameters  
As it is clear, behaviour of honeycomb sandwich panels depends on a few of 

parameters, some previous studies started the investigation about structures 

which are similar to the ones used in this project. 

Liu (2015) explored the effect of core spacing and core height on the natural 

frequency. The results implied that core height greatly increase the natural 

frequency of hexagonal honeycomb sandwich plate.  

For the size effect on the fundamental natural frequency of fibre reinforced 

honeycomb sandwich panels, the study by Havaldar (2012) used finite element 

analysis (FEA) and impulse striking technique.  

The results show that variation in cell size with constant face thickness created 

an inverse relationship between the size and the natural frequency.  

 

2.4. Imperfections  
Imperfections of cellular solids were introduced from the study of Ronan et. Al. 

(2016) considering the mechanical properties of cellular solids regarding 

imperfections. They pointed out that random misalignment of nodes can lead 

to small drop in tensile ductility while missing cell walls and the presence of 

stiff inclusion imposed large drop in ductility.  

Introducing different types of imperfections designer has additional ways to 

modify lattice geometry in order to affect the vibrational behaviour. 



It is possible to define different types of imperfections: 

• Missing Cells: missing walls in the structure join 2 or more adjacent cells 

creating a line with missing material 

• Filled Cell: 2 or more adjacent cells are totally filled with material 

creating a line of filled cells 

• Thicker Struts: concerning the thickness of the cells walls, all the cells of 

a line have a bigger thickness value  

These imperfections can be located on one side of the specimen only, between 

the midline of that half of the specimen, or on both sides of it, each between 

the midline of the two halves. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

3. Tested Samples Geometry  
For the Geometry of the specimen it is important to explicit the fact that our 

Numerical Analysis will be conducted in a 2-Dimensional way. 

Considering that, ANSYS APDL models are based exclusively on measured 

dimensions. 

In the real specimens and in the 3D model, we consider a l’, it is the side 

dimension of the hexagonal cavity, see Figure 1. 

It is also important the value of t, thickness of every segment, or wall. 

In the 2D model we consider the l dimension, calculated from the measured l': 

with geometrical calculation we can obtain the following expression: 

𝑙 =  𝑙 ′ + ( 
𝑡

√3
 )  

where t is the measured thickness, always from the 3D specimen, the real one. 

 

Figure 1: 2D and 3D scheme calculation 

 



The geometrical dimensions for all the specimens are reported in Table 1. 

Table 1: specimens geometrical dimensions 

 

 

 

 

 

 

 

 

 

 

 

Defining the relative density concept is useful for the understanding of the 

project: the calculation for relative density in this case was the total area (the 

entire square of the specimen divided by the areas occupied by the specimen.  

The relative density concept considers the effective surface occupied by 

material 

Specimen 
Missing 

Cell 
t 

(meas) 
l' 

(meas) 
l 

calculated 

20_0.05  0.463 4.987 5.390 

20_0.1  0.575 4.989 5.490 

20_0.2  0.860 4.728 5.470 

20_0.3  1.937 4.096 0.577 

20_0.4  2.035 4.083 5.840 

29_0.05  0.448 3.398 3.790 

29_0.1  0.511 3.345 3.790 

29_0.2  0.650 3.211 3.770 

29_0.3  0.927 3.005 3.800 

29_0.4  1.329 2.820 3.980 

Miss_3 3 0.914 3.051 3.840 

Miss_7 7 0.897 3.037 3.810 

Miss_11 11 0.900 3.040 3.820 

Miss_15 15 0.925 3.017 3.820 



 

Figure 2: calculation of the relative density 

 

𝑹𝒆𝒍𝒂𝒕𝒊𝒗𝒆 𝑫𝒆𝒏𝒔𝒊𝒕𝒚 =  
𝑻𝒐𝒕𝒂𝒍 𝑨𝒓𝒆𝒂  𝒐𝒇 𝒕𝒉𝒆 𝒔𝒒𝒖𝒂𝒓𝒆 𝒔𝒖𝒓𝒇𝒂𝒄𝒆

𝑬𝒇𝒇𝒆𝒄𝒕𝒊𝒗𝒆 𝑨𝒓𝒆𝒂 
 

Where: as numerator it is considered the area of the square surface calculated 

using the encumbrance dimensions measured, as denominator it is considered 

the real surface where there is material. 

As a result, Relative Density is an dimensionless value. 

 

 

 

 



For all the specimens, Table 2 reports their values of:  

• Area Struts: effective area of the surface occupied by material, it is 

calculated on the basis of dimensional measurements of l’ and t 

• Mass measured as an average of 10 measurements with a scale 

• Density: this is the real density of the specimen. 3D Printer was set in 

order to produce specimen with a density of 805 kg/m3 

As it has an uncertainty in the building of the walls, the thickness value 

differs from the expected value, so does the real Density 

• Relative Density (specified): value expected from design 

• Relative Density (measured): value calculated on the basis of 

dimensional measurements 

 

Table 2: specimens area and density 

Specimen 
Missing 

Cell 

Area 
struts 

(10-4 m2) 

Mass, kg 
(measured) 

Density 
(kg/m3) 

Relative Density 
(spec) 

Relative 
Density 
(meas) 

20_0.05  1.15 0.032 784.15 0.129 0.101 

20_0.1  2.27 0.038 742.68 0.236 0.123 

20_0.2  4.41 0.063 851.98 0.396 0.184 

20_0.3  6.39 0.148 949.32 0.499 0.387 

20_0.4  8.16 0.139 845.84 0.562 0.401 

29_0.05  0.54 0.047 842.38 0.131 0.138 

29_0.1  1.08 0.049 773.69 0.239 0.157 

29_0.2  2.10 0.072 915.82 0.400 0.201 

29_0.3  3.04 0.096 897.32 0.503 0.282 

29_0.4  3.88 0.135 894.68 0.564 0.385 

Miss_3 3 3.04 0.095 885.04 0.503 0.276 

Miss_7 7 3.04 0.095 907.18 0.502 0.272 

Miss_11 11 3.04 0.096 911.76 0.501 0.272 

Miss_15 15 3.04 0.098 915.06 0.501 0.280 

 



We differentiate our specimens in relation with their Relative Density, with the 

theorical value of that expressed as: 0.05, 0.1, 0.2, 0.3 or 0.4. 

4. Finite Element Model 

4.1. Model, Elements, Mesh 
The software used was ANSYS APDL, an acronym for ANSYS Parametric Design 

Language, one of the most powerful commercial general purposes finite 

element programs on the market. 

It was really efficient for these aims: 

• modeling  all the specimens 

• running Modal and Harmonic simulation 

• measuring locally displacements after the simulations 

• plotting FRF graphs and Modal Shapes. 

First of all, we had to decide wich kind of element we wanted to adopt. 

It is clear that this decision has a great impact on the efficacy of the 

simulations. 

Considering the small thickness of the walls of our specimen relating to the 

specimens dimension, it is understandable the fact that the simulation were all 

2D simulation. 

The element chosen was the 2D element SHELL281, which is suitable for the 

analysis of thin to moderately-thick shell structures. The element has eight 

nodes with six degrees of freedom at each node: translations in the x, y, and z 

axes, and rotations about the x, y, and z-axes. SHELL281 is often used for 

layered applications for modeling composite shells or sandwich construction.  

 

 



 

Figure 3 shows the geometry, node locations, and the element coordinate 

system for this element. The element is defined by shell section information 

and by eight nodes (I, J, K, L, M, N, O and P). Midside nodes may not be 

removed from this element.  

A triangular-shaped element may be formed by defining the same node 

number for nodes K, L and O. 

 

Figure 3: SHELL281 geometry 

xo = Element x axis if element orientation (ESYS) is not specified. 

x = Element x axis if element orientation is specified. 

 

In this way, the only parameter needed was the Thickness of the element, in 

order to define  



      

Figure 4: close up of few and one cell of the model: it is possible to see 

elements (blue surfaces) and nodes (intersections of white lines) 

 

 

Figure 5: the complete sample geometry 



4.2. Material Properties 
For what concerns Material Properties, the material used is a Nylon, so it was 

modelled as a Linear Isotropic Material using these parameters: 

• Young’s Modulus:    2.1E09 Pa 

• Poisson Ratio:           0.33    

 

 

 
Figure 6: Material Properties window for ANSYS APDL 

 

Concerning the Density, as it is written before in the previous chapter “Tested 

Samples Geometry”, every specimen has a different Density value. 



All the models were built using measured dimensions, in order to assure a 

better match with the experimental test. 

Concerning the Density, as it is written before in the previous chapter “Tested 

Samples Geometry”, every specimen has a different Density value, calculated 

from measured dimensions. 

4.3. Mesh 

 
Figure 7: model meshed with 5 elements for each side 

 

In order to observe in a successful way the phenomenon of deformation of the 

specimens during the Modal and the Harmonic Analysis the role of the Mesh is 

crucial. 



The risk is often to simplify too much the Mesh and, in this way, to miss some 

aspects of the studied process. 

It could ruin the value of the process and could create misunderstanding in the 

study. 

        
Figure 8: model meshed with 3 and 5 elements for each side  

 

It has been conducted a Mesh Convergence Analysis in order to understand 

wich kind of level of Mesh Refinement was really needed. 

It has been analysed these 3 cases: 

• 3 elements on each side 

• 4 elements on each side 

• 5 elements on each side 

This gave the result that going from 3 to 4 elements the Natural Frequencies of 

the model changed less than the 0.5%. This considering that the 4 elements 

mesh required around 10 minutes for the meshing and 2 hours for the Modal 

Analysis while in the 3 elements case it only required less then a minute for the 



meshing and 20 minutes for the Modal Analysis, it has been accepted the 

inaccuracy above mentioned. 

The situation was amplified going to the 5 elements case: Natural Frequencies 

change was clearly negligible, considering instead the time factor. It required 

20 minutes for the meshing and more then 6 hours for the Modal Anlysis. The 

time aspect was decisive to exclude the possibility to use a mesh with 5 

elements on each side. 

The final decision was to use adopt a mesh with 3 elements on each side, 

considering that it was enough to observe the simulation at the required level 

of accuracy. 

4.4. Constraint Equations 
Considering the fact that the surface of the hexagons on the corners were used 

in past tests in order to place micro-accelerometers with the aim to obtain local 

measurements, introducing Constrain Equations was a method to have a more 

realistic FEA model of the specimens. 

Constraint Equations were useful to tie the degree of freedom of the nodes 

these hexagonal surfaces. 

It was imposed to every node of the elements along these hexagons to have 

the same displacements in all directions x, y and z. 

This has affected all the 4 hexagons at the corners, the 4 hexagons at the 

midside of the specimen and the hexagon where the Impedence Head was 

applied. 



 

Figure 9: Constraint Equations window for ANSYS APDL 

With this command, relating nodes degrees of freedom, it is imposed that all 

the hexagons nodes must have the same displacement. 

 



     

Figure 10: The model with the Constrain Equations command applied on the 4 

hexagons on the corners and also on the central hexagons. 

 

     

Figure 11: The same hexagon before and after the Constrain Equations 

command application. 

4.5. Load 
Even if initial tests were taken with a central Load at the middle of the 

specimen, in order not to apply the load on a possible nodal line, tests with an 

Eccentric Load has also been conducted. 



This because having a semi-symmetric structure it can be expected that most of 

the nodal lines are going to pass through the centre point. 

It is part of the Modal Analysis knowledge that when an excitation test applies 

a load on a nodal line, the test is not going to show all the modal shapes related 

to that nodal line. 

4.6. Eccentric Load 
For this reason, the position point of the Load application on the 2D plane of 

the main surface was P(H1,H2): 

• 𝐻1  =  
𝑏

2√2
 ,   where H1 is the distance to the closest corner  

in the x direction 

 

• 𝐻2  =  
𝑏

2√3
,    where H2 is the distance to the closest corner  

in the y  direction 

 

4.7. Mass 
A point-like mass of 3 g has been located on a dummy node at the centre of the 

specimen in order to simulate the mass effect of the Impedance Head. 

 

 

 
 
 



5. Experimental characterization of the samples 
The experiment was done using modal shaker to force the tested sample into 

vibration, accelerometers to measure the vibration response, impedance head 

to simultaneously measure the input force and the output response in terms of 

acceleration and a high-speed camera to visualise operational vibration shapes. 

Data acquisition equipment and Labview software completed the experimental 

set up.  

As impedance head used for the tests operate below 5000 Hz, any 

measurements above the limit were not be taken into consideration.  In the 

next chapter impedance head characteristics will be showed (Figure12). 

The specimens were made using CATIA for the modelling before the 

manufacturing process.  

The specimens were produced by selective laser sintering (SLS), which is an 

additive manufacturing technology working by means of a highly concentrated 

laser able to fuse the material – nylon in our case – to produce the specimen 

panel.  

During this process these complex models were built up from layers after layers 

of the material.  

All the tests were conducted with an out of plane excitation, the solicitation 

force was perpendicular to one of the two main surfaces of the panel. 

The impedance head was attached on the bottom side with a connector called 

stinger to the shaker and glued on the top side to the structure. 

The out of plane set up mounted the specimen onto the connector at the base 

of the large surface and to the shaker afterwards. 

  



For the connection, super glue was used to connect the accelerometer to the 

specimen rather than using the typical beeswax. This was due to the fact the 

contact area between accelerometer and structure under test was very small 

and it posed difficulties in achieving the desired coherence. Careful procedures 

were followed to ensure that the superglue did not damage the equipment. It 

must be said that there are limitations to the superglue: it is possible to have 

residual trace of glue after repetitive measurements, it can cause inaccuracy as 

the specimen surface and mass were no longer the same, as well as the 

strength of the glue bond connected to equipment which damaged parts of the 

specimen, reducing repeatability as defects were created.  

The comparisons were made using accelerance, the ratio between the 

frequency dependent acceleration and the exciting force.  

In the Next chapter Accelerance graphs will be used for comparison and 

investigation. 

 

5.1. FRF measurement 
For what concerns Measurements of Frequency Response Function (FRF) in the 

form of accelerance it is useful to define coherence, one of the measurements 

of validity of the result. 

Considering two stationary stochastic processes x(i) and y(i) where it is needed 

to study the frequency correlation, it can be defined the Cross-Spectrum as the 

Fourier transformation of their Cross-Correlations. 

 

The Cross-Spectrum depends on the product of the Auto-Spectres, so if in a 

certain Auto-Spectre the power of a common oscillation is very high, the cross-

spectrum will be very high. So it is needed a normalized value of it. 



Coherence is defined as the Cross-Spectrum normalized for the product of the 

Auto-Spectres. 

 

Values of coherence will always be between 0 and 1. For an ideal constant 

parameter linear system with a single input x(t) and single output y(t), the 

coherence is equal to one. 

 

In this project, Every FRF measurement included an average setting of the test 

signal using the LabView Average Setting feature, ensuring the coherence to be 

always close to 1 except at the antiresonances. In fact, when the response 

magnitude became very low, the value of coherence is low because the small 

signal to noise ratio. 

This could represent a major problem in lower relative density test because 

Accelerance amplitude tended to be weaker for lower relative density as well. 

So, for specimens with low relative densities, 0.2 and lower, the size of the 

specimen could represent a limitation affecting the rigidity of the fixing of 

accelerometers. 

 

                   

Figure 12: Left: Impedance head PCB Model 288D01, Right: Accelerometer  PCB 

Model 352C22_NC  



Impedance Head characteristics: 

Sensitivity: (±10%) 100 mV/g (10.2 mV/(m/s²)) 

Sensitivity: (±10%) 100 mV/lb (22.4 mV/N) 

Frequency Range: (±5%) 1 to 5000 Hz 

Size - Hex: 11/16 in (17.46 mm) 

Size - Height: 20.83 mm 

Weight: 19.2 gm 

 

Shaker 

Data Physics air cooled Shaker V4 

Data Acquisition 

Data Physics Signal Force Amplifier 

National Instruments USB-4431 data acquisition 

    

Figure 13: Data Acquisition equipment and shaker with the impedance head 

connected with the stinger 

Tests were conducted with these parameters: 

• 1 s as time of acquisition,  

• frequency band of 1Hz,  

• range of acquisition: 1 to 5000 Hz,  

• number of samples: 10 000. 



The two following Figures show the LabView block diagram for the two types of 

test: 

• FRF measurement test 

• frequency excitation test for the high-speed camera investigation 

 

 

Figure 14: Block diagram from LabView for the FRF tests 



 

Figure 15: Signal window from LabView: it was used an Uniform Noise signal  

 

Figure 16: Block diagram from LabView for the high-Speed camera tests. 



 

The Input Signal feeding the shaker to force the structure into vibration was a 

sinewave at the resonance frequencies estimated from the FRF measurement 

performed with the impedance head. For all the tested frequencies the 

sinewave amplitude was so as the force measured by the force sensor on the 

impedance head was 1 V. 

The control panel of the software realised in Labview to generate the sinewave 

is reported in Figure 17. 

 

Figure 17: LabView control panel – example of sinewave generation for a 

frequency of 156 Hz 

 



5.2. High-Speed Camera 
Optronis Sprinter HD, monochrome camera, rate of 3,500 images per second in 

full format and 12,000 images at a resolution of 1,280 x 240 pixels 

Lighting equipment 

HEDLER Profilux LED1000 DMX (focusable, dimmable) 

 

 

Figure 18: Camera set-up: high speed camera and lighting system 

 

 

 



6. Test with 20 unit cells 
Geometrical complexity heavily affects the power of 3D printing in the process 

of stereolithography of a lattice panel. 

This has effects on the Geometry and on the Material Properties of the 

specimens. Considering this is clear that the Young’s Modulus of the real 

specimens can differ from the planned value.  

In order to find the better match between the Experimental Accelerance graph 

and the numerical one, it is useful to remember the fact that the expected 

Material Properties are going to be different then the real specimen ones. 

Knowing that K is proportional to E it is possible to find a more realistic value of 

the Young’s Modulus. Considering the proportionality between natural 

frequencies and Young’s Modulus values of the material of the specimens, 

from the Accelerance curve it was possible to compare the peak frequencies 

values obtained from the test and from the FEA simulation. 

In order to reduce the gap between these frequencies, Young’s Modulus was 

scaled: from the theoretical value of 2.1 GPa we arrived to a value of 1.4 Gpa, 

that is still realistic for the type of Nylon used. 

 

 

 

 

 

 

 

 



6.1. Damping 
By varying the Damping Factor it was possible to have a better match with the 

Experimental Accelerance curve. 

 

Figure 19: Comparing Accelerance curve, with Damping Factor of 0.01%, 0.02% 

and 0.03% 

6.2. Mass 
By varying the point-like mass it was possible to have a better match with the 

Experimental Accelerance curve. 

 
Figure 20: Comparing Accelerance curve, with point-like masses of 3 g and 5 g. 



7. Test with 29 unit cells 
 

For the 29 unit cells specimens two type of tests were conducted: 

• Applying a Central Load in the middle point of the panel 

• Applying an Eccentric Load  

The application point of the Eccentric Load on the 2D plane of the main surface 

was P(H1,H2): 

• 𝐻1  =  
𝑏

2√2
 ,   where H1 is the distance to the closest corner  

in the x direction 

 

• 𝐻2  =  
𝑏

2√3
,    where H2 is the distance to the closest corner 

in the y  direction 

 



 

Figure 21: Accelerance graphs for 29 unit cells specimen with different relative 

density for a Central Excitation in the Middle Point 



 

Figure 22: Accelerance graphs for 29 unit cells specimens with different relative 

density for an Eccentric Load Excitation 



Test with 29 unit cells with missing cells 

  

The imperfections introduced were missing walls on the same line of the panel, 

respectively 3, 7, 11 and 15 cells joined together. 

  

Figure24: 29 unit cells specimens with 3 Missing cells (left) and 7 missing cells 

(right) 



  

Figure 25: 29 unit cells specimens with 11 Missing cells (left) and 15 missing 

cells (right) 

 

 



 

Figure 26: Accelerance graphs for 29 unit cells specimens with Missing walls 

with 3, 7, 11 and 15 cells joined together 



8. Correlation 
 

The promising result was shown and proven to be effective as the 

computational model and physical system produced similar trend in the 

transmissibility amplitude against frequency.  

 

Comparing the previous graphs we can affirm: 

• By Increasing the Relative Density, the stiffness increases and so do the 

amplitude and first natural frequencies. 

 

Missing cells 

• For missing cells specimens, the more walls removed the more shifts the 

mode shape to a lower spectrum. 

Amplitude and distance between peaks do not change considerably. 

 

 

 

 

 

 

 

 



8.1. Modal Shape Match and their Frequencies 
 

The aim of this chapter was to find the better Modal Shape match comparing 

results from: 

 

• FEA Simulation with ANSYS APDL 

 

• High-Speed Camera inspection 

 

These Modal Shapes matching is visualized thanks to the following pictures 

which are frames from the ANSYS APDL simulation and from High-Speed 

Camera videos. 

 

FEA results are showed in 2 different ways: 

• Modal Shape representation based on Total Deformation  

• Modal Shape representation based on Deformation in the z direction 

 

All the comparison is based on the 20 unit cells specimen with 0.2 theoretical 

relative density value. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 The compared Modal Shapes Analysis found several matches between FEA 

Simulation and Experimental inspection with High-Speed camera, in the 

following Figure they are shown. 

 

 

   

Figure 27: Modal Shape representation based on Total Deformation at 62 Hz 

(Right) and Deformation in the z direction 62 Hz (Left) 
 

   
 

Figure 28: specimen deformation at 78 Hz (Right) and corner specimen 

deformation at 78 Hz (Left) 

 

 

 

 

 

 

 



  
 

Figure 29: Modal Shape representation based on Total Deformation at 207 Hz 

(Right) and Deformation in the z direction 207 Hz (Left) 

 

  
Figure 30: specimen deformation at 210 Hz (Right) and corner specimen 

deformation at 210 Hz (Left) 

 

 

 

 

 

 

 

 

 

 



  
Figure 31: Modal Shape representation based on Total Deformation at 336 Hz 

(Right) and Deformation in the z direction 336 Hz (Left) 

 

   
Figure 32: specimen deformation at 375 Hz (Right) and corner specimen 

deformation at 375 Hz (Left) 

 

 

 

 

 

 

 

 

 

 

 

 



29 cells specimens with different theoretical density 

 

Concerning the High-Speed investigation for similar Modal Shapes in 29 unit 

cells specimens with different theoretical density, in Table 2 natural 

frequencies matching is outlined. 

 

Table 3: natural frequencies matching (frequencies are given in Hz) 

Modes Specimens 

 29_0.1 29_0.2 29_0.3 29_0.4 

A 80 - 110 144 

B - 180 265 - 

C 150 206 290 345 

D 215 380 486 684 

 

These Modal Shapes matching is visualized thanks to the following pictures 

which are framed from High-Speed Camera videos. 

 

The modal shape is also represented in a schematic way marking nodal lines in 

red. 

 

 

 

 

 

 

 

 

 

 

 

 

 



All the following pictures are frames from High-Speed camera videos. 

 

Same Modal shape pictures for 4 different specimens:   

     

   

Figure 34: 29_0.1 specimen at 150 Hz (top Right), 29_0.2 specimen at 206 Hz 

(top Left), 29_0.3 specimen at 290 Hz (bottom Right),  29_0.4 specimen at 345 

Hz (bottom Left) 

 

Figure 35: Modal shape with nodal line marked in red  



Same Modal shape pictures for 4 different specimens at highest frequency are 

given in Figure 36. 

   

       

   

Figure 36: 29_0.1 specimen at 215 Hz (top Right), 29_0.2 specimen at 327 Hz 

(top Left), 29_0.3 specimen at 486 Hz (bottom Right),  29_0.4 specimen at 684 

Hz (bottom Left) 

The nodal lines for the mode shape at the natural frequencies whose related  

mode shapes are reported in Figure 36, are sketched in the scheme given in 

Figure 37. 



 

Figure 37: Modal shape scheme with nodal line marked in red  

 

 

29 cells specimens with missing cells 

 

Concerning the High-Speed investigation for similar Modal Shapes in 29unit 

cells specimen with theoretical relative density specimens with 2 lines with 

different numbers of Missing cells, in the next Table Modal Shapes matching is 

outlined expressing their relative Modal Frequencies. 

 

Table 4: Frequencies in Hz 

Modes Specimens 29_0.2 with missing cells 

 3 missing 

cells 

7 missing 

cells 

11 missing 

cells 

15 missing cells 

E 119   114 104 100 

F 171   170 156 137 

G 489 480 404 330 

These Modal Shapes matching is visualized thanks to the following pictures 

which are frames from High-Speed Camera videos. 

 

The modal shape is also represented in a schematic way marking nodal lines in 

red. 

 

 



Same Modal shape picture for 4 different specimens: 

   

   

Figure 38: 3 Missing Cell specimen at 119 Hz (top Right), 7 Missing Cell 

specimen at 114 Hz (top Left), 11 Missing Cell specimen at 104 Hz (bottom 

Right),  15 Missing Cell specimen at 100 Hz (bottom Left) 

 

Figure 39: Modal shape scheme with nodal line marked in red  

 

The Modal shapes for 4 different specimens in the high frequency range are 

illustrated in Figure 40. 



   

   

Figure 40: 3 Missing Cell specimen at 171 Hz (top Right), 7 Missing Cell 

specimen at 170 Hz (top Left), 11 Missing Cell specimen at 156 Hz (bottom 

Right),  15 Missing Cell specimen at 137 Hz (bottom Left) 

 

Figure 41: Modal shape scheme with nodal line marked in red 

Modal shapes at even higher frequency range are reported in Figure 42. 



   

 

   

Figure 42: 3 Missing Cell specimen at 489 Hz (top Right), 7 Missing Cell 

specimen at 480 Hz (top Left), 11 Missing Cell specimen at 404 Hz (bottom 

Right),  15 Missing Cell specimen at 330 Hz (bottom Left) 

 

Figure 43: Modal shape scheme with nodal line marked in red 

Matching the same modal shapes in different specimens, it shows two clear 

trends: 

• Increasing the Relative Density means increasing also natural frequencies 



• Introducing cuts in the lattice means reducing natural frequencies of the 

structure 

 

 

 

 

 

 

 

 

 

 

 

  



9. Conclusions 
The rigidity is heavily influenced by stiffness which has a large inverse 

relationship with mass.  

It is legitimate to affirm that stiffer structures can be made with a great 

reduction in mass in comparison, but the natural frequency is expected to 

decrease.  

That because the test results show the increase in the natural frequency of the 

lattice material as the relative density increases. 

 

On the other hand, if for a specific industrial application, it is needed to shift 

the mode shape to lower frequency region, an effective solution can be 

increasing the number of unit cells. 

It is also discovered that a lower relative density or induced missing cell walls 

have similar effect.  

The analysis with the High-Speed Camera, investigating the modal shapes of 

the specimens, found a realistic correlation with the results of the numerical 

analysis. 

In cases where cuts have been introduced due to lack of material, it can be 

seen that the more reticular walls are missing, the more the frequencies, 

related to the same modal shape, decrease. 

 

 

 

 



10. Future work  
With the aim to write a Guide for vibrational response prediction for lattice 

materials, there is still work to do. 

Other type of specimens will be tested to consider Size Effect. 

Other variables will be considered such as geometry (four-unit cell topologies: 

hexagonal, circular, triangular and square) and material (viscoelastic material 

common in passive vibration-reduction systems (rubber-like material of shore 

hardness (A) 70).  

The high-speed camera results should be analysed with a DIC Digital Image 

Correlation system, in order to improve the level of stringency of the project. 

This will be related to the modal shape matching process. 

Also the frequencies change trends should be improved in order to reach a 

calculation method useful to predict the natural frequencies of a projected 

specimen. 

The response of these lattices will give the first insight into an appropriate 

material/geometry guide for tailoring the vibration response of this class of 

materials. 
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