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Abstract: 
 
Cellular structures are often used as crash absorbers due to their high capability of impact energy 
absorption. During the impact the intercellular walls buckle and cells collapse which results in impact
energy absorption through deformation. Cell fillers might be used to additionally increase the impact
energy absorption capability. The filler is pushed out of the open-cell cellular structure during the 
compression and thus dissipates additional energy.  
 The paper presents results of parametric computational simulations of impact behaviour of cellular 
structures with open-cell morphology accounting for fluid fillers. A regular cellular structure has been 
modelled with the finite element method, while the fluid filler flow was modelled with the meshless 
method Smoothed particle hydrodynamics (SPH). Fully coupled fluid-structure interaction between the 
cellular structure base material and the fluid filler was considered. The cellular structure has been 
subjected to uniaxial compressive impact loading. The computational model has been analyzed with 
the explicit code LS-DYNA. Additional simulations have been performed also with the ANSYS CFX
code in order to validate the SPH fluid models. 
 The computational results have shown that the fluid fillers in cellular structures can significantly 
influence the capability of impact energy absorption. It was observed that the filler influences are more 
pronounced in cellular structure with higher relative density than in cellular structures with lower 
relative density. With further computational simulations it was also determined that the increase of the 
filler viscosity results in increase of cellular structure stiffness which contributes to higher capability of 
deformational energy absorption. 
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1 Introduction 
 
Cellular structures have an attractive combination of physical and mechanical properties and 
are being increasingly used in modern engineering applications. Research of their behaviour 
under quasi-static and high strain rates is valuable for engineering applications such as those 
related to impact and energy absorption. Pore fillers might be introduced in this respect to 
increase the cellular structure global stiffness and thus also increase the capability of cellular 
structures crash energy absorption.  

The presented computational models of open-cell cellular structures describe a dynamic, 
coupled problem, considering the interaction between the structure (cellular structure) and 
the fluid (filler) under large deformations. The base material properties have been determined 
with experimental measurements of specimens under quasi-static and dynamic uniaxial 
loading conditions. The analysis of the liquid filler inside the pores of the open-cell cellular 
structures has been performed with the combination of the finite element method and the 
meshless method Smoothed particle hydrodynamics using the LS-DYNA code. Additional 
validating simulations of filler flow through the cellular structure were performed by using the 
ANSYS CFX. The cellular structure models accounting for fluid fillers have been used to 
evaluate and simulate the influence of the cellular structure size, relative density, filler 
viscosity and its flow through the cellular structure. Consequently, the influence of these 
parameters on the macroscopic cellular structure behaviour has been determined. 
 
 

2 Cellular materials 
 
Cellular materials have a wide range of different arrangements and forms (Figure 1) with 
three typical structures: honeycomb, open-cell structures and closed-cell structures [1]. One 
of the most important parameters of cellular materials is their specific density (the 
macroscopic density, divided by the density of the base material). The advantages of cellular 
materials are low density (light-weight structures), high acoustic isolation and damping, high 
grade of deformation, high energy absorption, recyclability etc. The cellular metals (usually 
referred to as metallic foams) have some further advantages, like higher strength and heat 
permeability [2]. Usually they are made of aluminium alloys or polymer materials, with regular 
or random cell arrangement. Metallic foams have the potential for application in automotive, 
rail, naval and aerospace industry as heat exchangers, filters, bearings, acoustic dampers, 
bio-medical implants and elements for energy absorption. 
 

 
Figure 1. Regular open-cell cellular structures 
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Cellular materials have a characteristic stress-strain relationship in compression, which can 
be divided into four main areas as shown in Figure 2. After initial linear elastic response the 
cellular materials first experience buckling, plastic deformation and collapse of intercellular 
walls in the transition zone. Under further loading the mechanisms of buckling and collapse 
become even more pronounced, which is manifested in large strains at almost constant 
stress (stress plateau) until the cells completely collapse (densification). At this point the 
cellular material stiffness increases and consequently converges towards the stiffness of the 
base material. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Characteristic stress-strain behaviour of cellular materials  
under compressive loading 

 
The cellular material is able to absorb significant amount of energy through its deformation 
during the loading process. The absorbed energy is a sum of energy accumulated during 
elastic deformation and energy absorbed by the plastic deformation. The latter is very 
important for crash energy absorption and is more pronounced for metal foams than for 
polymers. It is worth noting that the energy absorption is also strain-rate dependent. The 
higher the strain-rate, the higher is the capability of energy absorption through deformation. 

A logical solution to increase the energy absorption in open-cell cellular materials is by 
filling the cellular structure with viscous fluid. Such fluid offers certain level of flow resistance 
during collapse of cellular structure due to its viscosity, which in turn increases the structure 
stiffness during the deformation process. Preliminary investigations have shown that in 
combination with high strain-rate loading this result in substantial increase of energy 
absorption [4]. 

Therefore, it is reasonable to investigate the filler influence on the macroscopic behaviour 
of cellular metals by means of computational simulations. Parametric computational 
simulations of the open-cell cellular structures under impact conditions liquid fillers were 
performed in this respect. 
 
 

3 Computational model 

3.1 Base material 

 
The behaviour of open-cell cellular structures accounting for fluid fillers has been analyzed 
using the finite element code LS-DYNA [6, 7]. In order to avoid enormous computational 
times, regular and periodic pore geometry (Figure 3) has been considered. The open-cell 
cellular structure with three relative densities ρ/ρ0 = 0.37, 0.27 and 0.16 was modelled in 
presented computational study. This corresponds to the basic geometry dimensions of          
d = 3 mm and a = 4.5, 4.0 and 3.5 mm.  
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Figure 3: Geometry of the open-cell cellular structure 
 
A polymer was used as the base material of cellular structure with different mechanical 
properties for the tensile and compressive loading, as shown in Figure 4. The material 
properties of the polymer are listed Table 1. The strain rate effects were also considered by 
implementing the Cowper-Symonds constitutive relation [6, 7] 
 

σ ε⎛ ⎞= + ⎜ ⎟σ ⎝ ⎠

1/' 1
p

C
, (1) 

 
where σ’ is the stress at the strain rate ε  and σ is the stress at quasi-static conditions. C and 
p are material parameters which characterize the strain rate sensitivity of aluminum         
alloy [8, 9]. 

 
Figure 4. Mechanical properties of the base polymer material  

under compressive and tensile loading 

 
Table 1. Mechanical properties of the base polymer material 

Cowper-Symonds  Young's 
modulus 

Poisson's 
ratio Yield stress 

C p 
Tension 48,9 MPa 
Compression 

2323 MPa 0,3 
91,0 MPa 

1050 s-1 3,5 

d c/2 c/2 

a 
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The cellular structure base material was discretised with 8-noded fully integrated quadratic 
solid elements. With additional parametric analyses the proper mesh density (l ≈ 0.1 mm) 
and time step size (Δt ≈ 0.04 μs) have been determined to assure adequate precision of 
computational results [10]. The cellular structure was loaded with displacement controlled 
compressive load at a strain rate of 1000 s-1. Symmetry boundary conditions have been 
applied due to regular geometry of the cellular structure [11, 12]. 
 
3.2 Fluid filler 

 
The fluid filler was modelled with the Smoothed particle hydrodynamics method (SPH), 
where the analysed system state is represented by a set of particles (Figure 11). The 
particles possess individual material properties and move according to the governing 
conservation equations. The SPH method is a meshfree, Lagrangian, particle method [13]. 
 
 
 
 
 
 
 
 
 
 
 

Figure 5: Domain discretisation with finite element mesh and mesh-free particles 
 
The most significant is the adaptive nature of the SPH method, which is achieved at the very 
early stage of the field variable (i.e. density, velocity, energy) approximation that is performed 
at each time step based on a current local set of arbitrarily distributed particles. Because of 
the adaptive nature of the SPH approximation, the formulation of the SPH is not affected by 
the arbitrariness of the particle distribution. Therefore, it can handle problems with extremely 
large deformations without any difficulties. Another advantage of the SPH method is the 
combination of the Lagrangian formulation and particle approximation. Compared with 
Eulerian description, it is more effective, since only the material regions of interest need to be 
modelled, and not all the regions where material might exist. However, the SPH technology 
is relatively new compared to standard mesh-based Lagrangian and Eulerian descriptions, 
with remaining known problems in the areas of the stability, consistency and conservation 
[13, 14]. 

The relationship between the change of volume and pressure in this study has been 
represented with the Mie-Grüneisen equation of state [6, 7] as water (ρ = 1000 kg/m3           
at 293 K) was used for the cellular structure filler. An optimal distance between the SPH 
particles (l ≈ 0.112 mm) and mass of single particles (mi ≈ 1.42 μg) has been determined with 
separate parametric simulations. The outflow of the liquid filler was validated and verified 
with the computational fluid dynamics code ANSYS CFX. Additional simulations have proven 
that the surrounding medium (water or air) has very little influence on the macroscopic 
behaviour of the cellular structure and can thus be neglected. Furthermore, it was 
established that under compressive load approximately 96 % of the filler mass flow is in the 
horizontal direction of the open-cell cellular structure, as illustrated in Figure 6. Hence, only 
one layer of cellular structure was discretised and used in computational simulations, which 
essentially contributed to shorter and more reasonable computational times. 

 

nodes of the mesh 
 
particle 

t = 10 ms t = 20 ms 
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Figure 6. Streamlines of the filler during outflow 

 
Figure 7 illustrates the comparison between the computational results obtained with the SPH 
model using LS-DYNA and the finite volume method using ANSY CFX. 
 

 
a) b) c) 

Figure 7. Filler outflow simulations: a) LS-DYNA (SPH model); 
b) ANSYS CFX (finite volume method); 

c) comparison between a) and b) 
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Very good agreement of results from both codes can be observed, which in turn validates 
suitability of the SPH model to accurately simulate the filler flow through the cellular material. 

Described computational model has been used for several parametric simulations with 
aim to determine the influence of the fluid filler viscosity and its flow through the cellular 
structure, the size of cellular structure (number of cells) and the relative density. A single 
analysis run of the model with 16 cells lasted approximately 12 hours on a PC-cluster of 4 
units with Intel Pentium IV 3200 MHz processors and 1 GB RAM each.  
 
 

4 Computational results 
 
Figure 12 shows the deformation of the cellular structure with liquid filler under impact 
loading at different time sequences. 
 

 
t = 0 ms 

 
t = 0.3 ms 

 
t = 0.1 ms t = 0.4 ms 

 
t = 0.2 ms t = 0.5 ms 

 
Figure 8. Deformation of the open-cell cellular structure with fluid filler under impact loading 

 
The computational simulations have confirmed that the size of the model and the number of 
the cells influence the macroscopic behaviour of the cellular structure, as shown in Figure 9. 
Higher number of cells results in higher stiffness of the cellular structure and consequently in 
higher capability of energy absorption, since the filler is subjected to higher flow resistance 
and needs more time during its outflow. 
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Figure 9. Influence of the cell number on cellular structure behaviour 

 
Figure 10 illustrates the influence of the relative density and the filler. As already known from 
previous investigations, the stiffness increases with increasing the relative density. 
Computational simulations have shown that the filler influences more the behaviour of 
cellular structure with a higher relative density than the cellular structure with a lower relative 
density. The reason for this effect can be explained by smaller pore sizes in a cellular 
structure with high relative density, which offers higher resistance during the filler outflow, 
which consequently contributes to the increase of cellular structure macroscopic stiffness.  
 

 
 

Figure 10. Influence of the pore filler 
 
With further computational simulations it was also shown that the increase of the filler's 
viscosity results in increase of yield stress and Young's modulus and consequently in higher 
stiffness of the cellular structure. 
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5 Conclusion 
 
The paper presents new computational model of open-cell cellular structure with fluid fillers 
for simulation of their behaviour under impact loading conditions by means of fully coupled 
dynamic interaction between the structure (cellular structure) and the fluid (filler). The fluid 
flow due to the cellular structure deformation is described with the Smoothed particle 
hydrodynamics method (SPH). Fluid filler motion simulated with the SPH method in LS-
DYNA corresponds well to the results of similar simulations performed with specialised 
computational fluid dynamics code ANSYS CFX. Additional simulations have shown that the 
fluid medium which surrounds the cellular structure and the mass flow in the loading direction 
are negligible [10]. 

The computational results have shown that the size of the specimen influences its 
behaviour. The larger the specimen, the higher is its relative stiffness. When accounting for 
the filler in large specimens, the filler needs more time to flow through the cellular structure, 
which consequently results in increase of the cellular structure stiffness and higher impact 
energy absorption. Computational simulations have shown that the filler influences more the 
behaviour of cellular structure with a higher relative density than the cellular structure with a 
lower relative density. The reason for this effect can be explained by smaller pore sizes in a 
cellular structure with high relative density, which offers higher resistance during the filler 
outflow, which consequently contributes to the increase of cellular structure macroscopic 
stiffness. It was also shown that the increase of the filler viscosity results in higher stiffness of 
the cellular structure and higher capability of deformational energy absorption. 

Future research work will be focused on experimental testing and detailed study of 
cellular structure subjected to multi-axial impact loading conditions. 
 
 

6 Reference 
 
[1] Gibson L.J., Ashby M.F., Cellular solids: structure and properties, Cambridge University 

Press, 1997. 
[2] Ashby M.F., Evans A.G., Fleck N.A., Gibson L.S., Hutchinson J.W., Wadley H.N.G., 

Metal foams: a design rule, Boston, Butterworth-Heinemann, 2000. 
[3] Öchsner A., Mishuris G., Gracio J., Modelling of the multiaxial elasto-plastic behaviour 

of porous metals with internal gas pressure, Elsevier Science Ltd, 2004. 
[4] Lankford J., Dannemann K.A., Strain Rate Effects in Porous Materials, Mat. Res. Soc. 

Symp. Proc. Vol. 521, 1998. 
[5] Öchsner A., Experimentelle und numerische Untersuchung des elasto-plastischen 

Verhaltens zellularer Modellwerkstoffe, Düsseldorf, VDI Verlag GmbH, 2003. 
[6] Hallquist J., Theoretical manual, Livermore Software Technology Corporation, 1998. 
[7] Hallquist J., Keyword manual, Livermore Software Technology Corporation, 2003. 
[8] Altenhof A., Ames W., Strain rate effects for aluminum and magnesium alloys in finite 

element simulations of steering wheel impact test, Fatigue Fract. Engng. Mater. Struct. 
25, Blackwell Sci. Ltd, 2002. 

[9] Bodner S.R., Symonds P.S., Experimental and theoretical investigation of the plastic 
deformation of cantilever beam subjected to impulse loading, J. Appl. Mech. 29, 1962. 

[10] Vesenjak M., Computational simulations of cellular structures under dynamic loading. 
Doctoral thesis. Faculty of Mechanical Engineering, Maribor, 2006. 

[11] Vesenjak M., Öchsner A., Ren Z., Behaviour of closed-cell foams under impact, 
Workshop on Computational Engineering Mechanics, Erlangen, 2005. 

[12] Vesenjak M., Ren Z., Öchsner A., Simulating filler effects in cellular structures, 
Scientific reunion of the special program of the Alexander von Humboldt Foundation, 
Timisoara, 2005. 

Material III - Foams / Composites

D - III - 19



5. LS-DYNA Anwenderforum, Ulm 2006 
 

 
© 2006 Copyright by DYNAmore GmbH 

[13] Liu G.R., Liu M.B., Smoothed Particle Hydrodynamics – a meshfree particle method. 
World Scientific, Singapore, 2003. 

[14] Schwer L.E., Preliminary Assessment of Non-Lagrangian Methods for Penetration 
Simulation, 8th International LS-DYNA User Conference, 2004. 

Material III - Foams / Composites

D - III - 20



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


