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SUMMARY

This paper presents numerical study of deformation and stresses in seat skeleton elements subject to static and dy-
namic pressure loads. Elastic skeleton made of polyamide or elastomer is taken as an example of a seat material.
Auxetic type of seat structure ensures the reduction of real contact stresses between human body and seat, making
it more comfortable than typical. FEM analysis is performed using ABAQUS system. Numerical calculations are
carried out to determine the nonlinear stiffness characteristics of seat springs. The study makes possible the selec-
tion of material and structural topology fulfilling design constraints and additional recommendations concerning
structural flexibility, stability and optimal reduction of contact stresses. This paper presents an application of the
theoretical prediction to solve the practical problem.
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STUDIUM PROJEKTOWE NAD AUKSETYCZNA STRUKTURA SZKIELETU SIEDZISKA

Artykut przedstawia studium obliczeniowe elementow szkieletu siedziska wykonanych z elastomeru Iub poliamidu
poddanych typowym obciqzeniom statycznym i dynamicznym od siedzenia. Auksetyczne wilasnosci struktury szkiele-
tu siedziska powodujq redukcje naprezen kontaktowych miedzy cialem czlowieka i siedziskiem, czyniqc je bardziej
komfortowym w uzytkowaniu. Obliczenia przeprowadzono programem ABAQUS metodq elementow skonczonych.
W wyniku otrzymano nieliniowe charakterystyki sprezyn siedziska. Studium obliczeniowe pozwala na wybor mate-
riatu i ksztaltu sprezyn spetniajqcych warunki projektowe dotyczqce wytrzymatosci, podatnosci stabilnosci oraz
optymalnej redukcji naprezen kontaktowych. Praca prezentuje zastosowanie teoretycznych rezultatow do rozwiqzan

stosowanych w praktyce.

Stowa kluczowe: struktury auksetyczne, siedzisko, obciqzenie uzytkowe, zagadnienie kontaktu

1. INTRODUCTION

Furniture design for comfort becomes very important in
new product development. The subjective feeling of sitting
comfort can be described by objective mechanical parame-
ters. Contact stress distribution is taken as a measure of
comfort. Two kinds of stresses represent contact interaction
between human body and seat: normal, which reflects the
load pattern, and tangent, which affects contact area. Sub-
jective personal sensation of comfort depends on average
pressure, maximum pressure, the size and symmetry of the
contact area as reported by Ebe and Griffin (2001), Zhao,
Xia and Wu (1994), Park and Kim (1997).

It is known from mechanical considerations that in con-
tact with medium exhibiting negative Poisson’s ratio the
type of contact, and stress distributions are significantly
affected, while the chances for reducing stress concentra-
tions are generally increased (Scalia 2000). This is illustra-
ted on examples given by Szefer and Kedzior (2002). Nega-
tive Poisson’s ratio materials are called auxetics, due to
the fact that they expand in perpendicular direction, when
subject to tensile load. The structure of auxetics and the
reason of such behaviour were investigated and described
by Lakes (1993), Stavroulakis (2005). Auxetics also reveal
untypical mechanical properties, such as high deformability
in elastic range and unusual ratios of elastic constants
(Janus-Michalska 2009; Lakes 1993; Stavroulakis 2005).

Negative Poisson’s ratio materials, particularly foams
have found use as antibedsore mattress covers Wang Y.,
Lakes (2002), due to the reduction of contact stresses.

Cellular materials with various microstructures constitute
a special kind of elastic media. Examples of auxetic cellulars
and application of their properties are widely given in litera-
ture (Lakes 1993; Stavroulakis 2005). The type of microstruc-
ture defines kind of symmetry and elastic constants. Thus,
the auxecity in selected directions and required magnitude of
Poisson’s ratio may be tailored according to designer
demands. Elastic behaviour and elastic constants obtained
for various combinations of internal structure geometric pa-
rameters are described in paper by Janus-Michalska (2009).
The analysis is based on material properties of the solid pha-
se and topological arrangement of cellular structure.

The theoretical problem of material design for anisotro-
pic elastic cellular bodies with respect to contact problem
is presented by Jasinska and Janus-Michalska (2008 and
developed in 2010). Special attention is paid to materials
exhibiting anisotropic properties, especially to materials
having re-entrant structure, which yield negative Poisson’s
ratio in a certain range of directions. Proper choice of
microstructural geometrical parameters can determine
expected elastic properties. These properties and orienta-
tion of material symmetry axis with respect to load direction
significantly influence contact stress distribution and may
play an important role in reducing peak contact pressure.
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Seat design is an example of application of the features
mentioned above. The development of a new, more comfor-
table seat is the goal of structural modeling. A new design
can be tested against offered degree of comfort by computer
simulations using models of the human and the seat (Smar-
dzewski et al. 2000).

In this work, the idea of auxecity is adopted from cellular
materials to cellular macrostructures, which exhibit global
auxetic effect. It is expected that auxetic seat structures sho-
uld offer improved sitting comfort .

Three-dimensional real contact and stiffness problems of
small size auxetic springs constituting a part of elastic seat
cushion are considered. The analysis is performed using
FEM. Calculations are performed to simulate the contact
between seat structure and utility load represented by
indenter. The model provides insight into deformation
modes and changes in stress field due to variations of geo-
metric and material parameters of seat structure.

The study of various structures allows for a selection of
such one that also fulfills design constraints concerning
stresses in structural members and global deformation.
It optimises the seat skeleton shape to improve ergonomic
quality.

2. STRUCTURAL MODELLING
OF AUXETIC STRUCTURES

The examples of auxetic structures are based on skeleton
topology, forming concave polygons called ‘reentrant’
structures, which are responsible for negative Poisson’s
ratio effect. This behaviour originates from particular struc-
tural characteristics on the cellular level that give rise to the
unfolding of basic structural elements upon stretching
and folding back in upon compression.

Figure 1 shows a segment of infinite structure mentioned
above. The study of stiffnes matrix and directional distribu-
tion of stiffness moduli is presented by Janus-Michalska
(2009). This study gives the assesment of ratio of geometri-
cal parameters required to obtain Poisson’s ratio requested.

Fig. 1. Segment of infinite auxetic structure

However, while ordered structures are convenient to ana-
lyse macroscopic deformations in response to external
forces, there is currently very little understanding on the
modelling of deformations in non repetitive structures.

Auxetics have been identified among smart materials
having significant technological potential.

3. SEAT DESIGN REQUIREMENTS

The seat must resist static and dynamic loads acting upon it
and conditions of use. It is assumed here that the seat struc-
ture ceases to be able to carry out functions, for which it is
designed when a limit state occurs. The following
two states are considered: ultimate limit stress state and
serviceability limit state.

The first one is that reduced von Mises stress at each
point of the structure fulfills the condition (1) for each static
and dynamic load:

M <f, (1

where:
f; — limit stress value,
fs=kR,, R, — rupture modulus for elastic brittle ma-
terial model,
k=0.5 — safety factor.

Additionally this limit state encompasses stability re-
quirements for compressed members. For structures consi-
dered in this work this means that for symmetric structure
loaded by uniform pressure the deformation mode should
also be symmetric.

The serviceability limit state concerns deformation. For
seat the vertical deflection should not exceed 40% of its height
and horizontal displacements — 4% of its width and depth.

The ratio of displacements results in approximate value
of Poisson’s ratio between —0.1 < vy < 0.

Additionally comfort condition is reccomended. It
means that contact stresses are limited by the value of
4,265 kPa given by Smardzewski et al. (2000) and Park
et al. (1998). This is limit value of pressure closing lights
vascular.

4. MATERIALS

Two kinds of materials are considered: PA6 polyamide and
elastomer. Two types of polyamide and three types of ela-
stomer are used to give a variety of elastic moduli and limit
stresses. Material properties for the elastic brittle material
have been set as given in Table 1.

Table 1
. Young’s Rupture

W) modulus modulus R,, p
Polyamide a 3
PAG 1800 MPa 45 MPa 1.13 g/cm
Polyamide b 3
PAG 3000 MPa 45 MPa 1.13 g/cm
Elastomer a 38 MPa 36MPa | 1.11g/em’
(FIBRO) e
Elastomer b 3
(FIBRO) 70 MPa 42 MPa 1.11 g/cm
Elastomer ¢ 3
(FIBRO) 133 MPa 59 MPa 1.11 g/cm
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5. STUDY OBJECTIVES

The primary objective of this study is to propose the opti-
mum geometry and material for seat skeleton. It’s elastic
elements can be treated as auxetic springs in the direction
perpendicular to loading. The examples of spring geometry
are given in Figure 2.
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Fig. 2. The structures of seat skeleton springs analyzed
in this study A, B, C

Arrangement of seat structure is to be auxetic in two per-
pendicular directions. This is because the skeleton itself
constitutes a complex three-dimensional structure. In this
study, the following three-dimensional structural represen-
tation of seat was proposed, consisting of auxetic members
as shown in Figure 3.

Fig. 3. The 3D arrangement of seat structure

Fig. 4. Intender simulating human buttocks (a), pressure load
distribution (b)

The average pressure simulated by stiff intender
(Fig. 4b.) loaded by typical weight of human body is
0.02 106 N/m* and maximum pressure is 0.072 106 N/m?
(Verver et al. 2004)).

It is recommended for the average pressure to deliver
a vertical displacement of 20%-30% of spring height, for
maximum pressure vertical displacement should not exceed
40% of spring height.

Dynamic load corresponds to the fall of 76 kg body from
the height of 600 mm.

6. SCOPE OF THE STUDY

Numerical analysis to determine the nonlinear load dis-
placement path for static loading and stiffness characteri-
stics for dynamic loading are reported in this paper. There
are two factors that contribute to the nonlinearity of this
system:

— large displacements typical for geometric nonline-arity.
— contact of spring elements.

Stress maps are reported as well. Strength of given struc-
tures for static and dynamic loads is verified by reduced
Mises stress maps.

74



MECHANICS AND CONTROL Vol. 31 No. 2 2012

7. NUMERICAL ANALYSIS

Two sample structures are selected to illustrate numerical
predictions. Springs A, B, C are tested for all given types
of materials. Calculations are performed using ABAQUS
system.

Discretization: The model comprises of 2 layers of
8-node hexahedron (brick) elements.

A linear isotropic material model has been used to de-
scribe the skeleton material properties.

At first each spring subject to static load is analyzed to
choose the best material.

Load -deflection paths for spring A are illustrated in Fi-
gure S5a. Four materials do not fulfill design recommend-
ations concerning deflection and the spring is to stiff as
result. For elastomer a. the path is typical for loss of stabili-
ty, and the deflection mode is illustrated in Figure Sb. This
leads to the conclusion that the spring geometry (sensitive
to instability) is unacceptable for proposed materials.

40 T
a) — £-38
35 — E=70 structure A
— E=133
Sol| — E=1800
— E=3000
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pressure [MPa]

b)

Fig. 5. Load — deflection paths for spring A made of proposed
five materials (a), deformation mode for loss of spring
stability (b)

The analysis of spring B yields reasonable paths for
elastomers, (for polyamide the springs are to stiff). For ela-
stomer c the spring fulfills design reccomendations and load
deflection paths show that for loads ranging in between
average and maximum the spring structure becomes stiffer
(due to contact between spring elements), this is an advanta-
ge for such a structure.

For this selected material the reduced von Mises stress
map is given in Figure 6b. Poisson’s ratio for this structure
is about —0.1. 3D arrangement satisfies the required condi-
tion —0.1 < vyy < 0. The exact value depends on the type of
arrangement and is good for designing comfort condition.
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Fig. 6. Load — deflection paths for spring B made of proposed
five materials (a), deformation mode (b), Mises stress
distribution (c) for spring B, material: elastomer ¢

Dynamic analysis is carried out based on the assumption
that the load is applied instantaneously and is equivalent
to 76 kg mass falling off the height of 600 mm. Such
assumption is on the safe side as the estimated stresses are
higher than the stresses determined for the real loading spe-
ed. Dynamic simulation is carried out using the ABAQUS
implicit software. For dynamic analysis stress condition is
essential.

The results of calculations are illustrated on the example of
B structure made of polymer material exhibiting E = 133 MPa
(Fig. 7).

S, Mizes
+1.940e+01

+1.088e-02

Fig. 7. Maximum stress distribution in deformed structure
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Structure C is analysed for three materials. The results
are presented in Figure 8.
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Fig. 8. Load — deflection paths for spring C made of proposed
materials (a), deformation mode (b), von Mises stress
distribution (c) for spring C, material: elastomer c

The analysis of spring C yields reasonable paths for ela-
stomers, (for polyamide the springs are to stiff). For elasto-
mers b and ¢ the spring satisfies design reccomendations.

8. CONCLUSIONS

Parametric study shows that selection of structural geome-
try is crucial for stable seat work.

Properly selected stiffness of elastic material, characte-
rized by Young modulus, may support satisfaction of

load-deflection reccommendations. Auxetic type of structu-
re gives Poisson’s ratio required for predictions of contact
stress peak reduction. Numerical predictions follow the
anthropotechnical design trend of furniture for seating.
New seat structure type development may be supported by
computer simulation and optimisation.

References

ABAQUS manual

Ebe, K. and Griffin, M.J., 2001, Factors effecting static and seat cushion
comfort, Ergonomics, 41(10), pp. 901-992.

Zhao L.Q., Xia Q.S. and Wu X.T., 1994, Study of sitting comfort of auto-
motive seats, SAE Conference 1994, SAE no 945243.

Park S.J. and Kim C.B., 1997, The evaluation of seating comfort by objec-
tive measures, SAE Conference 1997, 970595.

Scalia A., 2000, Contact Problem for Porous Elastic Half-Plane, J. Elasti-
city, vol. 60, pp. 91-102.

Szefer G., Kedzior D., 2002, Contact of Elastic Bodies with Negative
Poisson’s Ratio, Springer Verlag.

Janus-Michalska M., 2009, Micromechanical model of auxetic cellular
material, Journal of Theoretical and Applied Mechanics Warsaw, 47,
4, pp. 21-45.

Lakes R.S., 1993, Design considerations for materials with negative
Poisson's ratios, Trans. ASME J. Mech. 115, pp. 696-700.

Stavroulakis G.E., 2005, Auxetic behavior: appearance and engineering
applications, Physica Status Solidi, No. 3, pp. 710-720.

Lakes R.S., 1987, Foam structures with a negative Poisson s ratio, Scien-
ce, 235, pp. 1038-1040.

Wang Y., Lakes R., 2002, Analytical parametric analysis of the contact
problem of human buttocks and negative Poisson s ratio foam cu-
shions, Int. J. Sol. Struc. 39, pp. 4825-38.

Jasinska D., Janus-Michalska M., 2008, Material Design of Anisotropic
Elastic Cellular Bodies with Respect to Contact Problem, Engi-
neering Tansactions, 3, pp. ....

Janus-Michalska M., Jasinska D., 2010, Contact problem for a class of
anisotropic elastic cellular bodies with nonpositive Poisson'’s ratio,
Czasopismo Techniczne.

Smardzewski J., Wiaderek., Grbac., 2000, Numerical analysis of contact
problems of human body and elastic matress, International Con-
ference Ambienta, Zagreb, pp. 81-86.

Park S.J., Lee Y.S., Nahm Y.E., Lee J.W. and Kim J.S., 1998, Seating
physical characteristics and subjective comfort: design considera-
tions, SAE Conference, SAE no 980653.

erver M.M., van Hoof J., Oomens C.W.J., Wismans J.S.H.M., Baaijens
F.P.T., 2004, 4 Finite Element Model of the Human Buttocks for Pre-
diction of Seat Pressure Distributions, Computer Methods in Biome-
chanics and Biomedical Engineering, 7, 4, pp. 193-203.

Park S.J., Lee Y.S., Nahm Y.E., Lee J.W. and Kim J.S., 1998, Seating
physical characteristics and subjective comfort: design considera-
tions, SAE Conference, SAE no 980653.

Moens and Horva’th 2002, Using finite elements model of the human body
for shape optimization of seats: optimization material properties,
Proc. of the International Design Conference-Design.

Inagaki H., Taguchi T., Yasuda E. and lizuka Y., 2000, Evaluation of
riding comfort: from the viewpoint of interaction of human body and
seat for static, dynamic and long time driving, SAE Conference,
SAE no 2000-01-0643.





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /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 150
  /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 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /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 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. 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 suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /PLK ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


