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I. Introduction

I.1. Context & objective

Perception sensorielle

Matériaux non conventionnels :

Bois, Verres, Tissus humains, 
Matériaux Cellulaires, Céramiques …

Matière & 
perception

Arts, Vivant, Design, 

Environnement
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I. Introduction

I.2. References

These two books can be found at the INSA Marie Curie Library

[1] Gibson, L., Ashby, M. F. (1988). 

Cellular Solids, Structure and Properties. 

Cambridge Solid State Science Series

[…] Specialized literature and internet sources that will be listed throughout the document.

[2] Klempner, D., & Sendijarevic, V. (2000). 

Handbook Of  Polymeric Foams 

And Foam Technology. 

Hanser Publishers.
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I. Introduction

I.3. Outline

1 lecture of 2 hours

Introduction

Generalities

Foams

Honeycombs

Context & objectives

Definitions, & descriptions of  the different families

Key metrics and properties

Charaterization tools

Lattices

(Rapid overview)

Processing

Microstructures

Properties

An example

Overall understanding
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II. Generalities

II.1. Architected materials: family picture

M. Ashby. Scripta Materialia (2013) 68, 4–7

Segmented

structure

Textile

Cellular 

materials

Reinforced materials

Sandwich 

structures

Architected materials
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II. Generalities

II.2. Cellular (solids) materials II.2.1. Definition

Cella (Latin): 

a small compartment, 

enclosed space = voids 

(gaseous phase)

Cellular solids:

an assembly of  packed cells

within 3D space.  

Interconnected network of  solid

struts or plates composing the 

edges and/or faces of  the 

numerous cells.

Plates

Struts

Octet-truss

Unit cell
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II. Generalities

II.2. Cellular (solids) materials II.2.2. Classification

Pictures were taken from the internet (apology for not having the references)

• Foams (Mousses)

• Honeycomb structures (Structures en nid d’abeilles)

• Lattices (Treillis)

• Wood, leaves, fruits (bois, feuilles, fruits…)

• Cellulose, bone, hair, feathers (cellules, os, poils, plumes,…) 

Porcupine

Periodic

Stochastic
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II. Generalities

II.3. Cellular material properties

* total surface area of a material per unit of mass (with units of m²/kg or m²/g) or solid or bulk volume (units of m²/m3 or m−1)

The Cellular solids can be seen as an assembly of  

materials and voids in 3D space.

Peculiar properties that first come to mind:

And the less obvious:



The Cellular solids can be seen as an assembly of  

materials and voids in 3D space. 

 Its properties mainly depend on:

 The ratio between matter 

and “void”

 The intrinsic properties

of  the parent material(s)

 The architecture

9

II. Generalities

II.3. Cellular material properties II.3.1. Key ingredients
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II. Generalities

II.3. Cellular material properties II.3.2a. Relative density

 𝜌 =
𝜌

𝜌𝑠
=
Vs
Vt

Total volume 

(occupation)

Volume of  

the solid 

matter

Density of  the 

cellular solid 

(kg/m3)

Density of  the parent 

material (kg/m3)

The volume fraction or relative density characterizes 

the ratio between matter and “void”:

 𝜌 = 1 − p
Porosity: volume fraction of  pores



11

II. Generalities

II.3. Cellular material properties II.3.2b. Parent material properties

Ashby map from CES Edupack © with Level 2 database

Struts

Plates
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Cork
Metal foam

Ceramic foam

Non-technical ceramics

Elastomers

Metals and alloys

denseporous

The constitutive material(s) has(ve) its own intrinsic 

properties:
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II. Generalities

II.3. Cellular material properties II.3.2b. Parent material properties

L. Gibson and M. Ashby, Cellular Solids, 1988

“soft”

“ductile”

“brittle”

The yielding (onset of  non-

linear behaviour) of  the 

cellular material does not 

necessarily depend on the 

yield strength of  the parent 

material.



The architecture, i.e. the way the matter is distributed 

within space:
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II. Generalities

II.3. Cellular material properties II.3.2c. Architecture

V. Deshpande. Acta Mat (2001), H.W. Wadley Phil. Trans. R. Soc. A. (2006)

Open 
cells

Closed
cells

Bending
dominated

Stretching 
dominated

The connectivity has a crucial

effect on how the deformation

takes place within the structure
(Maxwell criteria)

M = b − 3j + 6
b: nb of  struts
j: nb of  frictionless joints

M < 0

M > 0
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II. Generalities

II.4. Cellular material characterization II.4.1. Geometry (architectures)

L. Gibson and M. Ashby, Cellular Solids, 1988

Tricky to characterize such

microstructures based on 

2D imaging techniques
(SEM, Optical microscope …)
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II. Generalities

II.4. Cellular material characterization II.4.1. Geometry (architectures) 

Maire et al., J. Eur. Ceram. Soc., 2007

3D imaging techniques 

& associated image processing

(X-ray computed tomography)
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II. Generalities

II.4. Cellular material characterization II.4.2. Mechanical properties

Maire et al., J. Eur. Ceram. Soc., 2007

Specifically for stochastic materials, the number of  cells along the main 

dimensions of  the tested sample need to be sufficiently large so that the 

measured properties can be considered representative of  the material.

Statistically Representative Volume Element (SRVE)
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II. Generalities

II.5. Material & geometrical contributions II.5.1. Open question
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II. Generalities

II.5. Material & geometrical contributions II.5.2. Specific properties

st
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, 
σ

p
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P
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Flexible polymer 

foam

rubber

y

Rigid polymer 

foam

glassy

Foams

density, r (kg/m3)

Focus on the compressive strength of  an 

open-cells foam that will plastically “yield”:

Ideal RVE

(at rest)

(yielded)
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II. Generalities

II.5. Material & geometrical contributions II.5.2. Specific properties

st
re

n
gt

h
, 
σ

p
(M

P
a)

-1- Architecture

Flexible polymer 

foam

rubber

y

Rigid polymer 

foam

glassy

Foams

density, r (kg/m3)

sp
ec

if
ic

st
re

n
gt

h
, 
s

p/
s

ys
(-

)

233.0~ 










sys

p

r

r

s

s

-2- Parent properties

relative density, r/rs (-)



20

II. Generalities

II.5. Material & geometrical contributions II.5.2. Specific properties

H.W. Wadley Phil. Trans. R. Soc. A. (2006)

Pyramidal 

solid lattice 

truss
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Corrugations

relative density, r/rs (-)

Foams seem

useless …
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II. Generalities

II.6. Crushing response

V. Deshpande. Acta Mat (2001) Courtesy of C.I. Hammetter, UCSB materials seminar
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II. Generalities

II.6. Crushing response

V. Deshpande. Acta Mat (2001)
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- High absorption efficiency

- High strength

- Low absorption efficiency
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Energy absorption applications 
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threshold stress

over large strains.

s

Max transmitted stress, smt (a.u.)
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II. Generalities: Summary

Masse Volumique (kg/m 3̂)
10 100 1000 10000

M
o

d
u

le
 d

e
 Y

o
u

n
g

 (
G

P
a

)

1e-4

0.001

0.01

0.1

1

10

100

1000

Elastomères

Polymères

Céramiques non techniques

Céramiques techniques

Métaux et alliages

Verres

Composites

Mousses

Masse Volumique (kg/m 3̂)
10 100 1000 10000

T
é

n
a

c
it
é

 (
M

P
a

.m
^
0

.5
)

0.001

0.01

0.1

1

10

100

Mousses

Métaux et alliages

Céramiques techniques

Céramiques non techniques

Polymères

Composites

Masse Volumique (kg/m 3̂)
10 100 1000 10000

A
ll
o

n
g

e
m

e
n

t 
(%

 s
tr

a
in

)

0.1

1

10

100

1000

Polymères Métaux et alliages

Composites

Céramiques techniques

Mousses

Elastomères

Masse Volumique (kg/m 3̂)
10 100 1000 10000

R
é

s
is

ti
v
it
é

 é
le

c
tr

iq
u

e
 (

µ
o

h
m

.c
m

)

1

1000

1e6

1e9

1e12

1e15

1e18

1e21

1e24

1e27 Verres
Polymères

Elastomères

Céramiques techniques

Métaux et alliages

Mousses

Céramiques non techniques

Composites

Masse Volumique (kg/m 3̂)
10 100 1000 10000

C
o

n
d

u
c
ti
v
it
é

 t
h

e
rm

iq
u

e
 (

W
/m

.°
C

)

0.01

0.1

1

10

100

1000

Céramiques techniques

Céramiques non techniques

Elastomères

Polymères

Mousses

Composites

Métaux et alliages

Masse Volumique (kg/m 3̂)
10 100 1000 10000

E
m

p
re

in
te

 C
O

2
, 

p
ro

d
u

c
ti
o

n
 p

ri
m

a
ir

e
 (

k
g

/k
g

)

0.01

0.1

1

10

100

1000

Céramiques non techniques

Verres

Mousses

Céramiques techniquesElastomères

Polymères

Métaux et alliages

Composites

Masse Volumique (kg/m 3̂)
10 100 1000 10000

T
e

m
p

é
ra

tu
re

 m
a

x
im

a
le

 d
'u

ti
li
s
a

ti
o

n
 (

°C
)

50

100

200

500

1000

2000

Mousses

Céramiques techniques

Elastomères

Céramiques non techniques

Verres

Métaux et alliages

Composites

Polymères

Masse Volumique (kg/m 3̂)
10 100 1000 10000

R
é

s
is

ta
n

c
e

 e
n

 t
ra

c
ti
o

n
 (

M
P

a
)

0.1

1

10

100

1000

Céramiques non techniques

Composites

Polymères

Elastomères

Verres

Céramiques techniques

Métaux et alliages
Mousses

Parent material properties & geometry trigger the cellular materials properties



24

Cellular (solids) materials
GM5 – CE

III - FOAMS
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III. Foams

III.1. Examples

 L. Gibson and M. Ashby, Cellular Solids, 1988

Drive 2013 Yasaka 2013 SEBS 2013 Tenergy 2013 

    
 

 
  

 Nexeo 2014 T-Sound 2014 T-Ultim 2014 
 

Kelvin cell

Tetrakaidecahedron

(14 faces)

Weaire & Phelan cells
(isovolume and maximized

specific surface area)

Various microstructures justifying

the use/definition of different ideal

unit cells (RVE)

 Elastomeric foam of  a table 

tennis racket pad
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III. Foams

III.2. Processing

Raps et. al., Polymer, 2015

PU foam

Gas has to be incorporated within the monomers or the 

molten polymers  blowing agent

 Physical agents (e.g. C02, N2) introduced under high 

pressure into molten polymers (or polymer solutions) 

which then expand to form bubbles by progressive 

pressure reduction.

 Physical agents vaporizing with heat.

 Chemical agents which decompose or recombine 

under the influence of  heat to release gases.
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III. Foams

III.2. Processing

Raps et. al., Polymer, 2015

Part A & B are mixed + blowing agent + 

surfactant

Extrusion of  

thermoplastic

foam

Bead foams (Expanded-PS) 

Steam chest molding Closing Filling Steaming

Cooling Ejection

PU foam
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III. Foams

III.3. Mechanical properties: compression

L. Gibson and M. Ashby, Cellular Solids, 1988

Macroscopic behavior
3 regimes are evidenced:

Linear, Plateau, densification

E

Es
= C1

ρ

ρs

2

C1≈ 1 (exp. data)

Micromechanical predictions

Bending of  the edges

σy

Es
= C4

ρ

ρs

2

C4≈ 0.05 (exp. data)

Elastic buckling of  the edges
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III. Foams

III.3. Mechanical properties: compression

L. Gibson and M. Ashby, Cellular Solids, 1988

σy = C6
ρ

ρs

3/2

σrsσy = C5
ρ

ρs

3/2

σysσy = C4
ρ

ρs

2

Es

C4≈ 0.05 (exp. data) C5≈ 0.3 (exp. data) C6≈ 0.2 (exp. data) 

Elastic buckling of  the edges Plastic hinging of  the edges Brittle failure of  the edges
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Cellular (solids) materials
GM5 – CE

IV - HONEYCOMBS
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IV. Honeycombs

IV.1. Examples

L. Gibson and M. Ashby, Cellular Solids, 1988

Hexagonal / Aluminium Cubic / CeramicTriangular / Aluminium 

Walls thickness
ϕ =

ρ

ρs
= C1

t

l
Constant depending on the cells geometry

Walls length
Relative density:
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IV. Honeycombs

IV.1. Processing

(BMW i3)

Extrusion Injection molding

3D printing

Casting,  …
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IV. Honeycombs

IV.1. Mechanical properties: compression

a. Linear regime

b. Plateau regime

c. Densification a

b c

𝐸3

𝐸2
≈

𝑙

𝑡

2
≫ 1

Pronounced anisotropy
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Cellular (solids) materials
GM5 – CE

V - LATTICES
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V. Lattices

V.1. Taxonomy

F W. Zok. J. Mech. Phys. Sol. (2016) 

SC BCC FCC

SC|BCC
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V. Lattices

V.2. Materials by design: an example

A.J. Jacobsen. Adv. Mat. (2007) ; A.J. Jacobsen. Acta Mat. (2007) 

bath of  

monomers  

mix

mask collimated UV light

self-propagating

polymer thiol-ene waveguide

- Thiol-ene

- Short UV exposure 

(<1min)

- Toluene wash out 

- Additional thermal curing

Mask (apertures, dispersion)

Nl : Number of  layers  

Ns : Number of  merging struts

q : Strut angle

H: Lattice height

q

D

H

x

z

y

R.V.E.

H
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V. Lattices

V.2. Materials by design: an example

R.G. Rinaldi. J. Mat. Sci. (2012) 
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V. Lattices

V.2. Materials by design: an example
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V. Lattices

V.2. Materials by design: an example
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V. Lattices

V.2. Materials by design: an example
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V.2. Materials by design: an example
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V.2. Materials by design: an example

A.G. Evans. Int. J. Impact Eng. (2010)  T.A. Schaedler. Science (2011) 
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V.2. Materials by design: an example
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V.2. Materials by design: an example
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V.2. Materials by design: an example

Bernal-Ostos J. Acta Mat. (2012)
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V.2. Materials by design: an example

Bernal-Ostos J. Acta Mat. (2012)
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V. Lattices

V.2. Materials by design: an example

R.E. Doty. Adv. Eng. Mat. (2012)
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V. Lattices

V.3. Materials by design: Enhancement / Optimization

[1] 2018-Latture_J-Mat-Res_249-262.pdf [2] 1985-Nye: Physical Properties of Crystals: (Oxford University Press).

Polar plots of  axial stiffness

(isotropic lattice materials)

Binary 

compound 

truss

[1] 

[2] 
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Conclusion: Limited limitations

Crumpled material

Entangled monofilament

Auxetic materials

Martoïa et al., Mater&Design, 2017

Rodney et al., Nature Materials, 2016

Saxena et al., Adv. Eng. Mater., 2016


