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The volume of foams used in packaging is enormous. Proper design requires identification of the 
correct material and selection of the correct density for each particular application. The vast 
amount of data in the literature is in need of a systematic analysis and a compact presentation. In 
this paper, the energy-absorption data of each class of cellular materials (such as open-cell elastic 
foams) are normalized and presented in a single diagram. Diagrams of this type are termed 
packaging-selection diagrams, and the optimal density of a cellular material can be obtained from 
them once the maximum permitted stress of the packaging is known. This new approach offers 
greater generality and simplicity than existing methods, such as the Janssen factor or 
energy-absorption diagrams. 

1. I n t r o d u c t i o n  
We live in a world full of packaging. Most commod- 
ities are packaged, from food to missiles. Foams and 
honeycombs are commonly used in packaging. The 
essence of packaging is the ability to absorb energy 
but to still keep the peak force on the packaged object 
below the limit which will cause damage or injury. 
Cellular materials (such as foams) are especially good 
at this. Their energy-absorption capacity is compared 
to that of the equivalent solid in Fig. la (after Gibson 
and Ashby, [1]); for a given energy absorption, the 
cellular material often generates a lower peak force 
than the solid. The energy absorbed by the foam per 
unit volume at the strain ~ is simply the area under the 
stress-strain curve up to e (shown as shaded area in 
Fig. la). As Fig. 1 shows, it is the long plateau in the 
stress-strain curve (arising from cell collapse due to 
elastic buckling, plastic yielding or brittle crushing) 
which allows large energy absorption at a near-con- 
stant toad. 

To absorb energy at a near-constant load, the cor- 
rect cell-wall material and relative density must be 
chosen for the foam. Selecting the cell-wall material is 
relatively simple. Consideration must be given as to 
whether the packaging material carries a static or 
repeated loading or whether it is subjected to severe 
environmental conditions such as high temperatures. 
An elastomeric cell-wall material is needed for 
packaging which will be subjected to repeated loading. 
If the protection is needed only once, a plastic or 
brittle material is better because such cellular mater- 
ials are more efficient (the details given later). Choos- 
ing the correct density for a given package is more 
difficult and this paper tries to add some understand- 
ing to this problem. If the density is too low, the cells 
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will be crushed before sufficient energy has been ab- 
sorbed. If the density is too high, the stress will exceed 
the critical value before sufficient energy can be ab- 
sorbed. This is best explained by Fig. lb (taken from 
[1]), which compares the performance of foams with 
three different densities. 

Four main ways of characterizing the energy ab- 
sorption of cellular materials have been proposed. 
These are the Janssen Factor, J; the cushion factor, C; 
the Rusch curve; and the energy absorption diagram. 
In this paper, all existing methods are reviewed. Then 
packaging-selection diagrams for elastic foams, plastic 
foams, elastic honeycombs and plastic honeycombs 
are presented and compared with experimental data. 
A comparison is made between the energy-absorbing 
capacities of foams and honeycombs by plotting their 
packaging-selection diagrams on the same graph. 
A case study is provided to demonstrate the applica- 
tion of the packaging-selection diagrams to a car- 
head-rest design. 

2. L i t e r a t u r e  r e v i e w  
There is considerable literature on the use of foams 
for cushioning and packaging. The interested reader 
might wish to consult the books [1-3], the series of 
papers by Lockett, Cousins and Dawson [4-6], and 
the papers by Green et al. [7], Rusch [8, 9], Lee and 
Williams [10], Melvin and Roberts [11], Schwaber 
and co-workers [12-15] and Maiti et al. [16]. The 
approaches of these authors are summarized in the 
following paragraphs. 

2.1. The Janssen factor, J 
According to Woolam [17], the efficiency of 
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Figure l (a) Stress-strain curves for an elastic solid and a foam 
made from the same solid, showing the energy per unit volume 
absorbed at a peak stress, ~p. (b) The peak stresses generated in 
foams of three densities in absorbing the same energy, W, are given 
by (~p)l, (op)2 and (~p)3. The lowest-density foam bottoms out 
before absorbing the energy W, generating a high peak stress. The 
highest-density foam also generates a peak stress before absorbing 
the energy W. Between these two extremes, there exists an optimal 
density, where the energy W, is absorbed at the lowest peak stress, 
(after [1]) 

a cushioning material in absorbing an energy J can be 
defined as the ratio of the maximum acceleration 
experienced by the material, am, to the acceleration 
which would be experienced by an ideal absorber, ai 

j ___ __am (1) 
ai 

This "ideal" absorber can absorb energy at a constant 
force, F, and it can deform completely, so its accelera- 
tion is 

F m~ 2 v 2 
ai = - (2) 

m 2hm 2h 

where v and m are the initial speed and the mass of the 
cushioned object, respectively, and h is the height of 
the cushioning material. The Janssen factor, J, is often 
plotted against the impact energy, W, per unit volume 
of the cushioning material, as shown in Fig. 2a. 

2.2.  T h e  c u s h i o n  fac tor ,  C 
The cushion factor, C, is the ratio of the peak stress 
developed in the cushion to the energy stored per unit 
volume of the cushion. Gordon  [18] plots this factor 
against the peak stress by using data on the uniaxial 
stress-strain behaviour of foams (Fig. 2b). One point is 
worth noting: the factor is equivalent to the Janssen 
factor, J, i n  dynamic testing (such as drop-weight 
testing) 

C - ~p - (mare~A) - J (3) 
W (mvZ/2Ah)  

where A is the area of the cushion. 

2.3. The Rusch curve 
Rusch [8, 9] notes that the shape of the stress-strain 
curve can be defined by an empirical shape factor, 

(~), in the form 

= Ef s ~(~;) (4) 
where c~ is the compressive stress, 8 is the strain, and Ef 
is the Young's modulus of the foam. Rusch further 
defines K, the energy-absorbing efficiency, as the max- 
imum deceleration of a material packaged by an ideal 
material to that packaged by the foam under invest- 
igation, din: 

v 2 1 
K - - ( 5 )  

2hdm J 

Another dimensionless quantity, I, is defined as the 
impact energy per unit volume of foam divided by El. 
The opt imum foam for energy absorption for a given 
peak stress can be found by plotting I l K  against 
1 (Fig. 2c). 

2.4, Energy-absorption diagrams 
Maiti et al. [16] have further improved the Rusch 
method. The peak stress and energy per Unit volume 
(Fig. 2d) are normalized by the Young's modulus  of 
the solid, Es, which is more general than the Rusch 
method. However, it is rather difficult to decide the 
exact point at which the envelope touches the indi- 
vidual curves, as these curves tend to have broad 
shoulders. As a result, the optimal density may not be 
readable with good precision. 

In this paper, a more direct approach is introdu- 
ced - the packaging-selection diagram, which allows 
determination of the optimal density and the energy 
absorbed, once the maximum permitted stress is 
known. These diagrams can also incorporate dynamic 
results. This method may complement and avoid some 
of the practical difficulties in the existing methods. 
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Figure 2 Four diagrams which are used to characterize energy absorption: (a) the Janssen factor, J; (b) the cushion factor, C; (c) the Rusch 
curve; and (d) the energy-absorption diagram. 

3. Normal iza t ion  of  s t res s - s t ra in  
behav iour  

An open-cell foam can be modelled as an array of 
polyhedral cells. A representative unit cell is assumed 
to be made of beams with equal lengths l, and cross- 
sections, t 2. The foam is considered to be an aggregate 
of these representative units. The force, P, acting on 
each of these beams [1] can be related to the global 
stress on the foam: 

P ~ o'l 2 (6) 

First consider the post-collapse behaviour of flexible 
foams under uniaxial compression. Looking at a typ- 
ical beam AB (shown in Fig. 3), its curvature, d0/ds, is 
given by 

dO 
EsI - M oc PI oc ol  3 (7) 

ds 

where Eft  represents the flexural rigidity of the beam 
in the plane of bending; 0 is the angle between the 
tangent to the cell edge and the x-axis; and s is meas- 
ured along the edge. 

If the stress is normalized by the initial collapse 
stress of the foam (o* oc EsI / l  4, see [1]) and the di- 
mensionless length g is used, (that is, (~/(~* = (~ and 
s/l = ~), the above equation becomes: 

dO cr 
- -  oc - e~ (8)  
dg o* 

Although each cell within a foam sample can be 
geometrically different, foams with varying density 
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Figure 3 A diagram used for the analysis of bending deformation in 
a beam. 
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Figure 4 The packaging-selection diagram for elastic foams. Both 
the theoretical lines and the experimental data appear in pairs, with 
the stress lying above the energy absorbed. A peak stress is plotted 
as an open symbol while the corresponding energy absorbed is 
shown by the same symbol but shaded: (--) primary theory, and 
( - - - )  refinement. 
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and cell sizes are visualized as being related to each 
other by a simple geometrical scaling. Under the nor- 
malized stress, ~, all the corresponding positions in 
the frameworks of foams of varying densities and 
materials which have the same g will have the same 
angle or the same deformed geometrical shape. As 
a result, the same amotmt of post-collapse stress, #, is 
related to the same strain, e. A single stress-strain 
curve would give a good description for all flexible 
foams. 

Similarly, the stress-strain curves of flexible honey- 
combs under uniaxial compression can be expressed 
by a single function if the same normalization proced- 
ure is followed. In the case of plastic foams or plastic 
honeycombs, the upper bounds and lower bounds of 
the stress-strain curves can be normalized in a similar 
way to give a single curve for each of them. Therefore, 
the true stress-strain behaviour of plastic foams or 
honeycombs can be approximated by a single curve in 
a dimensionless stress--strain space. 

The cell corners in foam structures contribute little 
to the deformation. As a result, foams with higher 
relative density tend to density at a lower strain (Fig. 
lb). A refinement [19] can be obtained by incorporat- 
ing these corners (or the "dead volume") or, similarly, 
the densification strain into consideration. In the re- 
fined model, the stress and the strain are normalized 
by the initial collapse stress and the densification 
strain, respectively, to give a single stress-strain curve 
describing one class of cellular materials. 

4. Opt imal  selection of foams and 
honeycombs as energy absorbers 

In packaging, the aim is to absorb as much of the 
energy of the packaged object as possible while at the 
same time keeping the force on the object below 
the limit which will cause damage. In mathematical 
terms, a maximum in the absorbed energy is sought, 
subject to a given constraint on the stress: 

f ;o t W = t~d~ = f (o*)k(e )de  =f (p*)k l (e )  (9) 

o f (P* )  k(e) = Op ) 

where 9" is the relative density - the ratio of the 
density of the foam, p, to that of the base solid, 9s; 'k(e) 
is the shape function of the stress-strain curve; kl(e) is 
the integral of k(e) over strain; f(p*) is the initial 
collapse stress, 0*; and crp is the maximum permitted 
stress set by a given application. 

A Lagrange function is constructed as follows: 

L(p*, e, L) = W + ~(o - -  O ' p )  

= f(p*)kt(e)  + Z[f(p*)k(e) - cp] 

(10) 

The partial derivatives of the constructed function 
must all be zero when the conditional maximum is 
reached, leading to: 

kl(~)k'(c) = k2(~)  (11) 

From this equation, the strain era, at which the max- 
imum W is reached, can be obtained once the shape 
function, k(e), is known. Then the optimal density and 
the energy absorbed can be obtained by substituting 
em into Equation 9. The energy absorbed per unit 
volume can be expressed as: 

W "~" C 1 (Ip (12) 

where C1 is a constant representing the energy- 
absorbing efficiency. 

The initial part of the stress-strain curve before 
collapse is not considered here, since it makes little 
contribution to the total energy absorbed. The ap- 
proximate shape functions for various types of iso- 
tropic foams and honeycombs of regular hexagonal 
cells are obtained from experimental stress-strain 
curves (see 1-19] for details). Solutions of the optimal 
density and the maximum amount of energy absorbed 
under the permitted stress for these materials are pro- 
vided in Table I. 

A large amount of data from both static and dy- 
namic tests are available for the optimal packaging 
design. They are presented in U-shaped curves in the 
case of the Janssen factor or the cushion factor. These 
plots contribute to the understanding of maximizing 
the energy absorption under a given critical stress. 
However, to design engineers, the optimal points are 

T A B L E  I The  op t imal  selection of E F  (elastic foams), P F  (plastic foams), EH (elastic honeycombs)  and  P H  (plastic honeycombs)  as energy 

absorbers  

Type  Shape  Initial collapse Op t ima l  density,  Energy  
function,  k(e) stress, f (p*)  p* W /  op = C~ 

([19]) 

EF 0.95/(1 --  e) 0.05E~(p*) 2 2.77(%/E~) 1/2 0.38 
([13) 

PE 1 • ~< 0.5 0.32~Yys(P*) 3/2 2.03(O'p/~ys) 2/3 0.50 
5 - [16 - 100(e - 0.5)2] 0.5 e > 0.5 ([19]) 

Out -o f -p lane  1 e ~ 0.5 7.2Es(p*) a 0.52(~p/Es) 1Is 0.50 
E H  oo s > 0.5 ([22]) 

In-p lane  1 e ( 0.5 0.14E~(p*) a t.93(%/E~) 1/a 0.50 
E H  oo e > 0.5 ([1]) 

Out -o f -p lane  1 e ~< 0.75 3.2cys(p*)5/3 0.50(%/ors) 3/5 0.75 
P H  oo e > 0.75 ([19]) 

In-p lane  1 ~: ~ 0.5 0.28O-ys(p*) 2 1.89(%/errs) 1/2 0.50 
P H  ~ e > 0.5 ([19]) 
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of most interest. In the case of U-shaped curves, this is 
the lowest point, while in the case of energy-absorp- 
tion diagrams and Rusch's curves it is the point which 
touches the envelope. We replot these optimal points 
in our package-selection diagrams and compare them 
with our theoretical modelling. One thing is worth 
noting: each stress or energy value in the following 
plots is normalized against the solid properties Ps, E~ 
a n d  O y  s measured at the strain-rate and the temper- 
ature at which the test was performed. The normaliz- 
ing properties p~, Es and O'y s for low strain-rates at 
room temperature are given in Table II. A typical 
dynamic test at the strain rate around 50Is will in- 
crease the solid Young's modulus Es, and yield 
strength, ~y~, by a factor of around 2.5. As a result of 
this normalization, curves of the data for the same 
foams tested at different strain-rates or drop heights 
lie on top of each other. 

The data and the predictions for elastic foams are 
plotted in Fig. 4. The agreement for the  low relative- 
density range is good. There are more discrepancies 
when the density becomes larger. The data and the 
predictions for plastic foams are plotted in Fig. 5. The 
agreement is good for both the low and the high 
relative-density ranges. 

There is considerable discrepancy in the measure- 
ments of solid properties ~y~ and E~. Also, the initial 
collapse stress of a foam could vary considerably from 
the theoretical prediction. It is a more realistic design 
methodology to identify a few possible cell-wall ma- 
terials and their corresponding optimal densities from 
the packaging-selection diagrams and then to conduct 
simple compression tests to measure their initial col- 
lapse stresses. As calculated in Table I, the best plastic 
foams will be those that have initial collapse stresses 
around 93% of the critical stress, ~p, whereas the best 
elastic foams will be those with initial stresses around 
38% of crp. 

The book by Mustin I-2] contains a large amount of 
data of honeycombs under both static and dynamic 
loading. In principle, this data could also be plotted 
and compared with the theoretical predictions. 
A complication exists because their hexagonal cell 
angles are not always constant. Although, in general, 
the stress-strain behaviour and the mechanical prop- 
erties of the honeycombs [22, 23] are strongly depend- 
ent on the density and are rather weakly dependent on 
the cell angles, the packaging-selection diagrams gen- 
erated from the experimental data are expected to 
show more scatter. 

The advantage of plastic foams or honeycombs is 
that, compared with elastic foams or honeycombs, 
they provide a better energy-absorption capacity un- 
der the same critical stress, ~p. However, the plastic 
ones absorb much less energy after the first impact. 
The elastic ones can absorb energy repeatedly, and 
their energy-absorption capacity is not reduced ap- 
preciably after the first loading. In comparing honey- 
combs with foams (Figs 6 and 7), when honeycombs 
are loaded in the out-of-plane direction they are better 
than their counterparts in their energy absorption. In 
addition, the optimal density of honeycombs for 
a given critical stress is generally smaller than that of 
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Figure 5 The packaging-selection diagram for plastic foams. Both 
the theoretical lines and the experimental data appear in pairs with 
the stress lying above the energy absorbed. A peak stress is plotted 
as an open symbol while the corresponding energy absorbed is 
shown by the same symbol but shaded: (--) primary theory, (---) 
refinement, (O) polymethylacrylamid [16], (11) polyurethane 
([8],- 196~ (O) polyurethane [8], (T) ABS [8], (A) poly- 
urethane ([17], dynamic), and (II,) phenolic [8]. 
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Figure 6 The packaging-selection diagrams for (--) plastic foams, 
(---) plastic honeycombs (out-of-plane), and ('-.) plastic honey- 
combs (in-plane). Plastic honeycombs loaded out-of-plane had 
a better energy-absorption capacity than plastic foams. For a given 
application, the optimal honeycomb is much lighter than its foam 
counterpart. 

T A B L E  II ceU-wa11 properties 

Materials ps(Mg m 3) E~(GN m -2) crrs(MN m - 2 )  

ABS [20] 
Phenolic [20] 
Polyethylene [I] 
Polymethacrylimid [16] 
Polyurethane, rigid [1] 
Polyurethane, flexible 

�9 [ i ]  

Polystyrene, flexible 
[20] 

Styrene-acrylonitrile 
[20] 

1.07 2.6 70 
1.28 0.038 100 
0.92 0.2 - 
1.2 3.6 360 
1.2 1.6 127 

1.2 0.045 

1.05 3.0 80 

1.05 3.0 80 
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Figure 7 The packaging-selection diagrams for (--) elastic foams 
(---) plastic honeycombs, (out-of-plane), and (".) elastic honey- 
combs (in-plane). Elastic honeycombs loaded out-of-plane had 
a better energy-absorption capacity than elastic foams. For a given 
application, the optimal honeycomb is much lighter than its foam 
counterpart. 

foams, which makes them very attractive when weight 
savings are crucial. On the other hand, honeycombs 
loaded in the in-plane directions are inferior to foams 
in their weight savings. 

5 .  A c a s e  s t u d y  on  c a r - h e a d - r e s t  
d e s i g n  

Many packaging theories have been proposed to date. 
As reviewed earlier, these theories either do not dir- 
ectly provide the optimal density or they have some 
practical difficulties in giving the density. A large 
amount of experimental data on foams has also 
been generated. Companies like Dow Chemical use 
"cushion" curves [24] in designing package com- 
ponents. These cushion curves are material specific as 
well as component-geometry specific. Understand- 
ably, the amount of experimental work involved is 
considerable. Organizing this data into a readable 
database is also difficult: The packaging-selection dia- 
grams proposed in this paper provide a direct and 
systematic approach to the selection of foams for 
a given impact or in static situations. Their advantage 
over other methods is that they bring together foam- 
material types and strain-rate variables in one dia- 
gram. From these diagrams, the optimal density and 
the energy absorbed can be read out with ease and 
with adequate precision. To illustrate this, a car-head- 
rest design ts studied. 

According to Gibson and Ashby [1], the head-rest 
padding of a contemporary family car is made of 
a flexible polyester foam with a relative density close 
to 0.06. The other design constraints provided by 
Gibson and Ashby [1] are as follows: the maximum 
permissible deceleration a = 50 g, the area of contact 
between a head and the rest is A = 0.01 m 2, the mass 
of a head m = 2.5 kg, the thickness of the padding is 
t = 0.17m. 

The maximum permissible stress is given by: 

erp = ma/A = 1.23 • 105Nm-2 

The static Young's modulus of solid polyester is 
15 M N m  -2. Assuming that the dynamic modulus Es 
(when the car slows down from a speed of a few miles 
per hour, the expected strain rate of the head-rest 
padding is around 100/s. This value of the strain rate 
will typically give a dynamic modulus which is about 
2.5 times the static modulus)is 37.5 M N m  -2, then 

ap/Es = 3.3 x 10 -3 

Using the prediction from the refined model in Fig. 4, 
the optimal relative density is 0.1 and the maximum 
energy absorbed is 

W = 0.24crp = 30.6kJm-2 

The maximum collision speed at which the foam pad- 
ding can protect the car occupants is: 

0.5 mv 2 
W = = 30.6kJm -z 

At  

leading to 

v = 6.4ms-Z = 14.3m.p.h 

This protection speed is muchhigher than the 6 m.p.h. 
(miles per hour) calculated by Gibson and Ashby [1] 
for the current head-rest-padding mode of a polyester 
foam with a relative density of 0.06. 

Applying a similar selection procedure to foams 
made of polyethylene with a dynamic modulus of 
500 MN m -2 yields an optimal density of 0.034 and 
a protection speed of 15.9 m.p.h. In this case, the 
energy absorption efficiency, Cz, is 30%. As seen from 
Fig. 4, the efficiency can be improved up to 38% by 
choosing more rigid foams made of materials with 
a higher Young's modulus. The optimal densities for 
more rigid foams are lower as well. As a result, Weight 
savings and the energy efficiencies can be achieved at 
the same time when a flexible foam made of a stronger 
solid material is utilized. Designing a packaging is 
a complex issue. Cost, appearance and other design 
considerations 1-25-1 need to be weighed, and a final 
choice made and  tested. 

Can another type of cellular material be chosen to 
make head-rest paddings even lighter and more en- 
ergy-absorption efficient? Nomex-paper honeycombs 
might be a potential choice. As can be seen from Table 
I, by choosing flexible honeycombs (loaded in the 
out-of-plane direction), the efficiency, C~, can be in- 
creased to about 50%. The dynamic Young's modulus 
of Nomex paper is about 2.2 GPa. Using the data for 
elastic honeycombs from Table I, the optimal relative 
density can be calculated as having a value of about 
0.01. The protection speed is increased to 20.5 m.p.h. 
In this case, the total weight saving in using Nomex 
honeycombs .rather than polyester foams is as high 
as 90%. 

6. C o n c l u s i o n s  
The energy-absorption diagrams of the type proposed 
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in this paper are not limited to foams and honey- 
combs. Similar diagrams can be developed for other 
classes of materials if their stress-strain curves have 
a similar shape. Density is always an important para- 
meter both in terms of its effect on the stress-strain 
behaviour and the weight-saving considerations perti- 
nent to many engineering applications. A general 
approach exists where the permissible stress is 
normalized by a solid property, and is then plotted 
against the relative density. The solid property chosen 
should be the property affecting the initial collapse 
stress the most. This is reminiscent of the approach to 
materials selection pioneered by Ashby [26], where all 
the materials properties are mapped against density. 
Even if a constitution law governing the collapse stress 
with regard to the relative density may not exist, 
empirical energy diagrams like those in Figs 4 and 
5 can be developed, and empirical design criteria like 
those in Table I can then be extracted. The optimal 
density and the maximum amount of energy absorbed, 
of course, can be read directly from these diagrams 
with reasonable precision. 

Packaging systems employing cellular materials are 
traditionally designed with an experimental database, 
requiring a large number of impacts tests [2]. The 
packaging-selection diagrams in this paper allow em- 
piricism to be combined with physical modelling. If 
properly used, the number of experiments needed in 
the design process can be significantly reduced. The 
diagrams are adequate for the broad comparisons 
required in conceptual design, and, in most cases, for 
the rough calculations of embodiment design. They 
may not be appropriate for detailed design calcu- 
lations where it may be necessary to conduct a few 
selected experiments. Packaging-selection diagrams 
are helpful in narrowing down the range of densities 
and choices of the solid base materials to be tested. 
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