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ABSTRACT

CORRUGATED BOARD AS A PACKAGE

CUSHIONING MATERIAL

By

Eric Christian Wenger

The performance of corrugated fiberboard as a cushioning material

was investigated and a mathematical approach to predict the peak

acceleration, number of useful drops, dynamic deflection, and shock

duration was tested and confirmed. Cushions in the flat and edge

crush mode were conditioned at different moisture contents and

subjected to drop tests in order to obtain shock transmission data

over the intended range of use. The method was an energy approach

based on the development of dynamic stress vs. strain curves for the

material. Because of strain rate effects, an approach which related

drop parameters to dynamic stress and strain data was essential.

This resulted in a high degree of correlation between predicted and

actual results. Conventional cushion curves for corrugated were

generated from a single stress vs. strain curve following

recommended ASTM procedures. Corrugated cushions were also

compared to existing foam cushions both in performance and

economics, and were found to be very competitive.
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INTRODUCTION AND LITERATURE REVIEW

1W

The purpose of this study is to develop a method for predicting the

cushioning performance of corrugated fiberboard. Although it is one of the

most widely used packaging materials for containment, it has generally been

ignored as a performance oriented cushioning material. Its traditional use

has been in the production of shipping containers, or as dunnage in the

packaging of rugged items where product fragility is of little concern [1].

The ease of recyclability and separation from other materials makes

corrugated board an ideal alternative to the highly visible foam materials

which have been scrutinized by environmental legislation in recent years.

However, no research aimed at quantifying the cushioning ability of the

material has been published to date. Some research has been done on

Honeycomb cushioning, which is a paper based cushioning material used

mainly by the military. Cushion curves for Honeycomb at standard

laboratory conditions were developed by Singh [2] in 1986. Asvanit [3]

furthered the study of Honeycomb. in 1988 by assessing the effects of

moisture content on shock transmission properties.
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Several models have been developed for predicting the behavior of

polymeric cushions. Burgess [4] formulated a model for closed cell

cushions based on the thermodynamic processes associated when partially

trapped air is compressed rapidly in an elastic network of interconnected

membranes. Throne and Progelhof [5] have also researched the static and

dynamic stress vs. strain behavior of low density closed cell cushions.

The development of a model for corrugated cushions allows an engineer to

reduce dozens of cushion curves, which take into account product weight,

expected drop height, cushion thickness, and bearing area, to a few

descriptive equations which can be solved through mathematical

manipulation or by the use of sophisticated curve fitting software. A typical

set of cushion curves for Arcel 310 is shown in Figure 1. A single

cushioning material may require a dozen or more of these curves to

reasonably describe its behavior over the intended range of use. It is these

advantages which provide the incentive for this work.

1W

From 1953 to 1959, the Structural Mechanical Research Laboratories at the

University of Texas, under contract with the Delivery Quartermaster

Research and Development command [6], had investigated several types of

cushioning materials to be used for single drop aerial deliveries.

Honeycomb was chosen as the material best suited for this purpose. Its

structure consists of a core of oval cells bounded on both sides by linerboard

face panels. Figure 2 illustrates a crossectional view of its structure.
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Honeycomb is made entirely from unbleached Kraft linerboard paper. The

core is made from 33 pound basis weight stock, while the face panels consist

of 69 pound linerboards. Dynamic stress vs. strain curves were investigated

to provide information on the energy absorption characteristics, and from

this, the cushioning properties of the material were assessed. In 1986,

cushion curves were experimentally developed by Singh [2] under standard

lab conditions of 72°F @ 50% RH. This research was aimed at evaluating

the effects of cell size, cushion thickness, and drop heights on transmitted

shocks. In 1988, Asvanit [3] furthered the research by developing cushion

curves for Honeycomb exposed to various moisture contents. It is from this

body of knowledge that many behavioral characteristics of the material were

derived. Both the material and the method of analysis are similar to

corrugated material.

The most important analysis tool is the static stress vs. strain curve. A

typical static stress vs. strain curve for Honeycomb is shown in Figure 3.

Examination of the curve reveals three distinct modes of behavior the

material undergoes during static compression. During initial loading, the

stress increases linearly until a sharp peak is reached. The Honeycomb is

compressed elastically throughout this region, showing no visible signs of

deformation. As the core starts to buckle, the stress values decrease and

maintain a nearly constant value until a strain of around 65% is reached. At

this level of strain, the cells have completely collapsed and the cushion acts

like a solid block of paper under compaction. This region, where the

cushion has effectively "bottomed out", is marked by a sharp rise in stress

values as the applied load is increased.
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The energy absorbed by a cushion during compression is the area under the

stress vs. strain curve up to the point of compression. This will be shown in

detail later on. When compressed, a cushion either stores or dissipates

energy. In Honeycomb, the amount of stored elastic energy is small

compared to the total energy absorbed during impact since the elastic range

is very small. The stress vs. strain curve during unloading is shown in

Figure 3 as the cross-hatched area, which equals the elastic energy recovered

by a cushion during the rebound stage of an impact. The ratio of rebound to

dissipated energy is called the resilience [6], which is considered a material

property related to shock absorption ability. A material with high resilience

will not necessarily provide optimum protection for an item, simply because

the large amount of rebound energy present in the cushion subjects the

object to repeated impacts. Honeycomb cushioning is considered an

excellent material for single drop use because it has low resilience and is a

good dissipater of impact energy. The same is expected to be true of

corrugated. The smallest decelerations can be obtained within the constant

stress region of the static stress vs. strain curve. Witting [7] recommends a

minimum of 0.2 inch pre-compression on Honeycomb material to overcome

the initial peak stress, however if complete crushing of the cushion is

expected, the pre-compression is not necessary.

The dynamic stress vs. strain curves obtained from five grades of

Honeycomb material produced results similar in shape to the static curves,

except the dynamic stresses were somewhat higher [8]. The difference

between the static and dynamic stress for a given strain depends on cell size,

cushion density, and processing techniques. Honeycomb grades are

measured by overall density related to cell size, basis weights used, and
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percent resin impregnation. Kames tested five untreated grades and found

that for core densities ranging from 1.0-2.6 lb/ft’, the dynamic energy

absorption averaged around 44% higher than its static counterpart. The

maximum strain under dynamic test conditions at the point of bottoming out

was about 2-5 percent higher than the static maximum strain value.

There have been numerous studies on the factors which affect the

compression strength of corrugated fiberboard. From these investigations,

the edge and flat crush tests were developed as a means of measuring the

compressive resistance of the material. The edge crush test, ASTM D 2808-

90 [9], measures the edgewise compressive strength of a short column of

combined corrugated fiberboard. Research has linked the compressive

resistance of specimens along with the flexural stiffness of the board to the

top-to-bottom compression strength of corrugated containers [10]. The flat

crush test, TAPPI T808 om-86 [11], measures the resistance of flutes to a

crushing force applied perpendicular to the surface of the board. Flat crush

is a measure of flute rigidity within the board. Both tests are often used for

comparing different lots of similar combined boards, or for comparing

different basis weights combinations.

A pilot study [12] was conducted which aimed at relating the cushioning

properties of C-flute corrugated board to the flat and edge crush values of

the material. A summary of the methods used for the experiment follows.

Newton's second law states that:

F = W x G (1)

where: F = force

W= weight
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G = acceleration expressed as a multiple of gravity, g

g = acceleration due to gravity = 386.4 in/sec‘I

Applying this to a dynamic drop with a product weight W, and solving for G

yields:

F .

G—TV- (2)

Newton's third law states that when a body exerts a force on another body,

the latter exerts a force of equal magnitude and opposite direction on the

former. Thus, the falling weight produces a downward force F on the

corrugated board, and the board exerts a force equal in magnitude but

directed upward on the weight as the reaction force. Figures 4 and 5

illustrate typical flat and edge cushions used for the pilot study. In an edge

cushion, the opposing force is limited to the edge crush strength of the

material and can be quantified by:

F ; edge crush (lb/in) x edge length (in) (3)

The "edge length" for a cushion is the total length of board the falling weight

acts upon. For example, a ten layer cushion where each layer has a length of

2.5" would have an "edge length" of 25". Equation (2) then becomes:

edge crush (lb/in) x edge length (in)

product weight (lb)

The same method is used to derive the flat crush equation. The reaction

Edge crush G = (4)

force is given by:

F = flat crush (psi) x bearing area (in2) (5)

Substitution into equation (2) yields:

flat crush (psi) x bearing area (inz)

product weight(1b)

 Flat crush G = (6)



Figure 4 : Corrugated cushi °onm the flat crush mode.
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ll

 

 

 

 

Figure 5: Corrugated cushion in the edge crush mode.
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An obvious concern regarding equation (6) is how the number of layers in a

flat cushion affects the peak G in a drop. According to equation (6), peak G

is independent of the number of layers used provided the cushion does not

bottom out. If it bottoms out however, the predictions are invalid, and this is

determined by examining the dynamic compression in a drop. In order to

calculate dynamic compression, the following energy balance is

manipulated:

Potential energy = weight x drop height = force x dynamic compression

Solving for dynamic compression gives:

_ product weight (lb) x drop height (in)
 

 

 

d'" force (lb) (7)

where: d", = dynamic compression

Substituting the forces from equations (3) and (5) gives:

d '= product weight (lb) x drop height (in) (8)

"' edge crush (lb/in) x edge length (in)

m = product weight (lb) x drop height (in) (9)

flat crush (psi) x bearing area (inz)

for edge crush and flat crush cushions respectively.

If it is assumed that the force required to crush corrugated remains relatively

constant throughout the dynamic compression, then drops made onto

corrugated cushions should result in relatively constant accelerations.

Hence, an acceleration vs. time waveform should be a square wave,

resembling a waveform produced by a shock machine when dropped onto its

gas programmers.
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Flat and edge crush tests were performed according to the standards cited

earlier, and average values were calculated for both. It was verified that the

number of layers had no affect on the flat crush strength. The above

predictions were tested on manually constructed corrugated cushions and it

was found the equations did not accurately predict peak G's resulting from

dynamic drops. Predictions were found to be in error up to i 50% of actual

results. This large error was unexpected however, as this method did work

well for Honeycomb material. This can be attributed to the incorrect

assumption that a constant force is required to crush a specimen throughout

the entire dynamic compression. Hence, constant accelerations will not

result, and the predictions are invalid. Thus, another approach must be taken

in order to accurately predict peak G's associated with drops made onto

corrugated cushions.



W

THEORETICAL DEVELOPMENT, MATERIALS,

AND TEST METHODS

W

This chapter outlines a method which allows all the cushion curves for a

material to be generated using the dynamic force vs. compression curve. We

would like to be able to use static force vs. compression data, but the

"sluggish" response of most materials to deformation prevents this

information from being useful. Viscoelastic materials have stresses which

are dependent upon the strain rate as well as the strain. Figure 6 shows a

comparison between static and dynamic force vs. compression curves for a

typical material. The two curves are usually similar in shape, but can have

very different values. The dynamic curve for a material is always higher

than its static counterpart. If a material is non-Viscoelastic and light weight

(i.e. low density), then the two curves can be expected to be almost identical.

However, for materials which are Viscoelastic or high density in nature, the

curves may show large differences. Hence, the static curve cannot be used

to predict peak G's with any success. Although corrugated material is non-

viscoelastic and lightweight, the dynamic curve should be used if possible.

However, obtaining such a curve by conventional means is nearly

impossible, as it would require a compression tester capable of operating at

impact speeds of around 100 in/sec, instead of the standard 1/ " per minute.

14
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Figure 6: Comparison of static and dynamic force

vs. compression curve.
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Instead, the dynamic curve will be deduced from actual dr0p tests. The

generation of the static force vs. compression curve will serve as the starting

point, and it is here an explanation of the technique will begin.

A compression test is first performed on a block of material of arbitrary

dimensions and thickness. This is shown in Figure 7. The static force F

acting on the cushion is assumed to be evenly distributed over the entire

bearing area A. From this, force vs. compression can be plotted for the test

cushion. A typical force vs. compression curve is illustrated in Figure 8.

This curve can be converted to a static stress vs. strain curve by the

 

 

following equations:

stress 0' = force (10)

area

strain a = compresswn (1 l)

‘ - thickness

The stress vs. strain curve has the same general shape as the force vs.

compression curve, because the conversion merely involves the operation of

scaling both axes to. the proper units. The stress vs. strain curve is a material

property, which applies to cushions of any size, whereas the original force

vs. compression curve applies only to the specific cushion tested, provided

the material is homogeneous (i.e. same composition throughout).

Corrugated board does not first appear to be homogeneous, as it contains

both a medium and linerboards. However, in the flat crush orientation the '

liners are not compressible, so they play no role in the results. In the edge

crush orientation, both the medium and liners are compressed, but the

composition remains uniform throughout the entire thickness because all

crossections are identical. Thus, corrugated board can be considered
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Force (F)

 

 

 

 

Figure 7: Static compression test of block cushion. The

force F is uniformly distributed over area A.
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Figure 8: Force vs. compression curve for block cushion.
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homogeneous, and the stress vs. strain curve can be applied to cushions of

variable size and thickness.

The energy absorbed by a cushion during compression is the area under the

force vs. compression curve up to a particular deflection. Inspection of

Figure 9 shows the force is continuously changing with respect to

compression. The energy absorbed by a cushion can then be expressed by:

d

Energy absorbed = I F dx (12)

0

where: F = force

d = compression

But according to equations (10) and (1 1),

force = stress x area (13)

compression = strain x thickness (14)

which leads to,

8 8 8

Energy absorbed = j (O'A)(td£) = At j ode = V j ads (15)

o o o

where: a = stress

8 = strain

A = Area

1‘ = thickness

V = Volume

Simply stated, the area under the force vs. compression curve is equal to the

area under the stress vs. strain curve multiplied by the cushion volume.
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X   p
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Figure 9: Energy absorption characteristics of a cushion.
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The above discussion used the static force vs. compression curve to develop

the result in equation (15). The discussion also applies to the dynamic force

vs. compression curve, with stress accounting for the strain rate affects.

Hence, even though the dynamic curve cannot be obtained by conventional

means, the results can still be applied to a drop situation. In order to relate

absorbed energy to drop parameters, the following is manipulated:

Potential energy = weight x drop height = energy absorbed by cushion

W x h = At x Area under dynamic stress vs. strain curve

Solving for the area under the curve yields:

th_sxh

Axr t

where: s = 1X- : static loading (psi)

(16)
 

Area under stress vs. strain curve =

Once the dynamic stress vs. strain curve for a material is obtained either by

experimental or theoretical methods, it is possible to locate where an impact

lies on the curve by moving along the strain axis until an area equal to sh/t is

enclosed, as shown in Figure 10. Once the energy absorbed in an impact is

known, the peak acceleration can be found fi'om the corresponding dynamic

stress 0,". Equation (2) can be changed over to stress parameters using

equation (13), yielding:

G=—=—=— (17)

Thus, in dynamic impacts with known parameters (i.e. drop height, static

loading, and cushion thickness), dynamic stress values can be found. The

drop parameter shit is simply the energy per cubic inch of material to be

absorbed by the cushion. This determines the dynamic stress for the stress

vs. strain curve, and peak G is calculated using equation (17). The only
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Figure 10: Dynamic stress vs. strain curve for cushion.
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trouble at this point is that the dynamic stress vs. strain curve is not known

and in general cannot be obtained from the static stress vs. strain curve.

Fortunately, the dynamic stress vs. strain curve can be experimentally

developed through drop tests. To start, block cushions are constructed. The

first specimen is subjected to drop conditions which result in a small amount

of absorbed energy (sh/t). The drop is made and the peak deceleration is

recorded. Equation (17) is then used to derive the first dynamic stress value

corresponding to the area shlt. Subsequent tests are performed on cushions

which are forced to absorb increasing amounts of energy. This is continued,

and the shit (area) values are tabulated against Gs (dynamic stress) values in

ascending order. The stress values do not approach zero when the absorbed

energy is zero because a minimum stress level must be overcome in order

for a cushion to be compressed. Once this stress is exceeded, the structure

buckles and begins to compress.

Once the dynamic stress vs. area values have been found, the strain values

may be calculated. Figure 11 shows the change in energy absorption as the

cross-hatched area between successive test points on the curve. The change

in area can be approximated by the trapezoid rule:

AA=Aexom=Aex[-gif2—Zz—] (18)

Solving for As yields:

 A8 = . (19)
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Figure 11: Change in dynamic strain between two points

on the dynamic stress vs. strain curve.
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where: A8 = change in dynamic strain

0'l = dynamic stress at 1st test point

0'2 = dynamic stress at 2nd test point

am = average stress between two points = (0'1 + 0'2 )/2

AA = change in energy absorbed

Equation (19) allows the change in strain between any two neighboring

points on the dynamic stress vs. strain curve to be found. From this, the next

strain can be calculated using:

82 = .91 + As (20)

where: 81 = dynamic strain corresponding to 0'1

82 = dynamic strain corresponding to 0'2

Once a starting value for strain is known, equation (20) can be used to find

every other strain. The strains can then be calculated for every dynamic

stress value. The experimental data is then plotted, thereby revealing the

general shape of the curve. At this point, there are three quantities which are

related: stress, strain, and area. By using special curve fitting software,

polynomial equations representing the plotted data can be generated. The

more useful approach is to plot both dynamic stress and strain as a function

of energy absorbed. In this way dynamic stress, strain, and peak

acceleration may be predicted based on the energy absorbed by the test

cushion.

The polynomial equations can be used to calculate all relevant information

related to particular drop events. First, values are chosen for static loading,

drop height, and cushion thickness. The sh/t value is then plugged into the

polynomial which relates dynamic stress to energy absorbed by the cushion.

Solving this equation gives dynamic stress, and peak G is found by using

equation (17). This same shlt value is then plugged into the polynomial
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relating dynamic strain to energy absorbed. Applying the resulting strain to

equation (14) can then be used to find the dynamic compression resulting

from the drop.

WWW

Corrugated cushions can only be subjected to a limited number of impacts

before losing their cushioning ability, as they experience permanent

deformation after only a single drop. It is important, therefore, to be able to

predict the number of drops a cushion can withstand before bottoming out,

along with the peak G's associated with these multiple impacts. Before

either of these can be predicted, it is necessary to discuss some fundamental

properties of materials which exhibit permanent set upon exposure to

dynamic forces. The coefficient of restitution "e", defined as the ratio of

rebound velocity to impact velocity, is used as a measure of the energy lost

in an impact. To quantify the energy lost, the following energy balance is

used:

Potential energy of falling object = Kinetic energy just before impact

w><h=-;-mv,2 (21)

where: m = mass of object

v, = impact velocity (in/sec)

w = weight of object = mg

2

Kinetic energy just after rebound = i—mv, (22)

where: v, = rebound velocity (in/sec)

But v, = e x v, so,
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Kinetic (rebound energy) = %m(ev,-)2 = émezv,2 = ezwh (23)

Energy lost = impact — rebound = wh — ezwh = wh(1 — e2) (24)

The fraction of energy lost in an impact can then be expressed by:

final energy = Wh(1"€2)
=1— 2 25

initial energy wh ( e) ( )

  

Fraction of energy lost =

Equation (25) is the key result used to handle multiple impacts. Figure 12

shows a model which will be used to explain how the above results are

applied to inelastic materials which incur permanent deformation upon

exposure to dynamic forces. When the falling weight strikes the block, it

must first bottom out the spring before it can be displaced. Compressing the

spring corresponds to recoverable elastic energy and moving the block

represents unrecoverable energy (permanent deformation). If the drop

energy wh is insufficient to bottom out the spring, then the block does not

move and there is no permanent deformation. This corresponds to a

perfectly elastic drop (e = 1). If sufficient drop energy exists, then the block

moves and there is some permanent deformation. In the worst case, all of

the impact energy is lost in the drop. This corresponds to a perfectly plastic

drop (e = 0). When OSe $1, the falling weight strikes the block with

impact energy wh, and rebounds with energy ezwh. This is true for all

subsequent identical drops made onto the block.

This same analogy can be used to describe the behavior of corrugated

cushions. In a dynamic drop, a cushion absorbs energy wh, but gives back

energy ezwh during rebound. This will be true for every drop made onto a

given cushion, until it absorbs enough energy to cause it to bottom out. The

amount of absorbed energy which causes a cushion to "barely" bottom out,
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Friction

Figure 12: Falling weight striking block held

between two walls by friction.
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either as the result of a single drop or combination of drops can be obtained

from the dynamic stress vs. strain curve. This quantity can be visually

represented as the area under the stress vs. strain curve up to the point where

the stress values start to rapidly increase, shown as the "knee" on the curve

inFrgurell.

The energy absorbed (i.e. area under stress vs. strain curve) for a typical

corrugated cushion subjected to multiple impacts under identical drop

conditions is shown in Figure 13. As outlined earlier, the cushion absorbs

energy in the amount wh in the first drop, but gives back ezwh . Hence, this

same quantity of energy must be reabsorbed in the second impact to get back

to point 1 on the stress vs. strain curve. During the second drop, the cushion

then absorbs wh(l — e2), according to equation (24). Solving for area under

 

the curve yields:

'_'wh(l- e2) _ sh(l—e2)

A2 — At — t (26)

In other words, an additional quantity of energy in the amount of

(1— e2) sh/t must be absorbed with each new impact. This is illustrated in

Figure 14.

The peak deceleration for the first impact is found simply by dividing the

dynamic stress 0'1 by the static loading. To find the dynamic stress for the

second impact, the additional energy absorbed (1 — e2) sh/t must be added

to the shit from the first, thereby moving further out along the strain axis

with each additional impact. Peak G for the second drop is found by

dividing the new dynamic stress 0'2 by the static loading. This is continued
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Figure 13: Energy absorption of a cushion subjected

to multiple impacts.
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until the cushion absorbs enough energy to exceed the maximum. As the

cushion "bottoms out", the peak G rises dramatically and the useful life of

the cushion is exhausted. The number of useful drops N for a cushion under

identical drop conditions can be determined by setting the total amount of

energy to be absorbed, sh/t+(N—1)(l -e2) sh/t, equal to the maximum

energy absorbing ability of the cushion and solving for N, which gives:

N_1+(1—e2)[sh/t I] (27)

where: sh/t = energy absorbed in an arbitrary impact

max = maximum energy absorbing ability of cushion (psi)

 

W

The impact duration can be estimated for any drop made onto a corrugated

cushion once the dynamic stress vs. strain relationship is known. However,

because the stress continuously changes as the cushion compresses, the

calculation is complicated. The impact duration will be split into two parts;

the deceleration phase in which the mass slows to a stop from its impact

velocity, and the acceleration phase in which the mass goes from rest to its

rebound velocity. In order to simplify the analysis, it will be assumed that

the object undergoes constant acceleration during both parts of the impact.

Under constant acceleration, an objects velocity increases linearly with time.

Hence, the following is true:

displacement = average velocity x time
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d", =(V';O)xr0_pk (28> 

Solving for to_ pk yields,

2:1.
o-pk =

Vi

t (29)

where: (1,, = dynamic compression (in)

V,- impact velocity = x/2gh

The linear spring mass model will be used to find the time from peak G to

the end of the impact. Under this model, the time duration for the

deceleration and acceleration phases are equal. The total impact duration

can then be estimated by:

tdur = to—pk + tpk—o : 2L2$LJ fl (30)

V.
1

2.1.4 PERF RMANCE UNDER HIGH HUMIDITY ONDITIONS

Packages are exposed to a wide spectrum of environmental conditions when

shipped through the distribution system. Hence, it is important to know how

these environments affect the performance of corrugated cushions. Previous

work by Hoph [13] on Honeycomb cushions showed that exposure to high

humidities lowered the stress values on the static stress vs. strain curve;

consequently the energy absorption characteristics of the material were

diminished as well. Table 1 shows the effect of various humidities on box

compression strength [10].' The humidity factor H is used to adjust the
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Table 1: Humidity factors for

 

 

 

 

 

 

 

corrugated board [10].

Relative Humidity H

Dry 125%

25% 1 10%

50% 100%

75% 80%

85% 60%

90% 50%   
 

r
3
.
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compression strength of a box, depending on the relative humidity of the

environment the container is exposed to. As relative humidity increases, the

compression strength is reduced from the value at standard conditions (50%

RH). Conversely, the compression strength of a container will increase

when the relative humidity is less than standard conditions. Thus, 50% RH

is used as a reference value (H = 1). Because these factors were developed

for box compression strength, which involves crushing the material, these

same humidity factors can be applied to the experimentally determined

dynamic stresses. The stress value at any relative humidity can be calculated

by:

0:0"fo (31)

where: 0' = dynamic stress at arbitrary relative humidity

0,4 = dynamic stress at 50% RH

H= humidity factor

Similarly, strain values can be found at any relative humidity by:

e — 8"” (32)
- H

where: 8 = dynamic strain at arbitrary relative humidity

emf = dynamic strain at 50% RH

For example, if the cushions are exposed to a relative humidity of 75%, then

all the stress values on the curve will decrease by 20%, while the strains are

increased by 20%. It follows then that lower peak accelerations are obtained

for identical drops made at higher humidity conditions. While this is good,

the drawback is that cushions will "bottom out" in fewer drops than those

exposed to lower humidity conditions. The impact durations are also

affected by exposure to higher humidities, as the dynamic compression

values will be greater for identical drops made at higher humidities. Under
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identical drop conditions, impact durations at higher humidities are related to

those at standard conditions by:

t

r,,, = if (33)

where: t4“, = impact duration at arbitrary relative humidity

t,,, = impact duration at 50% RH

WW

Conventional cushion curves for first impacts of corrugated cushions can be

generated from dynamic stress vs. energy absorbed data. The first step is to

select a drop height for which the cushion curve is to be developed. Next,

construct vertical (peak G's) and horizontal (static loading) axes, and divide

each into suitable increments. Once a cushion thickness is chosen, calculate

the energy absorbed (sh/t). for each of the static loading increments. Then

obtain the dynamic stress values for each sh/t, and divide by the

corresponding static loading to get peak G for each drop. A plot can then be

constructed with peak G's on the vertical axis, and static loading on the

horizontal axis. A "best fit" curve should then be drawn through each point

to obtain the cushion curve for that particular thickness. This procedure can

then be repeated for other drop heights and cushion thicknesses, thereby

revealing the performance of the material over the intended range of use.

This will be done for C-flute corrugated board both in the flat and edge crush

orientations.
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Materials: In this study, flat and edgewise cushions were constructed so as

to test the material's cushioning performance both parallel and perpendicular

to the direction of flutes. C-flute corrugated board was used to make the

cushions for this experiment. The individual layers of each specimen Were

held together by 3M Brand Sprayment Adhesive, which was used to

minimize warpage of the samples. Cushions were conditioned in two

different temperature and humidity environments and allowed to reach

equilibrium with the ambient atmosphere. The two environments were:

a) 72 :l: 1°F @ 50% RH (Standard Conditioning Atmosphere)

b) 100: 1°F @ 80% RH

which resulted in different moisture contents within the samples.

Apparatus: Humidity chambers were used to condition the samples at the

higher temperature and humidity conditions. The chambers remained closed

for the entire conditioning period, so as to minimize humidity fluctuations to

that inherent of the equipment (1 3%).

Method: All cushions were conditioned in accordance with ASTM D4332-

89 [14], which recommends a minimum exposure time of seventy two hours

for the samples to reach equilibrium. The cushions were cut using a S & S

corrugated sample cutter and a Milwaukee Model LN 62A610 band saw.

These were used to provide the cushions with a loading surface parallel to

the free moving platen of the cushion tester.

llDRQL'IESI

Materials: Several cushion sizes were constructed for the drop test,

depending on the desired static loading. Drop heights, ballast weights, and
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cushion dimensions were however, conStrained within the practical limits of

the cushion tester.

Apparatus: The equipment used for the drop test consisted of the

following:

1. A Lansmont Corporation Model 23 cushion tester with a flat dropping

head onto which ballast weights could be added, a lifting mechanism, and a

rebound brake trigger switch. Figure 15 illustrates the equipment used.

2. A Dytran piezoelectric accelerometer containing a sensitivity of 10 mV/g

was mounted onto the free moving platen.

3. A Dytran Model 4110 AC piezotron charge amplifier was used to

magnify the accelerometer output.

4. A Lansmont Corporation Testpartner Version 2 data acquisition software

system was used to record shock pulse waveforms from the accelerometer

mounted on the cushion tester's moving platform as it impacted the

corrugated cushions. The waveforms were filtered at a frequency of 50 Hz

in order to remove the high frequency components associated with the

ringing of the test fixture that were superimposed on the underlying shock

pulses. A trigger level of i 20 g's was used to prevent small accelerations

not originating from the actual impact from being recorded on the

acceleration time history. Figure 16 illustrates a typical shock waveform.

5. Lansmont Corporation lubricant was applied to minimize fiictional forces

between the guide rods and the falling platen during drop testing. However,

because these forces cannot be eliminated completely, equivalent drop

heights based on the impact velocity were used in place of actual drop

heights. The cushion tester contains an adjustable gate which measures the

time, in milliseconds, for a blade width equal to one half an inch to pass
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Figure 15: Diagram of test equipment used for drop tests.
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through it. This time interval, known as the "Gate Time", can be expressed

by:

_ blade width _ 0.5"

V. ' "—27?

Thus, to make a drop from an arbitrary height, an equivalent drop height

must be used which satisfies equation (34).

Method: ASTM D1596-9l [15], the method for determining the dynamic

shock cushioning characteristics of packaging materials, was followed in this

GT (34) 

experiment. However, since corrugated fiberboard cushions experience

permanent deformation after only a single drop, replicate samples were used

for each drop made on the cushion tester. A total of five drops per static

loading were made in order to increase the statistical accuracy of the results.

W

Materials: Flat and edge crush tests were performed on C-flute corrugated

fiberboard samples according to TAPPI Standard T808 om-86 and ASTM

D2808-90 respectively.

Apparatus: The equipment used to perform these tests consisted of:

l. A 400 Series TMI Crush Tester, Model no. 17-36.

2. A TMI standard circular sample cutter.

3. A TMI standard edge crush sample cutter.

Methods: Twenty specimens each were cut and stored at standard

conditioning atmosphere (72 i 1°F @ 50% RH) for a minimum of 72 hours

to allow the samples to reach the equilibrium moisture content of the

ambient atmosphere. Tests were then conducted in accordance with the
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applicable standards, with the exception that the loading edges of the edge

crush samples were not dipped in molten paraffin as specified in the

standard. It was deemed that by not following this procedure, the samples

would be subjected to forces which were closer in nature to those

experienced during the drop tests.



RESULTS

W

Table 2 summarizes the various drop conditions that were used to develop

the energy absorbed vs. dynamic stress and strain relationships for edge

crush cushions conditioned at 50% RH. The data is arranged in ascending

order so that the relationships may be shown graphically and analyzed using

special curve fitting software. Appendix A contains a portion of the original

shock pulses used to generate the table. Fortunately, only a few are needed

to illustrate the procedure used to generate the data. It is important to note

that the stress, strain, and energy absorbed data can be applied to any drop

situation because they represent a property of the material (i.e. like density),

whereas the rest of the data relates to the particular drop conditions used for

each test.

For example, the drop parameters for the first test cushion are: h = 2", w =

12.8 lb, A = 19.5 in’, and t = 1.5". Using equation (17), the dynamic stress

is 47.864 x (12.8/19.5) = 31.42 psi. This process was repeated in order to

calculate the remaining stress values. Once all of the stresses have been

found, the strain values are calculated using equations (19) and (20). Recall

equation (19) gives the change in dynamic strain between two test points on

42
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the curve, while equation (20) is used to determine cumulative strain. The

only problem at this point is knowing what initial stress value (buckling

stress) to use for the variable 01 in equation (19) to calculate the change in

strain for the 1st drop.

To find the buckling stress, the energy absorbed (shit) is plotted against

dynamic stress, and a polynomial representing a "best fit" curve to the data is

generated. Figure 17 shows the curve and polynomial which represents

dynamic stress as a function of absorbed energy for edge crush cushions

conditioned at 50% RH. The buckling stress is obtained by solving the

polynomial when the energy absorbed by the cushion is zero. Simply stated,

the constant term of the polynomial is an estimate of buckling stress, as the

true value cannot be found. The buckling stress is expected to be less than

the stress calculated for the first test condition (31.418), however, due to

correlation error between the plotted data and the "best fit" curve, a value of

35.2961 is given as the constant. Thus, 31.418 was used as the buckling

stress for the material. The change in strain then becomes:

.875 - O

(31.418+31.418)

2

The cumulative strain at this point is 0 + .0279 = .0279 according to

A8 = = .0279
 

 

equation (20). Repeating the process for the 2nd drop yields:

2.626-.875

(31.418 + 83.385)

2

The cumulative strain is .0279 + .0305 = .0584

A8 = = . 0305 
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y = 35.2961 + 15.85481: - 0.6507x‘2 + 0.0122x‘3 - 1.050e-4x"4 + 3.346e-7x“5 R = 0.99
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Figure 17: Dynamic stress vs. energy for C-flute in the edge crush mode @

50% RH.
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This process is repeated to find the remaining strains shown in Table 2. The

absorbed energy is then plotted against the strain values and a polynomial

representing dynamic strain as a function of energy absorbed is generated.

This is shown in Figure 18. Finally, stress is plotted as a function of strain

for the material. '

The "working length" for a material can be estimated by inspecting the

dynamic curve for the value of strain at which the stresses start to rapidly

increase. Figure 19 shows the working length for edge cushions conditioned

at 50% RH to be around 65%. In other words, an edge cushion can be

compressed only 65% of its thickness before it starts to compact. The

maximum useful energy absorption capacity for the material is taken to be

the area under stress vs. strain curve up to this strain, and is estimated to be

110 psi for cushions in the edge crush mode.

Tables 3 and 4 show the energy vs. stress and strain relationships for the

relative humidities shown in Table l, and were calculated using equations

(32) and (33). These relationships are important in determining the

performance of corrugated cushions when they are exposed to extreme

humidity conditions.

Predictions were made for drop conditions not used to generate the last three

columns of Table 2 in order to test the accuracy of the model. Predictions

were made for peak G, impact duration, and the number of useful drops. For

example, consider the case where a 27.8 lb weight is dropped from 6" onto a

1.625" x 2"x 1" edge crush cushion. The static loading is 27.8/3.25 = 8.55
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y = 0.0163 + 0.01211: - 2.486e-4x"2 + 4.062e-6x"3 - 2.983e-8x‘4 + 7.947e-11x‘5 R = 1.00
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Figure 18: Dynamic strain vs. energy for C-flute in the edge crush mode @

50% RH.
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y = 12.3607 + 1827.9244x - 9488.8433x"2 + 2.890c+4x"3 - 4.550e+4x"4 + 2.753c+4x"5 R = 0.99
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Figure 19: Dynamic stress vs. strain for C-flute in the edge crush mode @

50% RH.
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psi, and the energy absorbed by the cushion in the lst drop is

27.8x6/3.25=51.32 psi.

(1) Using either the graph or the polynomial in Figure (17) gives a

corresponding dynamic stress of 174.93 psi and so the predicted peak G is

20.45 for the lst drop.

(2) Using an average value of .31 for the coefficient of restitution for edge

crush cushions, the additional energy absorbed in the 2nd drop is

(l-.312)51.32=46.39 psi. The total amount becomes 51.32 + 46.39 =

97.71 psi. From Figure (17) the corresponding stress is 162.27 psi and the

predicted peak G is 18.97.

(3) The total energy absorbed in the 3rd drop = 51.32 + 2(46.39) = 144.10

psi. The stress is 829.21 psi and the peak G is 96.94.

It can be deduced from above that the predicted number of useful drops for

the cushion is two, as the energy to be absorbed exceeds the maximum

capacity (110 psi) in the 3rd drop. Another way to find the number of useful

drops is through equation (27),

 N=1+
51.32

To predict the impact duration for the 1st drop, the energy absorbed (51.32)

(1-131)[—1_1£ -1] = 2.66 or just 2

is used in Figure 18 to find a strain value of .353, which corresponds to a

dynamic compression of .353x 1 = .353". The predicted duration, in

milliseconds is:

4(.353)
r =——1000=20.74
“'“' 7772.8x6( ) ms
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Predictions were made for seven different drop scenarios to check the

accuracy of the above predictions. These conditions were then tested using

actual edge crush cushions. Table 5 summarizes the results of those tests,

and shows the comparison between the actual and predicted results.

As outlined in Chapter 2, energy vs. dynamic stress data can be used to

generate conventional cushion curves, which relate drop parameters (drop

height, cushion thickness, and static loading) to peak G. For example,

suppose a set of cushion curves is to be made for edge crush cushions

conditioned at 50% RH, and the selected drop height is 12". The chosen

thicknesses are 1", 1.5", and 2". The first step is to set up the usual cushion

curve axes by dividing the horizontal (static loading) and vertical (peak G)

axes into suitable increments: 0 - 30 psi in steps of 5 psi, and 0 - 160 G's in

steps of 20 G. To generate the curve for a thickness of 1", the energy

absorbed values, sh/t = s x 12/1, are calculated for each static loading on the

horizontal axis. The corresponding stress values are obtained from Figure

17, and the peak G for these are plotted on the vertical axis. This process

was repeated for the other thicknesses and the results are shown in Figure

20. Curves for other drop heights follow the same procedure. The rest of

the cushion curves developed for C-flute edge crush cushions are

summarized in Appendix B.

W

Appendix C contains a portion of the shock pulses that were used to

construct the energy absorbed vs. dynamic stress and strain data for flat
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h = 12", lst impact
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Figure 20: Cushion curve for 12" drop for C-flute board in edge crush mode

@ 50% RH.
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crush cushions shown in Table 6. It's important to reiterate that the data in

the first six columns of the table relate only to the specific drop parameters

and cushion sizes tested, but the last three columns describe a property of the

material which can be applied to any drop situation, provided the cushions

are conditioned to the same humidity conditions (50% RH). As with edge

crush cushions, dynamic stress was plotted against absorbed energy, and a

"best fit" polynomial was generated. This is shown in Figure 21. The

dynamic strain values were calculated using equations (19) and (20). The

stress of 4.9381 psi from the fitted polynomial was used as the buckling

stress. Next, strain was plotted against energy absorbed, as shown in Figure

22, so that dynamic compression data could be calculated. Finally, stress

was plotted as a function of strain so that the working length for flat crush

cushions could be obtained by visual inspection. .The resulting curve and

polynomial is shown Figure 23. The area under the curve up to the working

length strain represents the amount of energy the cushion can absorb before

bottoming out. For flat cushions, the energy absorption capacity is

approximately 9 psi. Tables 7 and 8 describe the energy absorbed vs.

dynamic stress and strain relationships for flat cushions over a wide range of

humidity conditions.

Six different drops were performed to test the accuracy of the prediction

formulas; none of these drops replicated those used to construct the original

data in Table 6. The results of the test are shown in Table 9. The method of

analysis was identical to that performed for edge crush cushions.

The energy absorbed vs. dynamic stress columns from Table 6, along with

equations (31) and (32) were used to produce conventional cushion curves
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y = 4.9381 + 10.4743x - 3.0603x"2 + 0.3183x"3 - 0.0086x"4 R = 1.00
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Figure 21: Dynamic stress vs. energy for C-flute in flat crush mode @ 50%

RH.
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y = 0.0213 + 0.0768x - 5.817e-4x"2 - 1.717e-4x"3 + 4.680e-6x"4 R = 1.00
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Figure 22: Dynamic strain vs. energy for C-flute in flat crush mode @ 50%

RH.
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Figure 23: Dynamic stress vs. strain for C-flute in flat crush mode @ 50%

RH.
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for C-flute corrugated cushions in the flat crush mode. The same process

that was used to develop the impact data for edge crush cushions was used to

generate the curves for the 1", 2", and 3" flat crush cushions shown in Figure

24. The rest of the cushion curves developed for flat crush cushions are

summarized in Appendix D. ‘
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Figure 24: Cushion curve for 12" drop for C-flute board in flat crush mode

@ 50% RH.



CHARTERA

DISCUSSION AND CONCLUSIONS

4WD

There are several advantages to the energy vs. stress method outlined in this

study over using conventional cushion curves. First, the number of drops

required to produce conventional curves for a cushioning material can be

immense. For example, to obtain impact data for seven different drop

heights, six static loadings, and for five cushion thicknesses at five

repetitions per condition requires 7x6x5x5 =1050 drops to be made.

Hence, a large collection of these curves are required for a reasonably

complete description of performance for a material, and this only provides

data for a limited number of drop scenarios. By utilizing the procedure

developed in this study, drop parameters are combined into two important

quantities: energy absorbed and dynamic stress. Fortunately, the

relationship between these quantities is obtainable from a small number of

drops, and the results may be applied over a continuous range of drop

heights and thicknesses. In addition, the energy vs. strain relationship

provides a method for calculating dynamic compression data, where cushion

curves do not. The working length, and the number of useful drops for

partially elastic materials may also be estimated. Lastly, use of this method
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to generate conventional cushion curves drastically reduces the amount of

lab time spent in developing such data.

W

There were several possible sources of error associated with this experiment

that may have affected the results. The most obvious is the variability of

corrugated fiberboard itself. Any crushing or damage to the material prior to

drop testing may have affected the results. Since the cushions were

manually constructed, imperfect cuts in the individual layers, or inconsistent

amounts of spray adhesive between the layers could affect the data. Another

source of error is the signal error from the accelerometer and Testpartner.

The error in peak G associated with the accelerometer and coupler are i 2%

and :l: 5% respectively. Other contributing factors include accelerometer

calibration, triboelectric noise, transverse acceleration response, and ringing

of the fixture. Due to the large amount of noise superimposed on the

underlying shock pulses, choosing the correct filter frequency was crucial

because it greatly affected the peak G reported by Testpartner. Figures 25

and 26 illustrate that reported peak G may disagree by more that 100%

between filtered and unfiltered shock pulses. 3

Error may also originate from the curve fitting software that was used to

generate polynomials representing the plotted data. Although the

correlations between the plotted data and the "best fit" curves were excellent,

they were not perfect.
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W

The validation tests which were used to check the accuracy of the prediction

formulas produced results which were in excellent agreement for both peak

G and the number of useful drops for both flat and edge crush cushions. The

average percent error for peak G was around 14.5% for edge cushions and

10.5% for flat cushions. The predictions made for impact durations were not

as accurate, as the average percent error was 20.7% for edge crush cushions

and 22.5 % for flat crush cushions.

There are several factors which contribute to the error in the duration

predictions. The first is that the durations reported by Testpartner are based

on the method outlined in ASTM 3332 [16], which defines the duration to be

the time span between points on a shock pulse corresponding to 10% of the

peak acceleration. The prediction formula developed for this study predicts

true impact duration (i.e. the time span between G = 0 to G = 0). Hence, it

was necessary to estimate the duration of the shock pulses by visual

inspection rather than rely on Testpartner to do the comparison. Second, the

prediction formula assumes a constant deceleration over the duration of the

impact when this is clearly not the case. To develop a prediction which

accounts for the non-constant deceleration is very complicated, and is

beyond the scope of this work.

The agreement between the predicted and actual number of useful drops was

excellent, as no test disagreed by more than one drop even though average

values for the coefficient of restitution were used in equation (27).
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Table 10 compares the performance of C-flute corrugated board to two other

cushioning materials by examining the peak G level for six different drop

scenarios. Inspection of this data reveals some very important

characteristics of corrugated cushions. When the cushions are forced to

absorb a small amount of energy (#1, 2), corrugated cushions in the flat

crush mode outperform the others. The edge crush cushions produce the

highest peak G for these drop conditions. When cushions absorb a medium

amount of energy (#3, 4), both the Arpro 3313 [17] and the Arcel 310 [18]

show better performance. For high energy absorption impacts, (#5, 6) the

flat crush mode cushions bottom out as they have exceeded their energy

absorbing capacity. The edge cushions provide the best protection for single

drops at these conditions.

In conclusion, corrugated cushions provide excellent protection for items

that are subjected to a limited number of drops. Flat crush cushions are best

suited for lightweight items, while edge crush cushions, which are much

stiffer, are best suited for heavy items. In order to use corrugated as a

cushioning material, a reasonably accurate assessment of the distribution

environment is required so as to ensure the average number of impacts does

not exceed the maximum energy capacity of the material. Corrugated board

is cheap to produce compared to the cost of fabricating foam cushions, and

can easily be separated from other materials. Hence, it is easily recycled.
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The cushions used to develop the energy absorbed vs. dynamic stress and

strain data were constructed from C-flute corrugated fiberboard. It is

expected, however that the performance of cushions made from different

board will vary as a result of flute geometry, number of flutes per foot, and

basis weight combinations characteristic of each board. Initial tests

performed on cushions made of different flutes have shown results which

vary widely. It is reasonable to expect that the dynamic stress vs. strain

curve for B-flute for example, will relate to the C-flute curve by:

0'[B - flute] = C x O'[C — flute] (35)

In other words, the stresses are simply scaled by some constant C. The value

of the constant will most likely originate from one of the following

relationships existing between the boards:

1 (a) A ratio of the flat or edge crush values.

(b) A ratio of the number of flutes per foot.

Another area which may be investigated is to develop a method for

predicting peak G for dynamic drops made with ribbed corrugated cushions.
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Figure 27: Shock pulse from edge cushion subjected to lst drop conditions.
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Figure 28: Shock pulse from edge cushion subjected to 2nd drop conditions.
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Thesis data: Corrugated Cushions ' 10:40:28 AN

06-30-1993
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Drop height = 12'
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Figure 29: Shock pulse from edge cushion subjected to last drop conditions.
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Figure 30: Shock pulse from flat cushion subjected to lst drop conditions.
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Figure 31: Shock pulse from flat cushion subjected to 2nd drop conditions.
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l'hesis data: Corrugated Cushions 2:43:22 PH

lieu Data 06-06-1993

Channel 1

Faired Doc: C’s

Peak Doc: 54.01 C's

lin sec: -3.22 C's

Duration: 11.N nseo

Delta ll: 131.83 ln/S

Filter: 50 Hz  
 

 

 

 

I

.. 1
go. I \

. I

 

 

 

  

               
 

1..O moo/Div

 

Notes: Flat onishxtsst (10 lager cushion)

area .-

llei lit : 42,2 llis

Sta io loading = 2.95

Drop height = 10"

3rd drop

 

   

'O
\I

§{Michigan State University

Figure 32: Shock pulse from flat cushion subjected to last drop conditions.
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h = 24", lst impact
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Figure 33: Cushion curve for 2 " drop for C-flute board in edge crush mode

@ 50% RH.
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h = 36", lst impact
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Figure 34: Cushion curve for 36" drop for C-flute board in edge crush mode

@ 50% RH.
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h = 18", lst impact
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Figure 35: Cushion curve for 18" drop for C-flute board in flat crush mode

@ 50% RH.
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h = 24", lst impact
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Figure 36: Cushion curve for 2 " drOp for C-flute board in flat crush mode

@ 50% RH.
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