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SCOPE

This docunent provides basic and fundamental information on cushioning
materials and their uses. It will provide valuable informtion and

gui dance to engineering and technical personnel concerned with designing
cushioning systens and specifying required cushioning for protecting
fragile equiprment. This handbook is not intended to be referenced

in purchase specifications except for informational purposes, nor

shal| it supersede any specification requirenents.

Every effort has been nade to reflect the latest information on the
use of cushioning materials and designing cushioning systems for
fragile equipment. It is the intent to review this handbook periodi-
cally to insure its conpleteness and currency.

REFERENDED DOCUMENTS:  not applicable
DEFINFTIONS:  not applicable (See Appendix IIl for dossary of Terms)

GENERAL  REQUI REMENTS:  General requirenents, illustrations, exanples
probl ems, cushioning techniques and testing procedures are presented
in Chapters 1-6.

DETAILED REQU REMENTS:  Detailed data is presented in Appendix |V
Stress-Strain Curves), Appendix V (Peak-Acceleration - Static Stress
rves) Appendix VI (Transmissibility - Frequency Curves) and Appendix

VI1 (Transmissibility Tables)
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CHAPTER 1. | NTRODUCTI ON

Properly cushioning the vast quantity of equipment and nmaterial, packaged
by all branches of the Department of Defense and Industry under Governnent
contracts, is an alnost insurnountable task. The challenge to designers of
mlitary packaging is to protect itens that range from small, fragile
el ectronic instruments to bulky aircraft structures from the conditions that
the package will encounter in worldw de shiprment--and do it economically.

The objective of this handbook is to provide an orderly, concise cushion-
ing design procedure for the solution of cushioning problems applicable to
all areas of packaging design and application. Liberal use is nmade of
illustrations to depict key points, and a considerable amount of information
is presented in the form of graphs.

In the past, the mninum package cushioning requirements for protecting
fragile equipnment from shock and vibration during shipnent have been deter-
mned basically by "cut and try” methods. However, progress by nunerous
researchers has now produced sufficient information to enable the packaging
designer to estimate cushioning requirenents in nmost problems with fair
preci si on. Neverthel ess, some aspects of cushioning design still are too
intangi ble for practical solution by analytical methods. Therefore,
efficient cushioning design requires a blend of both scientific design
principles and data together with a |iberal anount of sound judgenent.

To facilitate cushioning design on both a scientific and a practical basis,
this document presents discussion of the analytical design nmethods and
practical considerations that must be understood and used by the package
designer in solving cushioning problens.

The information in this handbook, which is based |argely upon research
at the U S. Forest Products Laboratory, Departnent of Agriculture, and the
Air Force Packaging Evaluation Agency, applies chiefly to conventional
cushioning materials, such as polyurethane foam foamed polystyrene, foaned
pol yet hyl ene, cellul ose wadding, and rubberized hair. Cushioning devices,
such as are shown in Figure 1-1, are considered to be beyond the scope of
this document. Also, this docunent does not contain data on the creep
characteristics of the cushioning materials. Al though desirable, only
fragmentary information of this nature was available at the tinme of prepara-
tion of the docunent. Transmissibility data, however, have been devel oped
since the previous revision and have been included in this revision.

In the preparation of this docunent considerable effort was devoted
toward sinplifying the various ramifications of cushioning design. However,
some aspects, such as fragility testing, are inherently conplex and night be
difficult to handle for personnel without considerable engineering training.
Neverthel ess, it seems probable that much of the material will be useful to
individuals who take the time to study these procedures and recommendati ons.



M L- HDBK- 304B
31 Cctober 1978

Frequently, for brevity, detailed background information concerning
particular topics was excluded from the handbook but listed in separate
ref erences. Firm conprehension of the conplexities of individual problens
is a requirement for the designer who nust nake approximations in the
absence of specific quantitative information in order to solve problens,
Therefore, the designer should review the information in the literature
cited in Appendix Il in addition to that presented in this docunent.

Most thorough know edge of the handbook can be gained by review ng
the material in the order presented. However, conprehension of the
cushioning design principles recommended herein might be gained nore
quickly by beginning with Chapter 3, “Selection and Application of the
Proper Cushioning Mterial,” and referring to the referenced sections as
they occur.

Organi zation of Chapter 3 thus deserves particular mention.
Naturally, detailed discussion of the different aspects of cushioning
design results in this information being dispersed throughout mnany
chapters. Many of these facets are brought together in Chapter 3, In
the first section of the chapter; a general procedure is given to present
an understanding of the required steps in design of cushioning. The
second section deals with design according to the various cushioning
characteristics. The third section contains conprehensive exanple problens
that constitute, in effect, a general review of design principles and
procedures. The fourth section outlines a method by which package cushion
design may be programmed and processed by conputer.

Parent hetical notations, such as (2:1), beginning in section 2.2
pertain to the nunmbering of equations and fornul ae.

Parent heti cal nunbering, such as (3), (27), etc., placed throughout
the text will be used to reference literature in Appendix |l, pages 183-186.
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CHAPTER 2. FUNDAMENTAL  CONSI DERATI ONS
Every package cushioning problem involves three fundamental considerations:

(1) The natural and induced environments that the packaged item and
its package must withstand.

(2) The characteristics of the item such as fragility, material and
finish, and particulars of design.

(3) The capability of the packaging systemto protect the itemfrom
transportation, handling, and storage conditions.

Restated, in each cushioning problem a particular conmbination of interior
and exterior packaging materials with definite performance characteristics is
used to protect an item having a particular resistance to damage from some
degree of exposure to environnental hazards. Generally, all other aspects of

package cushioning design can be considered as refinements of these three
basi ¢ consi derati ons.

A closely related corollary is that the packaging engineer nmust strive to
achieve the greatest possible econony in design obtainable wthout reducing
the protection to a level where intolerable shipping danage clains will
result. O course, the value, nunmber, and logistical inportance of itenms to
be protected will greatly affect the required degree of cushioning protection.

2.1 ROUGH HANDLI NG CONSI DERATI ONS ASSOCI ATED W TH SHI PPl NG

The nature and amount of rough handling that is received by packages
during shipment varies widely with a nunber of factors. However, th(_% two
principal elements of rough handling are shock and vibration. The field of
shock and vibration analysis is a highly conplex branch of engineering
science, and detailed discussion of this subject is beyond the scope of this
docunent . See references (6), (7), (9), (13), (17), (24), and (34). The
information given herein is a very brief summary considered to be nost
applicable to package cushioning design problens.

2.1.1 Shock. A shock is a sudden, severe, nonperiodic excitation of an
obj ect or system* Shock pulses may either be sinple or conplex in nature
and shocks of varied nature are produced during shipnent by rough-handling
practices (Figure 2-1). \Wen sinple, these shock pulses are classified as
hal f-sine, sawtooth, or rectangular types (Figure 2-2). A conplex shock
pul se is characterized by the irregularity evident on the acceleration-time
pul se shown in Figure 2-3. The intensity of sinple shock pulses can be
expressed in terns of pulse shape, peak anplitude, duration, and rise tine
(Figure 2-4). Rise time is the interval of time required for the |eading
edge of a pulse to rise from some specified small fraction to sone specified
larger fraction (e.g., from 1/10 to 9/10) of the maxi mum val ue.

*

A conplefe glossary of terms is given in Appendix IT1, page 187
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Adequate description of the intensity of nore conplex shock pulses neces-
sitates graphical representation. Because the description of conplex shock
pul ses by graphs is often considered unw eldly, the “shock spectrun’ nethod
has been used as an alternative.

pul ses involving very sudden changes of velocity, i.e., extremely short
rise times, are sonetines expressed as velocity shock.

2.1.1.1 Intensity of shocks received by cushioned itens. Certain factors
that cause shocks to packaged items are conmon to all nodes of shipnent. For
exanple, transfer or storage of lading usually involves human handling with
or without the aid of nechanical equipnent. Mshandling during these opera-
tions, as exenplified by Figure 2-1, produces severe inpacts to the packages
that might exceed all others received during shipnment.

Packagi ng designers have achieved reasonable success in preventing ship-
ping |osses due to shock by designing their packages and cushioning systens
according to the presunption that shocks received by the packages during
handling operations will be the npbst severe received during the entire
shipment. Generally, the intensity of shocks applied during |aboratory test-
ing of mlitary packages is controlled by the inpact velocities and surfaces
required by various performance tests in procurenent specifications (e.g. ,
the latest revisions of ML-STD-794, ML-P-116, ML-STD- 1186, M L-E-5272,
and M L-STD- 810).

2.1.1.2 Shock spectrum Any item regardless of its rigidity, has
el enents capable of oscillation relative to a fixed reference. Wen shock
excited, these elements vibrate at their natural frequencies until danping
stops the notion. In the neantine, damage or nmalfunction of one or nore of
the elements nmight have occurred. The peak accelerations and peak relative
di spl acenents of the elenents are particularly significant in describing the
response of the itemto the applied shock.

For any particular acceleration-time pulse, the distribution of the
maxi mum accel eration responses of a series of single-degree-of-freedom
systens (danped or undanped) plotted as a function of the frequencies of the
systemis called the “shock spectrunt for the pulse. The systems are assuned
to be undanped, unless otherw se specified. Shock spectra do not describe
shock pulses but are, in effect, indicators of the damage potential of shock
pul ses. As an exanple of typical shock spectra, Figure 2-5 shows the shock
spectra corresponding to the inset termnal peak sawtooth acceleration pulse.
The spectra designated as “positive during” represent the acceleration
response of the systens during the application period of the pulse; the
“positive after” and “negative after” spectra represent the response during
the time interval inmediately after application of the pulse.

The shock spectrum concept has not been enployed directly in package
cushi oning design because of its indirect nature. However, it is used
extensively in conjunction with specification of shock pulses that are
delivered by shock testing machines to equipnent in order to insure their
operational serviceability. It is also useful for specification of input

9
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wave forms in fragility rating tests (see 6.4). For a detailed discussion of
this concept refer to (4), (16), (17), (25), (26), (30).

2.1.2 Vibration Caused by Shipment. The nature of Vibration is often
categorized as being either random or periodic. Random vibration is defined
as an oscillation whose anplitude can be specified only on a probability
basis. Periodic vibration is the repetition of a particular wave form at
equal tine intervals. Vibration that is transmtted to packages while being
shipped by a particular node of transportation is generally considered to be
quasi -periodic at discrete frequencies, together with a random noise back-
ground.

In the field of package cushioning design, a know edge of shipping vibra-
tion conditions is a prerequisite for design of a cushioning system that wll
not resonate within the package and thereby produce damage. Conditions of
resonance can result in large anplification of input forces and displacenents
thereby significantly increasing the probability of damage to the container
and/or item contained therein. Generally, vertically applied vibration is
considered to be nore inportant than laterally or longitudinally applied
vi bration. Consequently, pertinent information for vertically applied vibra-
tion is given in the succeeding paragraphs. It is inportant to note that
al though the data presented may inply that steady state vibration occurs at
various frequencies, such data frequently represent transient vibration at
such frequencies. Therefore, the data given should be regarded merely as
indications of shipping vibration conditions, since nore research on the
nature of the entire shipping environnent is needed.

2.1.2.1 Railway. The principal source of both vertical and latera
vibration of lading during shipment by railway is the novenent of the car
wheel s along the rails. The forcing lateral vibrations are caused primarily
by “hunting” of the wheel treads on the rails. Vertical forcing vibrations
are caused by elasticity of the rails, irregularities in their surfaces, gaps
between adjacent rails, flat spots on the wheels and wheel inbalance. The
resul tant vibrations, which obviously vary with the speed of the car, are
applied through the trucks and spring suspension systens of the car to the
car beds. The conbined weight of the car body plus lading constitute the
mass of the mass-spring system with the truck spring suspension system
Depending upon the weight of the car body and |ading, the natural frequency
of this system may vary from 2.5 to 7.5 cps (cycles per second).

According to Quins, Figure 2-6 represents the ranges of predoni nant
frequencies and corresponding acceleration anplitudes of vertical vibration
in railroad freight car beds. The diagonally cross-hatched areas refer to
values for cars equipped with truck springs of the year 1915, while the blank
and vertically cross-hatched areas refer to values for nodern trucks with
snubbers.  Asindicated by Figure 2-6, the principal forcing frequencies
related to rail shipment of concern to the cushioning designer range from
2.5to 7.5 cps and fromb50 to 70 cps (12). He should only be concerned wth
the modern snubbed trucks.

Vibration environment neasurements on railroad flat cars (27) are presented
in Figure 2-7. Recorded events included sw tching, stopping, crossing

11
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intersecting tracks, level runs at 40 nph, hill ascents and descents, bridge
crossings, rough tracks, curves and tunnels. In recognition of the fact that
many recorded inputs are the result of transient inpulses rather than steady
state vibration, the data in Figure 2-7 has been presented in the form of
probability curves, each curve indicating the percent probability that the
amplitude of a recorded vibration input will lie below the envelop of the
curve.

2.1.2.2 Truck. Vibration transmtted to packages during shipnent by
truck may be caused by a variety of conditions. Some of the nost common are
impacts of the wheels at various speeds against irregularities in the road,
wheel shimmy, engine vibration, and suspension inbal ance.

Under normal highway conditions some of the nore significant vibration
inputs may occur in the 5-7 Hz ranges which are representative of the truck
suspension system and tire natural frequencies, respectively. The vibration
environnment (vertical direction) for a flatbed sem-trailer (27) |oaded with
15 tons of cargo is presented in Figure 2-8. Measurenents were nade at
various locations on the trailer floor. The plotted data represents a com
posite of sixteen different road conditions traversed at speeds varying from
10 to 60 nmph. The probability curves indicate the percent probability that
the amplitude of a recorded vibration input will be below the envelop of the
curve. Vibration neasurenents (vertical direction) made on the floor of an
air-ride trailer van (27) are presented in Figure 2-9. Acceleration levels
are expressed in Gs (rns). One conclusion drawn from the study which
produced this data was that the anplitudes neasured on the van floor rarely
exceed one G peak.

2.1.2.3 Aircraft. The principal aircraft used for transportation of
cargo are powered either by propellers (with turbine engines) or by jet
engines. Vibration transmitted to cargo as a result of the operation of
these aircraft is traceable to a number of causes, such as propeller inbal-
ance, flexural vibrations of propeller blades and other aircraft menbers due
to aerodynami ¢ distrubances, and engine vibrations. Additionally, inpact of
the tires with irregularities of the ground surface produces vibration in the
aircraft during taxiing operations and during takeoff and |anding.

During taxi operations, naxinum vertical accelerations of 0.2 to 0.5 G may
be expected in the frequency range of 1 to 3 cps. As indicated by Figure
2-10, packages resting on the cargo decks of various types of cargo aircraft
in flight nay be expected to experience maxinmum accel erations of |ess than
4 Gin the range of 8 to 500 cps (22).

Separate vibration data on propeller, jet and helicopter aircraft (27)
operating under a variety of conditions are presented in Figure 2-11.
Specific vibration data (vertical direction) for the C- 130 cargo aircraft
during take-off (27) are illustrated in Figure 2-12. This operation pro-
duced the maxi num vibration environnment.

2.1.2.4 Ship. Cargo transports can be considered to be conplicated
freely floating beams with nany natural nmbdes of vibration. The principal

14
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sources of vibration excitation of cargo ships while underway are the beating
against the hull of the pressure fields generated by the propeller blades,
propeller drive shaft unbalance, and hydrodynam c buffeting of the hull.
Because the nature of vibration transmtted to cargo is largely dependent
upon the flexural response of the decks to the input vibration, it is obvious
that the specific location of the cargo is inportant.

A summary of vibration data produced under various operating conditions is
presented for many sizes and types of ships (27) in Figure 2-13. The plots
include measurenents in all directions and |ocations.

2.2 FRAGLITY OF I TEM

The index of fragility of packaged items customarily used by packaging
engineers is the maxi mum acceleration that any specific item can withstand in
any direction before breakage or malfunction occurs. However, it is nost
essential that the packagi ng engineer recognize that anplification phenomena
can produce drastically different peak accelerations of different parts of an
itemas a result of a single inpact. Consequently, the part of the itemto
which the fragility rating is referred is nost inportant.

For exanple, in Figure 2-14A a hypothetical packaged item is depicted
di agrammatical | y. Figure 2-14B shows that the acceleration of the fragile
el ement m night, depending upon the physical characteristics of the systens,

differ greatly fromthat of the basic structure m.

(nore:  The anplification factor is equal to the ratio of the maximum accel -
eration experienced by m to the maxi mum accel eration experienced by m:

B,and B,are the danping coefficients across springs k and k,. and
w,’and w’equal k/m and k/m, respectively.) (24), (29).

Therefore, in order to effect a standard fragility rating procedure, al
fragility assessment, cushioning design methods, and test procedures to
determ ne shock transm ssion to packaged itens considered herein are based
upon peak acceleration rating of the basic rigid structures of itens.

In those instances where none of the accessible portions of items are
relatively rigid, the item should be enclosed or blocked in position inside
a relatively rigid interior container: acceleration neasurenments should be
based upon the peak acceleration of the substituted case corresponding to
damage or mal function of the enclosed item Techniques for "rigidizing”
itenms are discussed in 4.3.2 and 6.4.3.1.

Expressed in ternms of the acceleration due to gravity (g), the fragility
factor (G ) is: G = a (2:1)
_m m _m ;

g
wher e am is the maxi mum accel eration that an item can wthstand without

damage or mal functi on.

20



:

M L- HDBK- 304B
31 Cctober 1978

(uoT3RIqTA
UNUTXEW {SIsAnduel Adousbiswud puwv WeTs)
SALISOdWOD - JJdOTIANT NOIILVIATIDOV dIHS €1~Z aInbtg

‘E8H — AJN3NDO3¥d
000" o0l ol o]}

LA B ELILSER B 1 4 —-_--- v L —-qquq L L J —-d-dﬁ ¥ ] —-‘q-q J ¥

/

—

8828 yBdnox
- UOT}RIQTA WIWITXER
/V —_——

TN /
NNV

SI9ANPUEY AduaBxawy puw wWeTS

1 1 | ]

TN

']

4 flaasa 1
21

e,

A

(3v3d-0) 89 - NOILYHITIOIYV

AL A A 1 )




M L- HDBK- 304B

1978

31 Cctober

Zn/'en

/7
\\ Ve
660 —— 20\ \\\ANN
Nso
L
10
£
00
ew\\
7
$000:1¢g
V
$000:2¢

“Eu 40 abueys £3100(aA

da3s e 404 swalsAs padwep ueaul|
40} S4030R3j UOLIRILYL|dwy ‘pT-z FYNOIA

1’0

b
o

~

©

Q
<

os

g

HOLOVS NOILVIISI TdWY

v

d

< Y3INIVINOI HO
SSUN G3JNnNT

2g 2y

(W3Ll 0 SSVYN G3dNNT)
JYNLONYLS 0ISYE

E ANINTTI INVYS
40 SSYN

22



M L- HDBK- 304B
31 Cctober 1978

In many instances, the specification of peak acceleration, exclusive of
duration and rise time (Figure 2-4), as a criterion of itemfragility appears
warranted because the shock pul ses received by cushioned itens during ship-
ment tend to be relatively sinmple and of long duration (about 5 to 25
mlliseconds). The fragility rating method advocated herein involves
application of similar or equivalent wave fornms. In practice, the use of
peak acceleration as an index of fragility has produced sinple, reasonably
successful and rational cushioning design procedures. However, recent
investigations have indicated that velocity change as well as peak accelera-
tion may play an inportant part in defining itemfragility. For an in-depth
di scussion of this “Damage Boundary” technique of fragility assessment, see
6.4.3 and 6. 4. 4.

Some typical fragility ratings are presented bel ow

15 - 24 Gs - M ssile guidance systens, precision
aligned test equiprment, gyros, inertial
gui dance pl atf orns.

25 - 39 Gs - Mechani cal Iy shock-nounted instrunments
(shock mounts secured prior to packaging
provided for in-service use only),
vacuum tube el ectronics equipnent,
altineters, airborn radar antennas.

40 - 59 Gs Aircraft accessories, electric type-
witers, nmost solid-state electronics
equi pnent, oscilloscopes, conputer

conponents.

60 - 84 Gs - TV receivers, aircraft accessories,
some solid-state electronics equipnment.

85 - 110 Gs

Refrigerators, appliances, electro-
mechani cal equi prent .

110+ Gs - Machi nery, aircraft structural parts
such as landing gear, control surfaces,
hydraul i ¢ equi prent.

2.2.1 Fragility Assessnent.

2.2.1.1 By testing. The nost accurate nmethod for fragility assessment is
by testing the itemuntil damage occurs. Although various valid objections
apply to any fragility assessnent test nethod, the test procedures that are
considered to be npbst appropriate herein are discussed in detail in Section
6. 4.

2.2.1.2 By estimation. Wile testing of itens to deternmne equitable
fragility ratings is desirable for cushioning design, on many occasions such

23



M L- HDBK- 304B
31 Cctober 1978

testing is unfeasible. Some conmon reasons for this are: (1) sufficiently
accurate testing and recording equipnent is not available, (2) only a few
expensive itens are to be shipped and, therefore, the potential savings to be
realized by accurate cushioning design are insignificant conpared to the
expense of fragility testing, and (3) records from previously conducted
fragility tests of simlar itens are available for estimation of the
fragility ratings.

CAUTI ON: Beware of estimating item fragility values wthout
accurate know edge of actual fragility values for
types of equipment as a basis for inference. Such
estimates frequently are grossly conservative and
inconpatible with economcal cushioning design.

It is inportant that the packaging designer interpret clearly the inplica-
tions of the results of environmental shock tests, such as those specified in
M L-STD-810. The shock levels required by such environmental performance
tests are intended to sinulate operational conditions, but not necessarily
the shipping environment --which is oftentimes nore severe. Unfortunately,
many itens are never given actual fragility tests and, as an alternative, the
package designers nerely use the operational environmental test shock input
values as the fragility ratings for the itens for cushioning design purposes.
The operational environnental shock test values for some itens are sonmetines
only about 20 percent of actual fragility ratings. It is obvious, therefore,
that the packaging engineer nust differentiate between operational environ-
mental test conditions and actual fragility values, since the accuracy of his
cushioning design will vary with the accuracy of his assessnent of actual
design paraneters.

In some instances, a particular kind of itemis shipped in successive |lots.
Once shipping records (including damage clains) have been obtained, redesign
of the packaging for greater efficiency is possible for subsequent shipnents.
To acconplish this it is necessary, first, to estimate the fragility of the
itemon the basis of the known performance of the cushioning used in previous
shipments and then to conpute the nost econonical cushioning system according
to the nmethods discussed in 3.2.3. The following exanple will illustrate how
shipping records mght be used to estimate the fragility rating of an item

PROBLEM A rigid 8-inch cubical item that weighs 12 pounds has been
shi pped successfully in a package utilizing 8X8X4-inch rubberized hair pads.
During a subsequent shipment involving the sane kind of itenms and containers
but 8X8X3-inch rubberized hair pads, sone itens were danmaged by inpact.

The maximum drop height is unknown. Estimate the fragility rating of the
items.

SOLUTI ON: Since both the maximum height of drop and item fragility
rating are unknown, it is necessary to assune a fixed value for one of these
paraneters in order to calculate the other. Accordingly, a flat drop from
30 inches is assuned. (For purposes of illustration in this problem assune
that a check of cushioning performance data indicates that, for the |oading
condition involved, an 8X8X3-inch rubberized hair pad will produce a peak
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acceleration of 97 G a 4-inch pad woul d produce a peak acceleration of 53 C
Therefore, the nean fragility rating of this kind of item probably lies
between 53 and 97 G Cushioning redesign, if desirable, should be based upon
a fragility rating of about 50 G and a 30-inch flat drone

NOTE: The design nethods involving the use of peak acceleration-
static-stress curves are described in 3.2.1.

2.3 SHOCK AND VI BRATI ON | SOLATI ON CAPABI LI TY OF THE CUSHI ONI NG SYSTEM

2.3.1 Shock Isolation.

The shock isolation capability of cushioning materials is dependent upon
such factors as their dynamc force-displacement characteristics, danping
qualities, loading rates, and item weights. However, for purposes of cushion-
ing design against shock, this handbook advocates nethods involving “peak
accel eration-static stress” curves, which are described in detail in 3.2.1.1.
Wil e these curves serve as indicators of the shock isolation capability of
cushioning materials, a better understanding of this cushioning property can
be gained by considering additionally the basic physical phenomena involved in
shock cushioning (2.3.1.1) and the shock absorption capability of cushioning
materials as indicated by conpressive force-displacement (stress-strain) curves
(2.3.1.2).

2.3.1.1 Basic phenonena. To allow analysis of the effects of shock upon
a cushioned package by the use of relatively sinple laws, it is advantageous
to consider the cushioned itemwthin a container as a sinple, danped, single-
degree-of -freedom mass-spring system (Figure 2-15). Additionally, the item
is considered to be honpgeneous. The cushioning is considered to be visco-
elastic, to have linear elasticity and to be of insignificant nass relative to
the item Furthernore, the item container and inpacting surface are con-
sidered to be rigid, and it is assuned that the container will not rebound.

If the described systemis dropped without rotation from height h (Figure
2-15A), it is accelerated constantly until it strikes the inpacting surface
squarely after a time interval zof:

(2:2)

2h
T = g

The velocity of the package at inpact vf is equivalent to:
ve =\ 2¢gh (2:3)

Fol | owing inpact, the kinetic energy of the itemis stored and dissipated
by the conpression of the cushion.

Depending upon the fraction of critical damping of the cushioning naterial

B2, the maximumforce E, Will occur at sone tinme prior to the instant when
maxi mum di spl acement xm—is reached (Figure 2-15B). ( NOTE! For an undanped
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cushioning system E, would occur at the sane time as x,) Since Newton's

second | aw of motion states

F. = ma, ~ WG, (2:4)

m m

the maxi mum accel eration am of the item corresponds to F,(24).

The kinetic energy of the item at the instant of impact is absorbed or
di ssi pated by the cushioning while being deflected to X according to:

W (h + xp) =afm F dx (2:5)

The hysteresis loop for energy absorbed by the cushioning systemis
represented by the shaded area in Figure 2-16. As shown, the force exerted
against the itemduring rebound will be lower than on the initial conpressive
downst r oke.

2.3.1.2 Conpressive force—di splacenent and stress-strain curves as
indi cators of cushioning performance. Because of the ease with which they
can be derived, static conpressive force-displacement curves (or their con-
verted form stress-strain curves) are generally nade available for
practically all kinds of cushioning materials by their manufacturers. Wile
the methods for derivation mght vary slightly, usually they are simlar to
those given in 6.1.2.5.

CGenerally, materials having little inherent danping (rubberized hair and
expanded resilient polystyrene) wll produce conpressive stress-strain curves
that are essentially unchanged by loading rate. However, data derived from
tests of highly danped material, such as urethane foam produce quite variable
curves with different loading rates. Because shock loading in service is of
a variable dynamc nature and because the designer usually is not safe in
maki ng assunptions about the quantitative accuracy of static conpressive force-
di spl acenent or stress-strain curves, their use for solving shock cushioning
problems is discouraged. Rather, as mentioned in 2.3.1 and 3.2.1.1, peak
acceleration-static stress curves are recommended for solution of shock
cushioning problens. Nevertheless, static conpressive force-displacenment
and stress-strain curves are helpful to the designer for gaining a rudinmentary
under standi ng about how efficiently cushioning materials can be expected to
perform as shock isolators as well as calculating the amount of initial set
tﬁ?t can be expected when the itemto be protected is placed in its cushioned
pad.

From equation (2:4), it is evident that during conpression of the cushion
by the item the nmaxi num acceleration varies directly with the resistive force
exerted by the cushion. The ideal conpressive force-displacement curve for a
cushioning material is that shown in Figure 2-17, providing the constant force
level is below that which will cause damage. In reality, no existing cushion-
ing materials exhibit ideal conpressive force-displacement curves. However
the performance of the nore efficient cushioning materials, such as urethane

27



M L- HDBK- 304
31 October 19878

-suwa3sks But
pue paduep 403

~uoLysno aeautl padwepun
4 "91-¢ N9l

SaAAND »ce&wum_ammuamuxo

< ININID v1dSid

%A O
— W/NN// NWVV

yy3INIT IINVANN—

/

28



M L- HDBK- 304B
31 Cctober 1978

S

g Y
2 \
<~ X\
~ Q (ﬂ

—
A

FORCE

K—__/4 IDEAL TYPE

DISPLACEMENT ——

FIGURE 2-17.  Force-displacenent curves
for various types of cushions.

29



M L- HDBK- 304B
31 Cctober 1978

foam foamed polyethylene, and rubberized hair (loaded on edge) do include
a range of displacement through which they apply a nearly constant force.
Two common phenonmena responsible for this type of curve (anonal ous type,
Figure 2-17) are viscous danping and col umar buckling.

QO her common cushioning materials, such as cellul ose” wadding, expanded
resilient polystyrene, and rubberized hair (loaded flatwise) are said to be
tangent-type naterials because of the shape of their force-displacenment
curves (Figure 2-17).

2.3.2 Vibration Isolation. A though principal enphasis in package
cushioning design is placed upon achieving protection of items from shock,
the cushioning system nust also protect items from vibration received during
shiprment. As indicated by the 90% probability curves for the acceleration-
frequency graphs presented in Figures 2-7 and 2-8, steady state transportation
vibration anplitudes can generally be expected to be at or below the 0.1 G
level. Transient shock inputs of this magnitude could not be expected to
cause item damage. However, steady state vibration inputs at these relatively
| ow levels can cause damage if their frequencies match or approach the
natural frequencies of secondary elements or conponents of the item In a
situation such as this the resultant resonant conditions can anplify conmponent
accel eration and displacements to the failure level.

Vibration input conditions can also contribute to danage indirectly if
they cause the itemcushioning systemitself to vibrate at its natural
frequency. Conti nuous “working” of the cushioning material under this
condition could result in degradation of the cushioning to the extent that
subsequent shock inputs might reach damaging levels. A practical analytical
met hod for solving packaging vibration isolation problens is conplicated by
the fact that nost common package cushioning materials exhibit non-linear
| oad- di spl acenent characteristics. The mathenatical functions representing
non-linear systems are not anenable to direct solution. Despite these
difficulties a rational design method is available for the solution of
vibration problems using a conbined analytical and experinmental approach as
described in the follow ng text.

2.3.2.1 Linear Systems. A linear systemis one whose response is

directly proportional to the excitation force. Although nost package
cushioning materials exhibit non-linear characteristics, a brief discussion
of linear systens will aid in understanding some of the fundanental aspects
of vibration as related to packaging considerations. A rigid item cushioned
in a package can be idealized as the linear viscoelastic single-degree-of-
freedom system represented by Figure 2-18. The forcing vibrations caused by
shipment are applied to the outer container and transmitted to the contents.

2.3.2.1.1 Transmissibility. The vibration transmissibility for a
i near cushioning systemis indicated by the function T,, which is defined as
the ratio of the force or notion transmitted to the mass through an isolation
systemto the force or notion exerted or described by the foundation (vehicle
bed) .

30



M L- HDBK- 304B
31 Cctober 1978

*uoLjepunoy BuLivuqLA e Uuo burdeaq waysAs
Butuorysnd-wa3 L pazijespr -s1-z JWN9I4

NOILVGNriOS

\\\\\N\KW\\\\\\%/\ .

;1
E

W\VAVAVAVA

S

31



M L- HDBK- 304B
31 Cctober 1978

The equation representing T.is

1 - + |28, It
(1-—) o

where f,is the forcing frequency of the foundation, f is the undanped

natural frequency of the itemcushioning systemand B,is the fraction of
critical danping of the cushioning material (7).

The rel ationship between I. B2, and forcing frequency f, for a
vi scous-danped |inear system such as depicted by Figure 2-18 |s illustrated
in Figure 2-19. As shown, the transmissibility of such a system increases’
fromunity to a maxi num as _f_f_ approaches 1.0 (resonance). Theoretically,

n .
for B, =0, I, is an infinite value. However, since all systens possess sone
danping, I is reduced accordingly. Since the maxi num acceleration X
experienced by the itemduring vibration is: X = TU (2:7)
where u is the maxi mum accel eration of the foundation, it is clear that
the greatest danger of damage to the item of a vibrating cushioned system
occurs at resonance. Figure 2-19 also indicates that vibration isolation
of a viscous-danped |inear systemonly begins when fg | VQ—
able daning in the
ra

The foregoing discussion indicates that appre I
% tio shoul'd be

|
cushioning materi is desirable. Simlarly, the £ ¢
f
n
| arger than \/-2- A practical limt on the desirability of high danmping

inherent in the cushioning is the adverse effect (increase of transmtted
shock) caused by fractions of critical danping above 0.5 (24).

At resonance, the transmissibility of a viscous-danped systemis a
function solely of the danping fraction B. For systens where B < 0.1:

T = .
r B (2:8)
2.3.2.1.2 Calculation of natural frequency of a linear cushioned system

The undanped natural frequency (f,) of the linear systemillustrated in Figure
2-18 can be deternined from the follow ng equation:

fn = L /kg
21 W (2:9)

where: k = the linear stiffness of the spring.
w = the weight of the item
g = the gravitational constant.
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2.3.2.2 Non-linear Systems. A non-linear systemis one whose response
is not directly proportional to the excitation force. The slope of the
force-displacenent curve for non-linear materials is continuously changing
with displacenent as represented by the tangent and anomal ous type materials
in Figure 2-17.

2.3.2.2.1 Experinentally derived transmssibility curves. Because of
non-linear elasticity and a lack of quantitative data for the danping
characteristics of nost package cushioning materials, it is necessary to
derive transmissibility curves by enpirical testing. The transnmissibility
curve presented in Figure 2-20 is typical of the curves presented in Appendix
VI for the 22 materials considered in this Handbook. To facilitate some of
the cushion design procedures described in 3.2.2.2, significant points from
these transmissibility curves are also presented in a tabular format in
Appendi x VI1. Because the transmissibility of non-linear cushioning wll
vary with cushion thickness and static stress loading it was necessary to
devel op separate curves for material thickness ranging from one to six inches
in one inch increments and also at six to ten static stress points distributed
over the “useable” static stress range for the material in question. Unlike
linear systenms, the transnmissibility of a non-linear material can vary
significantly with the magnitude of the input vibration. Therefore, the curves
in Appendix VI were devel oped using a constant vibration acceleration anplitude
of 0.5 G This acceleration magnitude was selected because it was considered
to be representative of the acceleration |evels experienced during shipnment
for the frequency range used in performng the vibration transmssibility

tests (1 to 150 Hz). It has also been observed during transmissibility test-
ing of many cushioning naterials that maxinum acceleration response occurs
as the input acceleration approaches the 0.5 G level. Above this level, for

some cushioning materials, the test |load momentarily loses contact with the
cushion pads at certain input frequencies

2.3.2.2.2 Deternmnation of natural frequency of a non-linear system
Because of the variation in the stiffness (k) of non-linear cushioning
materials as they are deforned, the natural frequency (f, of package cushion-
ing systens enploying these materials cannot be calculated directly from
equation (2:9) presented in 2.3.2.1.2. To estimate the natural frequency of
a non-linear cushioning system a static conpressive stress-strain curve, such
as shown in Figure 2-21, is required for the cushioning material. This curve
is then used in conjunction with the following nmodified form of equation
(2:9) for natural frequency:

f, = 1 [df/ds (2:10)
21 WT/gA

unit stress (exerted by the item against the cushion)
strain

the weight of the item

the original thickness of the cushion

the bearing area of the cushion

wher e

>Hs e ™
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This fornmula serves as an approximtion of the natural frequency of the
cushioning systemif the displacenent of the itemduring vibration is smal
and if the stress-strain behavior of the cushion is not abruptly non-Iinear
in the range of interest. The natural frequency (f,) of a cushioning system
may be calculated by determining the slope (df/ds) of a static conpressive
stress-strain curve for the cushioning material (see Figure 2-21) at the static
stress point representative of the cushion bearing load and then substituting
the value for (df/ds) in equation 2:10. Static stress-strain curves nmay be
derived from tests according to the procedure described in 6.1.2.5. Curves
for the cushioning material considered in this handbook are presented in
Appendi x 1V. The natural frequency of systens utilizing the cushioning
materials considered in this handbook can be nore accurately determ ned by
referring directly to the transmssibility curves or tables in Appendices VI
and VII. The frequency at which the peak anplitude occurs is the natural
frequency of the cushioning system Alternatively, the natural frequency can
be obtained fromthe tables of transmissibility data. The values in the
frequency colum with the heading Q = MAX represent the natural frequency of
a cushioning system having the thickness and static |oading specified
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CHAPTER 3.  SELECTION AND APPLI CATION OF THE PRCPER
CUSH ONI NG MATERI AL

3.1 CUSH ONI NG DESI GN PROCEDURE.

Rational cushioning design requires consideration of many factors.
Detailed information, because of its volume, its necessarily distributed
t hroughout this handbook. Therefore, the follow ng procedures are given to
provide an inmmediate resunme of the steps required in the design procedure.
Typi cal conprehensive cushioning problens are given in 3.3.

Step (1). Determine all pertinent elements of the problem These include
the item characteristics, its weight, fragility rating (2.2), dinensions, and
any particular features (such as projections or non-supportive surfaces) that
will require special consideration; the number of items; and anticipated
shi pping environnental conditions (especially drop height, container orienta-
tion during inpact, atmospheric conditions, number of shipnments, and transporta-
tion nmode) from which the cushioned item nust be protected (2.1.1.1).

Step (2). Determine the nost econonical cushioning material and method
for protection of the item This will involve:

(a) Determining which cushioning materials and application nmethods wll
furni sh adequate protection (3.2.1.2, 3.2.2, 3.2.6, and Chapter 4).

(b) Elimnating the obviously |ess desirable cushioning materials and
maki ng certain that the materials renaining under consideration will neet the
m ni mum requirenents for characteristics, such as recovery ability, dusting
resistance, tensile strength, hydrothermal stability, etc. (refer to 3.2.4
through 3.2.13 and to ML-C 26861 (36).

(c) Computing the npst econonical cushioning material and application
met hod (3.2.3).

Step (3). Calculate or estimate the allowance in thickness of cushioning
pads that is required to offset creep (3.2.7).

Step (4). Calculate the exterior container dinensions according to
3.2.6, if this calculation has not already been nade under step 2(c).

Step (5). Make instrunented inpact and/or vibration tests of the com
pl ete package with an actual itemor dumy item(3.2.1.2.5 and 6.3). If an
actual itemis used, conduct functional tests of the item before and after
testing to insure the adequacy of the packaging.

3.2 DESI GN ACCORDI NG TO THE VARI QUS CUSHI ONI NG CHARACTERI STI CS.

CGeneral ly, each cushioning material has a conbination of features that
makes it ideal for certain applications but not for others. Consequent | y,
rational selection of a specific material for use in any particular applica-
tion should include consideration of all of the characteristics of the
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cushioning material that relate to its function as a packagi ng materi al
Package cushioning design based upon the pertinent characteristics of cushion-
ing materials is discussed in 3.2.1 through 3.2.13

3.2.1 Shock Absorption Capability.

3.2.1.1 Peak acceleration-static stress curves as indicators. In general,
peak acceleration-static stress (G n-WA) curves have proved to be the nobst
practical basis for indicating the shock absorption capability of cushioning
materials and for solving problens of this nature. G-WA curves are derived
from dynanmic conpression test data according to the test—procedure and conputa-
tions given in 6.1.2.1. Essentially, this procedure involves inpact tests wth
relatively rigid |oading devices that strike the cushioning specinens squarely
(thereby simulating flat drops). The specinens are nmounted on a rigid inpact
base.

A typical set of G-WA curves representing the different thicknesses of
a polyethylene foam (Z.0pcf) for a 30-inch drop height at 73°F is shown
in Figure 3-1. Additional ly,sets of Gn-WA curves for various cushioning
materi al s and design paraneters are shown Appendi x V, graphs 1.12 through
22.48.

Since G- WA curves indicate directly the relationship between Gand WA,
their shapes also indicate the versatility and efficiency of the nmaterials.
The lower its curve swings (toward (@, the better protection a materi al
will provide. Also, materials charaterized by curves that occur through a
broad WA range are nore versatile than those that extend through a nore
linmted range.

To determ ne approxi mately how much of a particular kind of cushioning
material is required to protect a specific item two steps are necessary:
first, determine the bearing area of the item second, select from a set of
G n-WA curves for the cushioning material the mnimmthickness that will
apply a Gthat is less than the fragility rating for the item

The bearing area of the sides of regularly shaped rectangular itens
against the cushioning materials during flat drops can be deternmined by a
sinmple calculation of the area of the sides. However, cal cul ation of the
effective bearing area of the sane itens for cornerwi se inpacts is nore
conplicated (3.2.1.2.4.1).

Al'so troublesone is the calculation of the effective bearing area of
irregularly shaped itenms. However, for such itens, it may be sinpler to
measure the effective bearing areas for flat and cornerw se inpacts by Iight
proj ection nethods.

This can be acconplished sinply by holding the itemon the floor in the
proper inpact attitude directly below an illunminated light bulb. The effective
bearing area is the area within the shadow cast by the item The bulb should
be located a sufficient distance away to nininize the error caused by parallax.
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The described light projection nethod for deternmining effective bearing
area of itens is suitable when the cushioning naterial is to be applied by
conpl ete encapsulation (4.1.1), but it is unsuitable for application by
corner pads (4.1.2) and side pads (4.2.2).

3.2.1.1.1 Effects of variable tenperature and humidity upon G-WA

curves. The conpression characteristics of different KindS of cushioning
material when exposed to high humdity or tenperature extremes are highly
variable. For exanple, materials such as resilient expanded polystyrene are
nearly non-hydroscopic and their cushioning performance characteristics are
little affected by temperature extrenes. In contrast, the perfornance of
thernoplastic materials, such as urethane foam and polyethylene foam is
affected by tenperature. Consequently, if packages containing cushioning
material are expected to be exposed to tenperature extremes or high humdity
during shipment or storage, the packaging designer nust recognize the danger
in designing by data that indicate material performance only at noderate

at mospheric conditions.

More research about the effects of variable tenperature and hunmidity upon
cushioning performance is needed. In general, high tenperature can soften
certain cushioning materials significantly and alter the perfornance character-
istics accordingly. Low tenperature exposure is considered to be the worst
of the extreme exposure conditions because of the possibility that the
cushioning will stiffen drastically or break down and thereby becorme inef-
fective. Oobviously, no relatively wet cushioning materials should be used
in packages that will be exposed to |low tenperature.

Limted data are currently available in the formof G-WA curves to show
the effects of exposure to humidity and tenperature extrenes (all G-WA
curves shown in this handbook were derived from tests conducted at
73 F and 50 percent relative humdity). Nevertheless, some data has been
devel oped (Letchford (19)) on the probable mninmm safe tenperatures at which
representative kinds of cushioning material mght be expected to perform
satisfactorily. For example, as the tenperature of different kinds of
cushioning material is reduced during preconditioning and flat drop testing,
the peak acceleration values increase only slightly until some critical
tenperature is reached. At this tenperature, the peak acceleration val ues
sharply increase. This particular point is called the “probable mninmm
‘safe’ tenperature”, and it differs for each kind of nmaterial. Cccasi onal |y,
as sone material stiffen, the peak acceleration values actually decrease
(probably because of increased cushioning efficiency). However, all of the
materials deflect less as they stiffen with reduced tenperature.

Therefore, cushioning design for stock isolation based upon data derived

at 73 F and 50 percent relative humidity appears to be reasonably accurate to
the mnimum tenperature shown in the follow ng:
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Probable M ni num

Mat eri al "Safe” Tenperature
Ur et hane foam (pol yester type) -10°F
Ur et hane foam (pol yether type) -20°F
Rubberi zed hair bel ow -60°F
Expanded pol ystyrene -20°F
Pol yet hyl ene bel ow -60°F

Qbvi ously, cushioning materials that mght change perfornance drastically
during the same shipment due to tenperature fluctuations cannot be expected
to perform satisfactorily at all times during the shipment. Therefore, until
nore conpl ete know edge about the |ow tenperature performance characteristics
of all kinds of materials is gained, it is recormended that the designer use
cushioning materials according to the mininum “safe” tenperatures listed (38).

3.2.1.2 Shock isolation design procedure. Cushioning design for shock
protection primarily involves reference to Gn-WA curves. However, rational
cushioning design also requires various supptemental considerations. These
consi derations are discussed in order.

3.2.1.2.1 Make initial estimate. To obtain an initial estimate of the
type of cushioning and its dinmensions needed to protect a particular item
the designer will refer to the G- WA curves given in Appendix V .

He determines, first, the static stress of the item against the cushioning
He then refers to sets of G-WA curves for the anticipated inpact conditions
and determnes directly the kind and thickness of material required to protect
the item (For convenience in referring to subsequent discussions to the
various materials for which Gn-WA curves are presented in Appendix V, the
identification nunbers given in 2.1.2.1.1 will be used.) To illustrate the
method, the followi ng exanple is given:

PROBLEM A 20-pound, 15-inch cubical rigid item having a fragility rating
of 80 g nust be protected froma 30-inch flat drop. Determne what size of
pads of the polyethylene represented by Figure 3-1 is optimm for protection
of each face of the item by (a) conplete encapsulation, (b) side pads, and
(c) corner pads (4.1).

SOLUTION:.  The WA of any side of the itemis 20/15°= 0.09 psi. In
Figure 3-1, point "A" represents the coordinated 0.09 psi and 80 g. The
curves for the various thicknesses of material indicate that at least a 3-inch
thickness of material is required to protect the item Thus, if the itemis
to be encapsulated in cushioning material, a 3-inch thickness of material on
all faces is required.

Three-inch face pads, 15 X 15 inches, could also be used to protect the
item  However, the designer should recognize that these nmight not be the
| east size that will furnish adequate protection. In checking the possibility
of using snaller face pads, the fragility rating and weight of the item are
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fixed, but the bearing area of the item against the pad can be changed.
Furthermore, the curve for the 2-inch material indicates that adequate pro-
tection could be obtained in the WA range from about 0.14 to 1.30 psi. The
maxi mum savings in material would result from the highest value of WA (at
point "B"), since this would involve the |east bearing area (therefore, size
of cushion). The required bearing area can be conputed by: WA = 1.30

A=20 =15.4sqin = (3.9 in)’
1.30

Therefore, a set of six 2.0- X 3.9- X 3.9- inch face pads would suffice.

The use of corner pads provides four small pads for protection against
flat drops perpendicular to each face. The required size of each of the three
conponent  pads conprising each corner pad woul d be:

\/15.4‘ by /15.4 by 2 inches
4 V/ 4

or about 2 X 2 X 2 inches (Figure 3-2A). For added protection against bottom
ing during cornerwise inpacts, it is usually prudent to fill the void spaces
along the edges (Figure 3-2B).

3.2.1.2.1.1 Material identification numbers. For convenience, the
materials for which G-WA curves are presented in Appendix V are identified
by the following nunbers. (The thickness in inches will usually follow the
nunber. Thus, 10-4 will indicate foamed polyethylene of 2-pound density and
4-inch thickness.)

NUVBER MATERI AL DENSI TY (pcf)
1 Pol yur et hane- Et her 1.5
2 Pol yur et hane- Et her 2.0
3 Pol yur et hane- Et her 4.0
4 Pol yur et hane- Est er 1.5
5 Pol yur et hane-Est er 2.0
6 Pol yur et hane- Est er 4.0
7 Rubberized Hair Type Il 1.1
8 Rubberized Hair Type III 1.5
9 Rubberized Hair Type IV 1.7

10 Pol yet hyl ene Foam 2.0
11 Pol yet hyl ene Foam 4.0
12 Pol ystyrene Foam 1.5
13 Pol ystyrene Foam 2.5
14 Pol yet hyl ene, Chemnically

Crosslinked 2.0
15 Convol uted Ether Poly-

ur et hane--1", 2", 3" 1.1
16 Convol uted Ether Poly-

uret hane 2" ,4" ,6" 1.1
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Material identification nunbers continued:

NUVBER MATERI AL DENSI TY (pcf)
17 Convol uted Ether Poly-
uret hane--1", 2", 3" 1.5
18 Convol uted Ether Poly-
ur et hane--2", 4", 6" 1.5
19 Cel l ul ose Waddi ng 2.0
20 Air Encapsulated Film .5"
ply thickness (PPP-C 795) . 691
21 Hexagonal Film Open Cell
(PPP- C- 1842A) 1.40
22 Hexagonal Film Reinforced
Cel | (PPP-C 1842A) 1.8

3.2.1.2.2 Select cushioning application nmethod. Once the designer has
made an initial estimate of the amounts of different kinds of cushioning that
will protect the item his next step in the design should be to compute the
cost (3.2.3) related to the use of the different materials and application
met hods. He can then select the nost suitable material and application
met hod. Sonme of the nost common application techniques involve conplete
encapsul ati on, corner pads, and face pads. These and various other
application techniques are discussed throughout Chapter 4.

3.2.1.2.3 Check for buckling (if pertinent). Long, slender cushions
tend to buckle, instead of becom ng uniformly conpressed, when subjected to a
compressive force applied along the |engthwi se axis of the cushion.
Generally, this is undesirable if face pads are used because the item m ght
tip (Figure 3-3) and becone danmged as a result of collision of the itemwth
the container. ( NoTE: Under certain circunstances, controlled buckling in
cushioning can be desirable). In general, danger from buckling may be
di sregarded when application nethods other than face pads are enployed.
Normal Iy, a cushion will be relatively stable if:

VArea > 1.33 (3:1)

T

where I_is the original thickness of the cushioning material. Restated, the

m ni mum bearing Anin. that will insure stability of a face pad is given by:
Anin. = (1.33T)° (3:2)

CAUTION:  Although econony of cushioning design might dictate
reduction of cushioning bearing area to a mnimm the
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desi gner nust insure that the |oad-bearing portion of the item
can withstand the resultant stress (15), (28).

3.2.1.2.4 Check the effectiveness of the cushioning against cornerw se
impacts (if required). Flat drops of containers against their faces are
general ly considered to be the nost severe type of rough handling that a
package m ght encounter during shipment. Therefore, cushioning design is
primarily concerned with providing anple flat drop protection. However,
cornerwi se inpacts of packages are also quite common in service. Mny
conpl ete package acceptance tests in specification involve cornerw se inpacts
so the designer nmust be certain that his design, based upon flat drop pro-
tection, will also suffice for cornerw se drops. Only limted research has
been conducted to reveal the correlation between cushioning perfornmance as
determined in flat drops using a cushion testing apparatus and corner drops
of conpl ete packages.

Some indication of this relationship is given in the Gn-WA curves shown
in Figures 3-4 and 3-5. The curves represent test data cdtected by the
U S. Forest Products Laboratory to show the conbined effects of cornerw se-
impact loading with different kinds of containers upon dynanic conpression
test data for rubberized hair (Type IV, 3.0 inch thickness, 1.8 pcf) and
uret hane foam (pol yester type, 3.0 inch thickness, 4.0 pcf) . These-materials
were selected because they represent extremes in damping. Three sanples of
each material were tested in accordance with 6.1.2. Qher sanples were
fabricated into corner pads (as in Figure 3-2B) and corner-drop tested with
dummy | oads and appropriate recording equi pnent inside single-wall corrugated
fiberboard containers (RSC domestic B-flute, 225 psi Millen strength) and
paper-overlaid veneer containers (PPP-B-576, style A) according to 6.3. An
equi val ent drop height of 22 inches was used for all tests and WA for the
cornerwi se-drop tests is based upon A (equation (3:5)) , (33).

As shown, at |lower WA values the paper-overlaid veneer containers, being
stiffer than the corrugated fiberboard containers, produced hi gher Gmval ues
than the flat drop test values obtained wthout containers. However at
hi gher values of WA the container corners became crushed and provided extra
cushi oni ng. The corrugated fiberboard containers provided safe (even
additive) protection throughout the entire WA range but |ike the paper-
overlaid veneer containers, their greatest additive effect also occurred at
t he higher WA range.

These data indicate that extra thickness of pad will be needed for corner
drops involving effective bearing stresses of less than about 0.4 psi and
paper-overlaid veneers (and probably cleated plywood) containers. However,
additional test data are needed to establish nmore conclusively the relation-
ship between flat drop test data and cornerw se-drop test data for conplete
packages.

The safest nmethod to check the adequacy of the design in providing overall

shock protection is by conducting instrumented conplete package drop tests.
After the cushioning that will protect the item from drops has been determ ned,
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TOP VIEW
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FIGURE 3-6.  Hypothetical homogeneous
itemin cornerw se inpact attitude.

50



M L- HDBK- 304B
31 Cctober 1978

an estimate of the suitability for cornerwi se inpacts of design based upon
flat drop test data can frequently be made by the nethod described in
3.2.1.2.4.2.

3.2.1.2.4.1 Calculating effective bearing area for cornerw se inpacts.

In cornerwise-drop tests of conplete packages, specifications usually
require that, when dropped, the corner to be inmpacted must be aligned along
a vertical line through the center of gravity for the package (Figure 3-6).
Upon inpact the item due to its inertia, tends to continue noving vertically
downward without rotation, and the supporting cushioning (except that |ocated
in close proximty to the inpacted corner) is loaded to sone degree in shear.
If an item was conpletely encapsulated in material, the effective bearing area
A of the itemfor this situation is the projected bearing area in the hori-
zontal plane of the three sides adjacent to the inpacted corner of the item
For exanple, the effective bearing area of the hypothetical honpgeneous item
depicted in cornerwi se-inpact attitude in Figure 3-6 would be the summtion
of the shaded areas shown in the top view As stated in 3.2.1.1, this area
can be neasured by light projection nethods or it can be conmputed for the
different conditions described in the follow ng text.

Qbviously, AT is a function of L. w._and d of the item For any item that

is a rectangular prism the relationship between At and L. w,_ and d_is:

AT = 3 (LWd)
VL + w2 + d? (3:3)

If the itemis a cube, the equation reduces to:
A, = 173 1L° (3:4)

The effective bearing area of corner pads cushioning items during corner-

wi se inpacts A [is also a function of L. w and d_ If they are supporting
cubical itens—amnd the pads are essentially conposed of three portions having
equal length and width dinensions, the A';is: A = 1.73 L'’ (3:5)

where L' is the length of the side of one of the three major conmponents of the
corner pads (Figure 3-2).

If the same pads are used with itens that are rectangular prisns having
different dinensions of L, w, and d_, the A .is:

A'v = L'2 (d+w+1)
v 4% + w2+ 12 (3:6)
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Because of the conplexity of the phenomena involved, it is not feasible to
cal cul ate At when side cushioning pads are used. In such instances, the nost
practical recourse for the designer is sinply to bypass the analytical check
for cornerwi se-drop protection. However, it is essential to check the effec-
tiveness of the design for both flat and cornerw se-drop protection by conduct-
ing actual tests of the conplete package (3.2.1.2.5 and 6.3).

3.2.1.2.4.2 Estimating protection for cornerw se inpacts.

Once the designer has decided upon the cushioning that wll adequately
protect the item fromflat drops, he should then check the effectiveness of
the cushioning against cornerwi se inmpacts by (1) calculating the effective
bearing area by one of the pertinent equations in 3.2.1.2.4.1 and then (2)
determ ning whether additional thickness is needed for cornerw se-drop pro-
tection by reference to the Gn WA curves.

To illustrate estimation of cushioning requirements for cornerw se inpacts,
the follow ng exanmple problemis given:

PROBLEM  Deternmine the anount of urethane foam (polyester type, 4.0 pcf)
that is required to protect an item by conplete encapsulation in a single-wall
corrugated fiberboard box from flat and corner drops of 24 inches. The item
wei ghs 10 pounds and is a 12-inch cube that will endure up to 50 g.

SOLUTI ON: Since the bearing area of each of the sides is 144 square
inches, WA = 0.07 psi. The curves in graph 6.24 (which are based upon flat
drop test data) show that 2-inch thick cushioning will provide adequate pro-
tection for a flat drop.

The projected bearing area for a corner drop, calculated by equation (3:4)

AT = (1.73) (144) = 249 square inches
WAT = 0.04 psi

The curves in graph 6.24 indicate that, for WAT = 0.04 psi, a 3-inch
t hi ckness of material would be required to protect the item

3.2.1.2.4.3 Estimations involving adjacent cushions of different
t hi ckness.

Design against flat drops (especially with rectangular itens) often yields
di fferent thicknesses of cushioning material against the various faces. This
disparity of thickness presents a slight problem in checking the adequacy of
the same design for cornerw se-drop protection. However, in such instances,
it is suggested that the designer should (1) calculate the effective static
stress for cornerwi se inpact, (2) determine fromthe curves the mninm
required thickness, and (3) adjust the cushioning thickness of any of the
sides, if necessary, to conply with the mninum required thickness.
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3.2.1.2.5 Conduct instrunented conpl ete package drop and vibration
tests.

The data given in Appendices V through VII will give a first estinate
of the cushioning performance requirements, but shock and/or vibration tests
of the conplete package should be conducted before the package design is
finally accepted. Some enpirical adjustnent of cushioning thickness mght be
indicated by the test results.

The nature of the tests will be dictated by applicable specifications
or other pertinent requirements. Reconmmended techniques for instrunenting
the itens (or dummy itens) for testing of conplete packages are given in
6.3.

The peak accel eration-static stress curves shown in Appendix V were
derived according to the test procedure given in 6.1.2.1, which is based
upon tests involving relatively rigid testing surfaces. The transmssibility-
frequency curves shown in Appendix VI were derived according to the test
procedure given in 6.1.2.2 which elinmnates nost of the frictional force
experienced in actual applications. Therefore, the effects of container
behavi or are not included. The performance of cushioning materials inside
conpl ete packages under certain conditions can vary appreciably from the
perfornmance exhibited during tests of a cushion pad al one using a cushion
testing apparatus (11), (14), (23), (32).

Figures 3-4 and 3-5 provide partial indications that design through
the useful range of static stress with peak acceleration-static stress
curves derived exclusive of container effects probably will be somewhat
inaccurate, especially concerning optimm static stress val ues. I nconsi st -
encies between cushion pad performance data and conpleted package performance
serve to enphasize the need for confirmation of cushion perfornance through
conpl eted package testing. The nature of the inconsistencies between cushion
pad and conpleted package tests is discussed in 3.2.1.2.5.1 through
3.2.1.2.5.3.

3.2.1.2.5.1 Rebound effects. Imredi ately after a flat drop, the con-
tainer usually rebounds to sone extent. This phenonmenon (Figure 3-7) causes
the container (and cushion) to nove vectorially opposite to the notion of the
item and increases the peak accel eration experienced by the item  The
quantitative nature of effects caused by rebound have not been clearly defined
but work being conducted by the US. Forest Products Laboratory indicates that
under certain loading conditions (especially where very lightweight items and
flat drops are involved) the increase in peak acceleration of the item can be
| arge.

3.2.1.2.5.2 Corner crushing and buckling of sides. In certain instances
especially when relatively flexible containers (some kinds of corrugated
fiberboard containers) containing heavy itens are dropped on corners or edges
the sides tend to buckle and the corners crush as indicated in Figure 3-8.
In this instance, the energy absorption capacity of the supporting cushioning
material is partially bypassed, thereby, causing the corner of the itemto
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, CONTAINER
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FIGURE 3-7.  Container rebound imedi-
ately after collision with a rigid

Surf ace.
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FIGURE 3-8. Buckling of sides during
i npact of heavily |oaded flexible
cont ai ner.
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“bottom’ and be damaged.

In other instances, the peak acceleration of items during corner inpacts
of packages is reduced because the corners crush together with only slight
fl exure of the sides.

Obviously, the beneficial or deleterious nature of corner crushing and
side buckling is dependent upon the stiffness of container and the amunt of
applied energy and can best be quantified by specific conplete package
testing.

3.2.1.2.5.3 Pneumatic and frictional effects. Since the dynanic conpres-
sion performance of nost cushioning naterials is viscoelastic in nature
encl osure of such materials in a container may influence both peak acceleration
and static stress loading values. Viscous danping may be increased when the
cushion pads are enclosed, thus, restricting air flow within the box and
increasing the effective load bearing capability of the pad under rapid |oad-
ing rates. In addition, frictional (Coulonb) damping may retard novenent
of the itemin relation to the side pads.

3.2.2 Vibration isolation capability. Generally shock isolation is
considered first in the design of packaging for items of a size and weight
which are susceptible to free fall drop during manual handling. After an
acceptabl e pack has been designed with regard to shock protection it should
then be evaluated with respect to its vibration response and isolation
characteristics. Package vibration problens usually involve one or both
the follow ng considerations:

a. The response of the pack “as a whole” to its vibration environnment.

h. The response of secondary elenments of the itemto the vibration
envi ronment .

3.2.2.1 Transmssibility curves for representation of vibration response

Any linear cushioning system can be represented by the set of generalized
transmissibility curves presented in Figure 2-19. The transmissibility of a
cushioning systemis expressed as a non-dinensional ratio of its response
anplitude to the excitation anplitude. The ratio may be one of forces,

di spl acenents, velocities, or acceleration. As indicated in Figure 2-19,
the shape of the curve is affected by the degree of damping in the system

Unlike linear systems, non-linear systems, such as represented by all
the cushioning materials presented in this handbook, cannot be characterized

by a single set of curves. Instead, a total of 1260 curves are displayed in
Appendix VI, to define the transmssibility properties of 22 types of package
cushioning material. Since the natural frequency of a non-linear systemis

continuously changing with displacenent, the frequency axis of the transms-
sibility curves for these materials represents the forcing frequency (input)
rather than a ratio of the forcing frequency to the natural frequency, as is
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the case with linear systens. Several inportant points can be identified

on the transmssibility curves of both linear and non-linear systens, which
can be useful in the design of package cushioning systenms. As previously
noted in 2.3.2.2.2, the frequency value corresponding to the peak anplitude
of the curve represents the resonant frequency of the cushioning system for
the cushion material thickness and bearing |oad specified. For linear systems,
the peak anplitude always corresponds with a one to one frequency ratio. The
peak anplitude represents the point of maximum amplification of vibration
inputs. The nearly horizontal segment of the extreme left hand portion of a
transmissibility curve indicates that when the forcing frequencies are
relatively low, i.e., significantly less than the natural frequency of the
system the response of a cushioned itemis of approximtely the sane
anplitude as the forcing frequency. The point at which the curve drops bel ow
a transmissibility value of one indicates the frequency or frequency ratio

at which vibration isolation begins. For linear systens this point occurs
when the forcing frequency is 1.414 tines greater than the natural frequency
of the system For non-linear systems vibration isolation also occurs when
the forcing frequency is significantly greater than the resonant frequency;
however, unlike the linear system the ratio of these frequencies is not
constant at 1.414 but varies with the type of material, thickness, and static
| oadi ng stress.

3.2.2.2 Vibration isolation design procedures.

3.2.2.2.1 Problem Iteml Cushion Response. The follow ng problem
illustrates the manner in which the resonant frequency of a package can be
determined as well as the magnitude of its response to vibration inputs from
the environnent:

Assume that an item 10 inches cube and wei ghing 8 pounds, has been
cushioned on all sides with 2 inch thick pads of polyurethane (ether) foam of
1.5 pound per cubic foot density to provide shock protection at a |evel of
30 G when the pack containing the itemis dropped from a height of 24 inches.
Determine the resonant frequency of the pack and the acceleration respcnse of
the packaged item due to vibration inputs experienced during air transport
in a turbo-prop aircraft.

Solution: The first step in the solution is to calculate the static
bearing stress (o) exerted by the itemon the cushion pad upon which it rests:

WA = 8 (Ibs)
100 (sg. in.)

g

o 0. 08 psi

From Appendix VI select the transmissibility curve for 1.5 pcf
pol yurethane (ether) of 2 inches thickness devel oped at a static bearing
stress which nost closely corresponds to the calculated bearing stress value
of 0.08 psi. For this case, the curve satisfying the above requirenents is
presented in Curve 1.2. On the graph of the 2 inch thick material, project
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a line fromthe peak value on the curve perpendicular to the frequency coordi-
ate axis, The point of intersection with this coordinate axis identifies the
resonant frequency of the pack at 46 Hz. Alternatively, the resonant
frequency could have been found by referring to the Q = MAX Colum of Table |
Appendi x VII.

A horizontal line projected from the peak (resonant) point on the curve
to the transmssibility coordinate axis indicates that the pack has a trans-
mssibility of 6 at its resonant frequency,

The probable overall naxi num response of the pack to its transportation
environment can