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e UNITED STATES DISTRICT COURT
PR ~ FOR THE NORTHERN DISTRICT OF ILLINOIS
- SN EASTERN DIVISION
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Yy

v

“ENERGY ABSORPTION

SYSTEMS, INC.

a Del corporation, Civil Agtion No. -; 9\
elaware n “Ei 00067 |

Plaintiff, _ gﬂg]{f ] H?

V' RJ,/-EN 3 ﬁ _

JURY TRIAL DEMANDED 200

TRAFFIX DEVICES, INC.,
a California Corporation;

JUDGE ANDERSE)
it
Defendant. ok
MAGISTRATE JUDGE
COMPLAINT GERALDINE S0AT BHOWN

Plaintiff, Energy Absorpticn Systems, Inc. ("Energy Absorption”), for its claims
against Defendant, Traffix Devices, Inc. ("Traffix"), alleges as follows:

1. This claim arises under the laws of the United States relating to
patents, Title 35 of the United States Code. This Court has jurisdiction under 28
U.S.C. § 1338(a). Venue is based on 28 U.S.C. § 1400(b}.

2, Plaintiff Energy Absarption is a Delaware corporation whose principal
place of business is One East Wacker Drive, Ch‘icago, llinois, 60601.

3. Defendant Traffix is a California corporation whose principal place of
business is 220 Calle Pintoresco, San Clemente, California, 92672,

4, On information and belief, Defendant is doing business within this state
and district and has transacted business and committed torts within this state and

district from which this cause of action arises.
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5. Energy Absorption is the owner of United States Patent No. 6,092 859
("the '959 patent™), duly and legally issued on July 25, 2000, entitled “Method For
Decelerating A Vehicle, Highway Crash Cushion, and Energy Absorbing Element
Therefor,” (Exhibit 1).

6. Energy Absorption is the owner of United States Patent No. 6,481 920
("the '920 patent"), duly and legaily issued on November 19, 2002, entitled ‘Highway
Crash Cushion.” (Exhibit 2).

COUNT | - INFRINGEMENT OF U.S. PATENT NO. 6,092,959

7. Traffix has infringed the ‘959 patent and will continue to do so unless
enjoined by this Court.

8. On information and belief, Traffix' infringement of the ‘959 patent has
been and continues to be willful and wanton.

9. Energy Absorption has been irreparably damaged, in an amount yet to
be determined, by Traffix' acts of infringement and will continue to be damaged by
such acts in the future.

COUNT Il - INFRINGEMENT OF U.S. PAT. NO. 6,481,920

10.  Traffix has infringed the '920 patent and will continue to do so unless
enjoined by tﬁis Court.

11 On information and belief, Traffix' infringement of the ‘920 patent has
been and continues to be willful and wanton.

12. Energy Absorption has been irreparably damaged, in an amount yet to

be determined, by Traffix' acts of infringement and will continue to be damaged by

such acts in the future,
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WHEREFORE, Energy Absorption prays that;

1. Defendant be adjudged by this Court to have infringed United States
Patent Nos. 6,092,959 and 6,481,920;

2. Defendant be ordered by this Court to account for and pay to Energy
Absorption damages adequate to compensate Energy Absorption for the
infringement of United States Patent Nos. 6,092,959 and 6,481,920;

3. The damages be increased up to three times the amount found or
assessed in view of the willful nature of the continued infringement of United States
Patent Nos. 6,092,959 and 6,481,920:

4, Energy Absorption be awarded interest, costs, expenses and
reasonable attorneys’ fees for this suit;

5. Preliminary and permanent injunctions be issued against further
infringement of United States Patent Nos. 6,092,959 and 6,481,920 by Defendant,
its officers, agents, servants, employees, attorneys, and those persons in active
concert or participation with it; and

6. Energy Absorption be awarded such other and further relief as this

Court may deem just and proper.
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DEMAND FOR JURY TRIAL

Pursuant to Fed. R. Civ. P. 38(b), Energy Absorption demands trial by jury in

this action on all issues triable by jury.

Dated: January €9 . 2003 By:

m lliam H)Frankel —
; ~Remus

Brinks Hofer Gilson & Lione
NBC Tower, Suite 3600

455 North Cityfront Plaza Drive
Chicago, IL 60611
312/321-4200

Attorneys for Plaintiff
Energy Absorption Systems, Inc.
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METHOD FOR DTCELERATING A
VEHICLE, HIGHWAY CRASH CUSHION,
AND ENFRGY ABSORBING ELEMENT
THEREFOR

BACKGROUND

The preseni invenlion relates to an improved highway
crash cushion that operates to docelerate an impacting
vehicle safely and efficicntly,

Mighway crash cushions are widely wsed o decelerate
impacting vehicles while limiting decelaration 1o safe levels
for ncoupants af the vehicles. Such cushioms are used
alongside roadways in many applications, such as in front of
bridge piers and other obstructions. Additionally, highway
crash cushions are positioned oo shadow vehicles such as
heavy trucks that are parked in front of work zones, The
truck protects the work xone against intmsion from a vehicle
thal has Jefl the madway, and the highway crash cushion
protecis the impacting vehicle and the shadow truck during
Lthe collision.

June U5, Pat. No, 5,642,792 assiphed to the sssignee of
the present Wvention, discloses one highway crash cushion
that is mounted to & truck via a support frame that inclodes
articulated arms. Ap energy absorbing element is disposed in
the support frame, which s designed 1o collapse and 1o
decelerate an impacling wehicle in a contralled manner.

SUMMARY

The preseni iovention is direcled 1o an improved highway
crash cushion and associated method that provide important
advanlages in lerms of improved desipgn fexibility, ‘This
albows the crash cushion designer w tailor the decelerating
loads imposed by the crash cushion on the impacting vehicle
1o optimize efficiency. This invention is deflned by the
following claims, and nothing in this section should be taken
as & limitalion on those claims.
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By way of introduction, the crash cushion described -

below includes a frame that forms at keast first and second
bays arrapged one behiod the other in an anticipated impact
direction, The Eame mcludes at least first, second and thicd
trapsverse frames spaced from ooe another along the antici-
pated impact direetion such i1hat the first bay is between Lhe
firs! and second trapsverse frames and the second bay is
between the second and third transverse frames. Af least Tour
side frames are included in the frame, with the rs agd
secaond side frames extending beiween the first and second
transverss frames on respective sides of the fiest bay, znd the
third and fourth side frames extending between the second
and third ransverse frames on respective sides of the second
bay. Each of the side frames includes first and second side
frame elements that are coupled {o the respectivs transverse
frames, and a hinge coupled between the first and second
side frame slements. Al least one energy absorbing element
is disposed in at beast oonc of the bays, and at least two
restraints are coupled to the side frames to resist movement
of the hinges,

The enerpy absorbing elernents can take many forms, In
one preferred form the coergy absorbing element includes
tapered deformable shect metal elements. Each sheet metal
element defines a longiudinal axis extending between a
smaller agd a larger end, and the longitedina] axes are
generally aligned with some of the smaller ends facing a first
side of the energy absotbing element and others of the
smakler ends facing a second side of the energy abhsorhing
element, oppasite the first side,

‘The crash cushion described in detail below is one
exantple of a new type of crash cushion having a system
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response profile thal provides an unusually efficicnt opera-
liom and stops an impacling vehicle in an unusnally short
distance while complying with controlling e pulations. The
sysiem response profile of the disclosed crash cusbion is
characicrized by an initial portion, an intermediate porlion
and a final portion. The decelerating foree of \he response
profile during the final portion has an average value F; the
decelerating, force during the initial portion peaks at a value
substantially preater than F; and the decelerating force
during the internmediate portion falls 1o a value substantially
less than F. This system response profile initially slows the
vehicls markedly, then subsiantially reduces or eliminates
decelerating forces on the vebicle, and fioally provides a
controlled decelerating foree 1o stop the vehicic. I this way,
the time and distance required initially W slow the impacling
vehicle by a specified amount (such as 12 melers per seoond)
is minimized, and the impacting vehicle quickly reaches the
third portion of the profile, where the impacting vehicle is
decelerated at a high average rate, up to aboul 20 G in maoy
applications.

‘The drawings aod detailed descriplion disclose the pre-
ferred embodiments in greater detail, along with maay of
their advantages.

RRIEF DESCRIFTION OF THE DRAWINGS

F1G. 1 is a pemspective view of 4 first preferred embodi-
ment of the highway crash cushion of this invention.

F1G. 2 is 2 more detafled perspective view of the crash
custrion of FIG. L.

FIGS. 3}, 4 and 5 are front, top and side vigws,
respectively, of the crash cushion of FIG, 2,

F1G. 6 15 a delailed view of a hinge and restraiat inchuded
i the embodiment of FIG. 2.

F1G. 7 is & top view of a second preferred embodiment of
1his invention, shuwing the frame at an initial stage of
collapse during an impact.

[FIGE. 8 and 9 are top views of the embadiment of FIG.
7, showing the crash cushion in a parlially callapsed position
(F1G. 8) and an extended position (F1G. 9).

FIGS, 10 and 11 are side views of the embodiment of F1G.
7, showing the crash cushion i an operativonal, horizonlal
positicn (FIG. 10) and 2 venical, transpori/storape position
(FIG. 11).

FIG. 12 i= a praph of deceleration force versus time for
two varizats of the embodiment of FIG. 2 during comparable
impact evenls,

FIG, 13 is an expluded perspective view of a portion of
o cnergy absorbing elementl suilable for use with this
invention.

FIG5. 14 and 15 are a perspective, partially cxploded
view and 2 front view, respectively, of deformahble sheck
metal eloments suilable for wse in another energy absorhing
element of this invention.

FIGS, 16 and 17 arc vpper and lower perspective views of
a one-directional array of tapered defonnable elements.

FIG. 18 ix a perspective view of a bi-directional acray of
tapered deformable elements.

FIG. 19 is a perspective view of a polygoual apered
deformable element

FIGS, 20 and 21 are perspective views of anidirectional
and bi-dircctional arrays, respeclively, using the polygonal
deformable eloment of FIG, 19.

DETAILED DESCRIFTION OF THE
FRESENTIY PREFERRED EMBODMMENTS
Turning now to the drawings, FIG. 1 shows a crash
cushica 19 that incurporates a presently prefemed cmbodi-
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ment of this ievention. The crash cushion 10 s mounted at
the rear of a shadow vehicle or truck T by means of =
mounting structure 18, 'ihe crash cushion 10 includes a
frame 12 described in greater detail below, The frame 12
rupports an impact face 14 directed away from the mck T,
and the frame 12 defires two bays thal support respeciive
energy absorbing elements 16, The frame 12 forms a self-
supporting sinigiure, and the enerpy absorbing elements 16
ari destpoed to absotb cocrgy in ag impact but not (o scrve
2 structural function in the ¢rash cushion 10,

HG, 2 shows a more detailed perspective view of the
crash cushion 1), including transverie [rames 20, 22 and 24
and side frames 26, 27, 18, 3. The impact face 14 of FIG.
1 15 not shown in FIG. 2 for clanly of illustration, but the
face 14 i mouated on the fransverse frame 20. lo some
embodiments, the face 14 can be non-structural or even
climinated,

As best shown io FIG. 4, each of the side frames 26, 27,
28, 3 includes two separate side frame elements 32 that are
interconnected by a pair of central hinges 3. Additionally,
each of the side frame elements 32 is connected by addi-
Lirnal hinges 36 to a respective ong of the transverse frames
20, 22, 24_ As shown 1n FIG, 4, the side Frame ¢lemenis 32
are bowed outwardly, and the hinges 34 are positioned o
iltow the side frame elements 32 to move ontwardly io an
impact,

The lrapsverse frames 20, 22 and the side {rames 26, 27
form a first bay 38 thal coolains the finst elerment 16,
Similarly, the transvemse frames 22, 24 and the side fames
28, 30 form a second bay 40 that contains the second
clement 16, Fhe energy absorbing clements 16 are attached
to and caniilevered [rom respective transverse frames 22, 24,

As shown in FIG. 5, one or mors hydranlic cylinders 52
can be provided in the mounting struciure 18 to pivit Lthe

10
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Frame 12 between the horizontal, operational pusilion shown

in FIGS. 5 and 10, and the vertical, storage/iransport posi-
tion showa [n FIG. 11. Cross braces 44 are mounted between
the transverse frames as shown in FIGS, 4 and 5 to provide
stability prior to impact, These cross braces 44 have becn lefi
out of the remaining figures for clarity of illusiration,

F1G, 6 provides an exploded perspective view of one of
the hinges 34 and the associated side lrame elements 32. The
hinge 3 13 showa in a rotated position for clarity of
illustration, Normally the hinpges 34 are oriented with ver-
tical hinge axcs, as shown in FIGS, 2 and 4.

As shown in FIG. 8, a restraint 44 is associated with cach
of the hinges 34, [n this smbodiment, the restraint 46 1akes
the form of a bolt 48 and a nui 50. The holt 48 js passed
through npenings in mounting blocks 32, apd the mounting
hlocks are rigidly secured in place on mespective ones of the
side frame elements 32. The hinge 34 in this embodiment is
formed by a pin 56 thal is received wilhin openings 54, 55.
The vpening 55 may be formed by a sleeve 57 received in
one of the hinge parts.

When the crash cushion 10 is in the operafional posilion
showar in FIGS. 1 theouph 5, each of ihe eight hinges 34 s
held i the closed powsition by the respective restrainl 44,
Note that the hinges 34 are positioned in such a way thal
compressive forces applied to the frame 12 by an impacting
vehicle {nol shown) striking the teansverse frame 20 along
the impact direetion | (FIG. 4) apply tensile forces to the
respective mestrainls 46, When these lensile forces exoeed
the strengih of the respeclive bolis 48 (FIG. 6), the bolts are
bruken, thereby meeing the binges 34 10 open outwardly, and
aflowing the transverse frames 20, 22, 24 10 approach one
anuvther and o compress the energy absorbing elements 16.

55
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FIGS. 7 through 11 relate 1o a second preflerred crash
cushion, which is in many ways similar to the first crash
cushion described above. Comparable clements arc given
comparable refercnce numbers. The crash cushion of FIGH.
7 through 11 differs [rom the crash cushion 10 described
above in that the side frame elements 32 secured to the first
teangverse Frame 20 are additionally provided with auxiliary
hinges 58 As shown i FIG. 7, during a normel impact the
hinges 58 remain closed and the embodinseni of T1GS. 7
theough 11 operates guite similarky to the cmbodiment
deseribed above in conjupetion with FIGS, 1 through 6.

As shown in FIGS, § and 9, this cmbodiment also includes
cables 60 and 62, The cables 80 are connceted to tespective
oncs of the forward side frame elements 32 adjacent to the
auxiliary hinges 58. When the cables 60 are tightencd and
the cable 62 is loosened, forces are applicd to the forward
side [rame elements 32 to close Lhe auxiliary hinges 58 and
1y extend the fist transverss frame 20 away from the second
transverse frame to the operational position shown in FIG.
9. Cooversely, when the cables 60 are loosened and the cable
62 1 lightened, the first transverse frame 20 1= puled toward
the sccond transverse frame 22 as the suxiliary hinges are
opencd, a8 shown in FIG, 8. In this way the overall kength
of the crash cushioo is reduced, The hinges 38 may be spring
biased toward the opening direction to facilitate this move-
et

Preferably, the cables 60, 62 arg attached to a mounting
structure similar 1o that discussed above in such 3 way that
the cables 6, 62 are lonsenad and tighienod as described
above amtomatically as the crash cushion B rofated between
the horizontal, operational position of FIG. 10 and the
vertical, travel/storage position of FIG. 11. Thus, when the
crash cushion is raised to (he venical position of FIG. 11, the
cables 68 are auiomatically loosencd and the cable 62 is
antomaticalby tightened to shorten the travel height of the
crash eyshion amomatically, Conversely, as the crash cush-
ion is lowered 10 the operational position shown in FIG. 10,
the cables 60} are antomatically tightened and the cable 62 is
automatically loosened to extend the first transverse [rame
20 1o the operational position shown in FIG. 9. In this way,
the overall heipht of the crash cushion 10 in the travel
position can be maintained at the desired level, such as no
more than about 13 feet above the roadway,

The cables 60, 62 and the auxiliary hinpes 58 function as
a means for sutomatically collapsing the fimt bay as Lhe
crash cushion is rotated fromn the borizontal to the vertical
position, and as a means for automatically extending the fisst
bay as the crash cushion is rotatcd from the vertical to the
torizontal position. These elements also function as 3 means
for at least partially coHapsing the frame 12 1o shorten its
lengih for storage.

The means for avtomatically extending and relracting the
frame 12 can take many other forms. For exampls, the
meats for exlending the frame may include a spring-biased
system that causes the first bay of the frame I2 to remain
fully extended when the retraction cables are loosened, If
desired, one or more latches can be provided so that in the
travel position and/or the operational position the configu-
ration of the ¢rash ceshion 10 is maintained by some mcans
other than tension on the cables,

FIG. 13 shows a preferred structure for one of the energy
absorbing elements 16. As shown in FIG. 13, a plurality of
sheel metal rectangular cells M are disposed between cover
plates 92, lo an impact, these shoot metal elements are
cmshed to provide a controlled decelerating force. The cells
9 and the cover plates 92 of FIG, 13 are similar w
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corresponding elements of US. Pat. Nos. 4,71),481 acd
5,190,755, assipned tn the assignee of the prosent Imvemion
and herehy incorporited by reference in their catirety.

Another preferred structure for the energy absorbing
¢lement of F1G. 1 includes a plurality of tapered deformable
elements. Tapered deformable clements cap take many
forms, and scveral examples are shown in FIGS, 14-21. In
general, the tapered deformable elements can be formed as
separsle, stand-alone tapered clements that are stabilized by
fastening both cnds of the tapered elements o a fame of
sowe type, such as for cxample by use of rivets, welds,
adbesives or other fasteners. Altcrnately, the tapered deform-
able elements can be formed in one or lwe dimensional
arrays.

FIGS. 14 and 15 relate to a first type of tapered deform-
able element 94 in which the clements are generally conical
in shape and cach includes a small end 98 and 4 large end
100 spaced along a longitudinal axis 36, As shown in FIG.
14, in this cmbodiment the 1apered deformable elements 94
are closely stacked with some of the small ends 100 ociented
toward a first side 102 of the array, and olhers of the small
eods 98 facing the sceond, apposed stde 104 of the array.

In the cnd view of FIG. 15, the deformable clements are
identificd as 94" apd 947 The clements $4' bhave Lheir small
ends 98 facing the view plane, while the ¢lements 24" tave
their small ends 98" facing away (rom the view planc.

Retming to FIG. 14, in this embodiment the deformable
elements 94 are formed from two stamped sheets 106, 108
of a sheet material such 35 sheet aluminum. Depending upou
the desired stiffness of the deformable clements, any appro-
priate gauge and alloy of matsrial can be wsed. As showm in
the ugpermnst row of FIG. 14, each of the sheots 16, 108
is stamped or otherwise formed to create an array of half
cones, The sheets 106, 108 may be physically identical if the
half cones are positioned properly oo (he sheets. Whena the
sheets 106, 108 2re maicd tngether, the frustoconical shapes
of the individual tipered clements 94 are formed, 85 showa
io the lower twa ows of FIG. 14, The sheets 106, 108 can
D¢ beld together in amy suitable manner, as by spal weldiog,
riveting, [astening, or adbesively holding them together or to
an extermal frame (not shown).

FIG. 16-18 relate o another preferred embodiment, in
which the tapered deformable clements 111 are each formed
from a single sheet 110 of a sheet material such as shest
alurninum, I this case (he tapered deformable elements 111
are stampod or drawn from the shect 110 in 4 coaventional
stamping or drawing operation. Thus, the single sheet 110
forms all of the associated lapered eloments 111, alopg with
the remaining planar portion of the backing shect,

As shown in FIGS. 16 apd 17, a single sheet 110 of the
tapered deformshle elements 111 can be used 1o form =
unidirectional arruy. Altematively, as shown in F13G. 18, two
of the sheets 110 can be nested together to form a
bi-directional array, in which the smaller ends of the ele-
ments 111 of ope sheet face o Arst dircetion, while the
smaller ends of the tapered elements 111 of the second sheet
[ace the reverse dircction.

It is not essential in all embodiments that the tapered
deformable elements be circular in cruss section. As shown
in FIGS. 19-21, various polygonal cross sectional shapes
can be used. The tapered deformable element 16 of FIG, 19
has a tectangular eroas sectional shape. Other polygonal
shapes including polygons with more or fewer sides
arranged as regulat or ircgular polygons <an be used. As
shown in FIGS. 20-21, polygonal 1apered deformable ele-
ments 116 can be arranged in a upi-directional array 118 or
a bi-directional array 120.
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Though not shown in FEGS. 14-21, conventional cover
plates can be uscd to house and secure the tapered deform-
able clements in place, if desired, and mulliple rows of the
iltustrated elements can be used in & single cocrpy absorbing
element,

The tapered deformable slements provide the advantige
of an inereased stroke and thereby increased efficiency. This
is because (he tapered deformable elements 94, 111, 116 can
be crushed 10 3 smalk fraction of their oddginal length before
metal-to-metal contact of the crushed clement provides
substantizl increases in the forces cequired for Durther crush-
ing.

The crash cushion 19 reacts to the impact of a vehicle in
the following way. First the impacting vehicke contacts Lhe
rear impact face 14. This face provides a uniform surface for
the vehicie 1o imeract with and transfers the leading (rom the
vehicle 1o the crash cushion 10, The side frame clements 32
bhegin to flex hecause of this Joading and then continue 10
flex until the restraints 46 fail, *Y'he amonot of loading that is
applicd to an impacting vehicle can be tuned by waking into
sccounl the several factors that determine wheo the
restraints release the respective hinges. These faclors may
include (he peometry of the hinges 34 and the side frame
elements 32 in relation to the locatinn of Lhe restraints 46, Lhe
ullimate strength of the bolts 48, the stiffness of the side
frame elements, and the mass of the side frame clements, 1he
trapsverse frames and the (ace 14,

Once the resiraints 46 fail, the side frune elements 32
begin to rotats in response to the force supplied by the
impacting vehicle 1o the Lransverss frame 20. The translation
of tramsverse frame 20 and the rotstion of the side frame
elements 32 cause a transfer of kinetic cnergy that was
originally in the impacting vehicle into the frame 12, therely
slowing the impactiog vehicle, The side frame clements 32
continue 1o collapse wntil the gaps GL, G belween the
encrgy absarbing clements 16 and ths transverse Eames 20,
22 have clozed (F1G. 4). The cnergy absorbing clements 16
are then deformed as they collapse untid the design level of
kinetic coergy has been dissipated by the system or the
vehicls has besn bronghl to a stop.

The crash cushion 10 is desipoed so thal under many
impagts most of the components of the (ame 12 are reus-
able, The enerpy absorbing elements 16 are expendable and
arc intended to be replaced after an impact.

The initial decelerating forces applied by the crash cush.
jon 10 to an impacting vehicle are determined as a function
of (1) the lincar inertia of (he companent elements of the
frame 12 (e.g. the mass of the transverse frame 20), (2) the
linear and rotatiopal inertia of the side frame ¢lements 32,
and (3) the angubar offsct of each side Eame clement 32 with
respect 1o the collapsing loads applied during an impact.
Note that hath the lincar and the rotational inertial responses
of the system do oot fovolve any planned defiection of,
tearing of, or other damage to the frame 12

The initial impact response of the crash cushion 1 also
depends on the use of mechaoical or electromechanical
resiraints that Hmit relsass of the collapsible bays until some
desired minimum threshold tevel of impact severity is
achieved. The system described above is completely
passive, and relics on the breaking of bults placed in tension
by the impact 1o control the releass of the Eame 12. Other
passive means such as shear pios, breakaway cables, or
high-friction brakes in each of the hinges 34 can also be
wsed. Allerpatively, restrainis suitable for use with this
invention may involve sensors and/or contruls that adjust the
properties of the release o best suil the particular charag-
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teristics of the impacting vehicle, afier some determination
is made about the conditions of Lhe impact. For example, 2
restraint may include an ¢lectromechanical device. When s
oad {as measurcd by an integral load cell) reaches a
threshold value, ¢ locking pin may be pulled oug of a joint
by an actuator, tes releasing the hings. Thus, the restraints
that limit cotlapse of the frame way or may not be rensable
and they may be passive or active. The key characteristic is
that the collapse of the system is released under specific and
predictable corditions, but not otherwise. Aclive restrainls
may zllow collapse of the frame lo be conditional on any
desired combination of impact conditioas such as force,
velocity, and displacement.

By adjusting the inerfial properies of the transverse
frames 20, 22 and the side frame clements 32, by adjusiing
the geometry of the side frame elements 32 (Le. the amount
the side frame elements 32 arc beot al their hinges 34 in their
deployed, operational position), and by adjusting the char-
acteristics of the resiraints 46, the response of the crash
cushion 10 can be tailored lo oplimally trigges onboatd
airbags or other onboard safety systems of ap impacling
vehicle. One particular challenpge for airbags is the distin-
guishing of conditions requiring deployment of the airbag,
for example a high-speed accident, [rom conditions under
which the aitbag is not required, for exampls 1 low speed
bump inte a parking bollard or another wehicle, By adjusting
the response of the crash cushion, the problem of noo-
deployment, or inappropriale deployment of airbags can be
reduced. For example, by adjusting crash cushion param-
eters to obtain a relatively bigh initial deceleration spike, the
crash cushion 10 ean provide an initial force on the impact-
ing vehicle that i3 large enough and shaped 1o tend (o ensure
the deployment of an sithag early in the impact, 1bus
maximizinpg, the benefit of the airbag o the vehicle oceu-
panis,

The crash cushion 10 can also be designed o reduce the
overall length of the crash cushion 10 It is generafly true
that the greater the length of a crash cushion, the lower the
forces of impact will be. However, additivnal length limits
the sites L which a particular crash cushion may be properly
applied. In the application of & crash cushion mounted to the
back of a tuck, the length of the crash cushion is of
particular sensitivity, in that additional length adds weight
that must he supporied by the frame of ibe truck. Further, the
weight of the truck-mounted crash cushion is generally
cantilever-mounted 10 the truck, so that additional length
increases the moment of the weight of the crash cushion on
the mounting stiucture 18, Also, a5 the lenglh of a truck-
mounted crash cushion increases, the rearmost end of the
crash cushion will tend o swing widely as the irack turns,
For these reasops, reducing the length of truck-mounted
crash cushions is of particelar benefit.

As the length of a crash aushion & reduced, it is ioporiant
thai the impact response of (he crash cushion is very
carcfully designed so to coolioue to provide optimal safety
performance. The ability of the designer 1o tune the response
ol the crash cushion allows this delicate balance between the
system’s lengih and its impact performance to be estab-
Tighed.

Ancther advantage of the frame 12 is that it can be
coHapsed Lo a very compadt size for shipping and stocage, It
the included encrgy absorbing elements 14 are themselves
collapsible (e.g. formed of hydraulic or pacumatic
elements), then the frame 12 can be collapsed while
mounted an the truck T su thal the crush cusbion 14 can be
made very compact when the truck T is in traosit,

Actual crash tests have shown that the crash cusinon 10
can readily be tuned by adjusting the paramelers deseribed
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above 1o oblain a desired deceleration corve, FIG, 12 shows
two curves B, 82 of decelerating force versus lime as an
impacting vehicle strikes the crash cushion 1. The principal
differences between the tesis (hat resulied in the curves 80
and 82 relate 10 selecied ones of the variables deseribed
above, For the curve 80, two energy ahsarhing elements 16
were used, bul the energy absorbing element 16 in the first
hay was shorer and less stff thao the energy absorbing
element in the second bay. In particular, the gap G1 was 33
inches while the pap G2 was seven inches. The conditions
uged for the curve 82 icluded no encrgy absorbing eleoment
in the first bay and a gap of only one ioch between the soergy
abzorbing clement of the second bay and the second trans-
verse frame 22, Mote that the curve 80 provides a second
peak after the initial spike that pcours subsiantiaily earher
during the crash then the second peak in the curve 82, The
magniludes and locativns in time of the peaks can be
controlled by properly choosing the system parameters
discugzed above.

From the foregning i should be appurent thal an improved
highway crash cushion has been described thai fends itsel{ 1o
being mped by the designer [or particelar inpact character-
istics. For ihe crash cushion 10, there are al least Ove
variables that can be selected for each of the two bays: Lincar
inertia, rotalional nertia, stiffness of the coerpy absorbing
element in the bay, gap beiween the energy sbsorhing
clement and the respective transverse frames, and refease
load of the restraints. Any of these variables can be set at
different levels for the two bays. Furthermore, the two bays
caoperale with one another in a complex way.

‘The preferred crash cushion of this invention arapges
these varzhles tn achieve a novel sysiem mespoose profile
that meets currently-prevailing regulatory standards while
providing a drumatically shoriened crash cushion.

Impact testing of crash cushions is guided in MNonh
America by the National Cooperative Highway Rescarch
Program Report 350 (NCHRP-350). The NCHRP-350
guidelines rely on the flail space model for evalualion of
occupani nisk during an impact wst. The flail space model
assumes an wnresiraived occupant in the front seat of the
vehicle. Al the beginning of the crash event, the vehicle is
decelerated by (he impact with the crash cnshion, while the
occupant conlinncs forward in an unimpeded manper. At
some point, the ocoupani makes contact with the inside of
the vehicle, and the NCHRP-350 guidehings specify [imils
o the velocity of the occupant relative to the vehicle at the
moment of contact, Once the nocepant has come into contact
with the vehicle interior, he or she is assumed 10 remain in
cantacl with the vehicle as il @5 deceleraied o a siop. The
MNCHRP-350 guidclines specify that whils the ocoupant is in
contact wilh the vehicle interter, the magnitude of decelsra-
tion of the vehicle must ool sxceed 20 G, These guidelines
also specify that the ocoupant shall ol come 0o contacl
with the vehicle at a relative speed preater than 12 meters per
sscond,

For the pumoses of this discussion, the poriion of an
impact event or crash wp to the instant of occupant impact
with the interior of the vehicle will be refered to as the
delta-VY segment or porlion, and the remainder of the event
(from ocupant jmpact unlil the vehicle comes 1o rest) will
be refemred to as the nide-down segment.

The delta-V sepment and the ride-down segment for one
wmpact are shown in FIG. 12, The delta-V sepment is divided
into ao ioitial portion 2od an intermediate portion, and the
ride-down segment corresponds to the final portion of the
impact ¢vent. These legends are relevant onby o the curve
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0. The curve 82 has been tuned for other characteristics and
is not relevant in this discussiomn,

As shown in FIG. 12, the initial pastion of the sysiem
response profile is characterized by a high peak deceleration,
(hal is associated with a peak decelerating force exceeding
1T in this embodiment. The initial portion & followed by an
intermediate portion in which vehicle deceleration falls. The
intermediate portion is characterized by a substantial reduc-
tion in deccleraling forces on the vehicle, In this case, the
decelerating forces approximately reach zero,

Once the vehicle bas been decclerated by ihe desired
velocity (such as 12 melers per second), the crash cushion
then pravides a controlled deceleration below the regubatory
limit of 20 G during the final posion. In the final portion the
average decsleraling foree is at the level [ shown in F1G, 12

The curve B0 is provided by way of example, In general,
it is proferced to apply high decclerating forces o the
impacting vehick lhat peak ut F1 during the initial portion
of the impact event, F1 is preferably at least about 150% of
F, more preferably at least about 200% of F, and most
preferably at loast about 3N of E ‘This provides a sharp
decoieration to the vehicle which conribuics o a short
stopping distance for the impact event. However, if the bigh
poak deceleration of the inilial portion uf the impacting
evenl were continued, the vehicle would be decelerated to
such an extent that the oecupant would strike the interior of
the vehicle with an cxcessively high velocity. Tn order to
prevent this undesired resull, the intermediate portion of the
impaect event of the response profilc fails to a decelerating
force that is substantialty less thap F. Preferably, the decel-
erating force falls (o g value ¥2 that is less than 50% of F,
moare preterably less than 20% of F, uod most preferably less
than 10% of [. The decelerating foree preferably remains
below this value for at least 20 mS, more preferably al least
30 m%, and most preferably at least 40 mS. The foregoieg
values arc provided for force Jevels and time durations as
independent parameters, and are not intended 1o indicate a
preference for any specific combination of force level and
time durabtion.

‘The inventors of the present iovention have discavered
that by taking the counterintuitive slep of substarially
reducing decelerating forces on the vehicle during the inter-
mediate portion of the impact cvent, following the sharp
peak in decelecating forces during the initial portion, Lhe
total clapsed fime and the total clapsed distance of the
impact event can be reduced. Because a short impact event
is important for muny applicativas, this represents o signifi-
cant advance in the art.

Siply by way of example, significant system parameters
assouialed wilh the system that produced the drceleration
curve B of FIG. 12 are described in Table L.

TADBLE I

Preferred Crash Cushion Parameters

. Mnrs of Frmé Flemenls

Lransveise frame 20

transverae frnme 22

side ltame ¢lement 32
B. Mamem of [asttin

side franys element 32

. Balts 48

Hex bolt, °, coume theead, grade £
. Cape

Gl=23%m

Q- 178 m
E. Front Fnergy Absorhing Element 16

25 kg
58 kg
32 kg

1.92 kp-m*
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‘TABLE I-continued

Preferred Crash Cuzhion Pammetcis

Mumber of cells  Materinl

por v thickneag {mm}
Row 1 (Front) 4 81
Row 2 4 1
Row 3 El EIJLUZ {4 arlls of each)
How 4 B AL.02 (4 cells of each)
Row 5 (Rear) [ 102
F Mcar Bpergy Absorbing Element 16
Hurber of cells  Materinl

put W ihivkuess (mm}
Row 1 (Frouf} i 61
How 2 12 127
Row 3 12 1.27
Row 4 12 127
Row 5 (Huear) 12 811.02 (6 cells of each)

In the crash cushion of lable I, the energy absorhing
clements 16 each include five rows of sheet aluminum cclls,
FIG. 13 shows a twelve cell row, and the other rows were
similsr, but wilh fewer cells per row where appeopriate.

The crash cushions described above tepresent oaly one
approach to achieving the desired syslem response profile,
Many uther approaches are possible. Far example, a large
inertial mass can be placed ai 2 selected distance in front of
a comvenlional crash cushion, such as the truck-mounted
attenuator described in LS. Pat. Mo, 5,199,755, Alternately,
2 brake-hased crash cushion such as (hat deseribed in LS.
Pat, No. 5,022,782 can be provided with sn inlcrmediale
portion of the stroke in which the braking eEcicacy, and
thereby the decelerating force, arc substantially reduced.
This cao be done by propecdy adjusting e dimension,
material of Jubrication of the brake cable, As yel another
cxample, the high peak deceleration during the initial par-
tion of the impact event can be provided by 2 poenmalic of
hydsaulic energy absorbing system that is followed after a
speciticd gap by a second, less stiff energy abzorhing systen,

Io a further example of such a system provided with a
pocumatic or hydraulic encrgy ahsorbing system, the ¢nergy
absorbing means can be velved to provide an initial force
peak, followed by a dramatic reduction in resistive force,
then finally followed by a sccond, lower resistive force.
More specifically, the initial peak force can be pravided by
a pre-pressurized pocumatic clement, for example a gas-
containing bag, with the preumatic element allowed v
rapidly veat immediately after that initial peak force so that
the resistive force of the crash cushion falls dramatically
during the intermediale scpment of the crash event, after
which the gus-coptaining bag cun be explosively
re-pressurized lo provide the uecessary tesistive force during
the tinal segment of the crash event. Another approach is to
vie 8 stiff crushahle element to provide the ideal response
profile. A mechanical release, as disclosed by June U.5. Pal.
No. 5,642,794 would then release after a specificd amount of
crush had taken place.

Anutber approach to generating the desired system
response profile is to support the impact face of the crash
cushion with a sacrificial mechanical suppod thal provides
the needed initial peak force but is then completely crushed
of shattered so that its resistance drops to near zero for the
intermediate sepmept of the crash event, after which the
impacting vehicle engages a more conventional crash ele-
ment for the final segment of the crash event. The crushable
element can be replaced by elemcnts that are extruded, split,
curled, kinked, or otherwise mechanically delomcd,
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A sujtzhle crash cushion can also be made with bays that
collapse via sliding elements iastead of or in addition to
some of the hinged clements of the <rash cushiva 10,
In general, the widest variely of cnergy absorbing systems
can be used to provide the desired system respouse profile,
and different cosrgy absorbing technologics can be used to
achicve different portions of the sysicm response profile.
The widest possible range of material bending, material
tearing, material crushing, material shattering, friction,
hydraulic, pneumatic, and inertial systems car I»e used either
alone of in varfous combinations Lo achicve the responsc
profile discussed above.
Of course, many chanpes and madifications ¢an be made
1o the preferred embodiments described above. For sxample,
the Frame can be made in whole or in pant of solid panels as
opposed to the itlustrated construction. Similarly, the irans-
verse frames can include solid panels and may differ from
one another in thickoess and in mass. IE desired, the foldiog
sides of the frame may be positioned at the top and the
botom of the crash cushion insicad of on the lateral sides,
Living hinges can bi substitued [or the mltiple-componel
hinges illustrated, and as described above many alternatives
arc available for the restraints. Any suitable enerpy absorb-
ing clement tectmology can be adapted for use with this
invention, including hydraulic, pneumatic, material-
deforming, lwaring, or pulverizing and other wpproaches,
Boih passive and active systems may be employed, By
“aciive” is meant systems 1o which sensors provide infor-
mation 1o the crash cushion which s in some manner
evaluated and used to alter the performance of the crash
cushion prior to and/or during the impact, Furthermore, it is
1ot essential that each energy absorbing element be tonfined
10 a single bay. If desired, the transverse frames ¢an define
central openings that allow a single energy absorbing ele-
ment o ocoupy space it bwa or more bays. This invention is
aot limited to use in truck mounted atieouators, but can also
be used in Bont of other roadside obstructions, including
fixed roedside obstructions such as bridge piers for example.
Alsa, more than two bays may be used if desired,
As used herein the tecm “conical” is inteaded broadly to
include Frusto-copical shapes and the tern “storage’ is
intended broadly Lo include trapsport as well as storage. The
term “cable” is inlended broadly w cover icnsion members
generally, incleding chains, wire ropes, ropes, and the like.
The foregoing detailed description has described only a
few of the many [orms that this invention can take. For this
reason, this detailed description is intended by way of
fllusiration and nol by way of Limitaion. Il is only the
following claims, including all equivalents, trat are iptended
to define the scope of this invention.
What is claimed is
1. A highway crash cushion comprising:
a frame Tovming at least first and sccond bays arranged
ane behind another in an anticipated impact direction,
said frame comprising:
at least first, second and third ransverse frames spaced
from one apother along the anlicipated impact direc-
lion such that the fimt bay is between the first and
second transverse frames and the socond bay is
between the mecond and third transverse frames,

at least first, scoond, third and founh side frames, said
first 2nd second side frames extending between the
first and second transverse frames on respective sides
of the first bay, and said third asd fourth side frames
extending between the second and third ransversc
frames on respoctive sides of the sccond bay, each of
said side frames comprising:
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first and sccond side frame ¢lements coupled to the
respective ransverse frames, and a hinge coupled
between Lhe Orst and second side frame clements;
at least one energy absorbing element disposed in al Jeast
one of the bays; aod

at least first and second restraints coupled to the side
frames to resist movement of the hinges,

2. 'The ipvemion of claim 1 wherein the first and second
side frame clernents are coupled lo the respective ransverse
frames by additional hinges.

1. The invention of claim 1 wherein the restraimts oom-
prise bolts.

4. The invention of claim 1 wherein the hinges are
arranged such that the side frame elements hinge outwardly
from the respective bays,

%, The ipvention of claim 1 wherein the energy absorbing
clement comprises a plurality of tapered deformable cle-
ments.

6. The invention of clain 5 wherein the deformable
elemenis comprise conically-shaped sheet material,

7. The invention of claim 1 wherein the resiraints ame
associated with respective bays, whereln the first and second
resteaints release the side frames of the respective bay at
respective fitst and second fevels of compressive force, and
wherein the first and second fevels differ.

£. The invention af claim 1 funther comprising a second
eoergy ahsorbing elemont disposed in the sccond bay,
wherein the first and second energy absorbing elements
differ in stiffness in the anticipated impact direclion,

¢ The invention of claim 1 further comprising:

means for at least partially collapsing vne of the bays o
cause the fiest and third trensverse frames to approach
one anather for storage.

10. The invemtion of claim 1 wherein the frame is

mounted 1o & vehicle.

11. The imvention of clain | wherein the frane is mounted
1o a vehicle as a zelf supporting structure,

12. 'Ihe invention of claim 1 whereln said at least one
energy absorbing eloment is disposed in the second bay and
10 energy ebsorbing element is disposed in the fimst bay,

13, A highway crash cushion comprising:

a frame forming al teast first and second bays arranged
one behind another in an anticipated impact direction,
said frame comprising:
at 1east first, seooad and third transversy frames spaced

from onc apother along the anticipated impract direc-
tion such that the first hay is between the fint and
second Uansverse frames and the second bay is
between the sccond und thind transverse [rames;
al Icast st secoad, third and fourth side frames, said
first and second side [ames extending beltween the
firsl and second transverse frames on respeclive sides
of the first bay, and said third and founh side frames
exlending between the sccond and thind transverse
(rarmes on respective sides of the secand bay, each of
zaid side frames comprising:
first 2nd second side frame clements coupled to the
respective ttansverse frames, and 8 hinge coupled
between the Grsl and second side (rarde clements;
at least ope encrgy absorbing element disposed in at least
one of the bays;

at lcast first and sccond restraints coupled to the side
frames to resist movement of the hinges; and

a second encrgy absorbing element disposed in the sccond
bay, wherein the first and second energy abisorbing
elements are shorter than the respective bays by respoc.
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tive first and second distances in the anticipated impact
direction, and wherein the st 2od secoond distances
differ from ooc another,

14. A bighway crash cushion compnising:

a frame forming at least first and second bays amranged
one behind another in an anticipated impact direction,
said frame comprising:
at least first, socond and third ransverse frames spaced

from one another aloog the anticipated impact diree-
tion such that the first hay s belween the first and
second transverse frames and the secood bay is
between the sceond and third transverse frames;
at least first, secomd, third and fourth side frames, said
first and second side frames extending between the
first and second wansverss frames an respeciive sides
of the st bay, and said third and fourth side framcs
extending between the second and thind transverse
frammes on respective sides of the second bay, vach of
said side frames comprising:
first and second side frame clements conpled o the
respective fransverse frames, aud a hinge coupled
betwean the first and second side frame elements;
al least one enerpy absorbing clement disposed in &t least
one of the bays;
at least first and sccopd resirainis coupled to the side
frames to resist movement of the hinges;
2 plurality of auxiliary hinges in the first side frame
elements of the first and sceond side frames;
a first cable coupled 1o at least ong of the Grst amd second
side frames 1o pull the first 3od second side frames o
an operational position aod 1o cause the auxiliary
hinges o close; and
a scoond cable conpled to the first transverse frame 1o pull
the first transverss frame toward the third transverse
frame and to cause the auxiliary hinges o open.
15. A highway crash cushion comprising:
a frame forming at least Arst and second bays arranged
one behind another in an anticipated twpact direction,
said frame comprisiog:
at least first, second and third transverse framcs spaced
From voe another along the anticipated impact diree-
tion such that the first bay is between the first and
second trensverse frames and the second bay is
between the second and third transverse frames;

at Jeast first, secand, third and fourth side frames, said
first and second side frames extending betwoen the
first and second transverse francs on respective sides
of the first bay, and said third and founth side frames
extending between the second and third transverse
frames on respactive sides of the second bay, cach of
zaid side frames comprising;
first and second side frame elements coupled 1o the

respective transverse frames, and a hinge coupled -

between the first and second side frame elements;

at least one epergy shsorbing element disposed in at least
one of the bays;

at least first and second resiraints coupled o the side
frames o resist movement of the hinges;

meens for awiomatically collapsing the fimt bay ai least
partizlly as the crash cushion is rotaled from a hon-
zontal 1o a vertical posilion; and

means for antomatically extending the first bay 1o an
operational position as the crash cushion is cotated from
a vertical to a horizontal position,
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16. Ap coergy absotbing clement For z highway crash
cushion, said enstgy abrorbing element comprising:

a pluralily of tapered deformable elements, sach deform-
shle element comprising a respeciive smaller end, a
mespective larger end, aod a respective wall extending
therehetween, cach deformable clement defining a
nespective longitudinal axis cxtending between the
respective smaller and larger ends, said loogitudinal
axes penerally alipned with the smaller ends of frst
voes of the deformable elements facing a first side of
the energy absorhing element and the smatler ends of
second ones of the deformable elements facing a sec-
vnd side of the energy absorbing element, opposite the
first side, the walls of al leasl one pair of adjacent first
and second ooz of the deformable ¢lements beiog
physically separate from one another and extending
alongriude one another.

17. The invention of claim 36 wherein the deformable

elements comprise conically-shaped shect material,

18, The igvention of claim 17 wherein the sheet material
comprises sheet melal.

19. The invention of claim 18 wherein the first ones of the
deformeble clements having smaller ends facing the first
side of the encrgy sbsothing element are formed from and
inerconpected by an inlegral metal sheet.

20. The mmvention of claim 16 wherein a first plurahity of
the deformable clements comprise two metal shects, cach
metal sheed forming 8 tespective half of and cxtending
between the first plurality of deformable elements.

21, The invention of ciaim 20 wherein the ficst plurality of
deformable clements comprise both deformable cloments
with smaller ends facing the first side of the encrgy absorb-
ing element and delormable elements with smaller ends
{acing lhe second side of the energy absorbing element.

22 The mvention of claim 16 wherein the deformable
clements are substaatially polygonal io cross section,

23. The invention of claim 16 wherein the deformable
clemenis are substantjally circular in cross section.

24. A method for decelersting a vehicle that has left a
roadway, said method comprising the following steps:

(a) applying decclerating force that peaks abave a value
F1 1o a vehicle with a crash cushion during an inidal
porttion of an impaci event between the vehicle and the
crash cushion;

(b} applying a decclerating foree that falls below a value
F2 to the vehicle with the crash cushion durng an
intermcdiate portion of the impact cvent, afier the
nilial portion; and

{c) epplying a decelerating force at an average valoe Fio
the vehicle with the crash cushion during a final portion
of the impact event, afier the miermediale portion;
wherein F1 is sobstaniielly greater than F and F2 is

sibstantially less than F.

25. The method of claim 24 wherein F2 is less than
one-half of T°

16. The method of claim 24 wherein F2 is less than
one-fifth of F.

27 The method of claim 24 wherein F2 15 less than
one-tenth of F.

28, The method of claim 24 wherein I'] [z more than 1.5
fimes F

29, The method of claim 24 wherein F1 is more than two
tines F,

30, The method of claim 24 whereln F1 B8 more han throe
times F,

31, The method of claim 24 wherein the deceleraling
force during the intermediate portion remains belaw one-
half of F for at least 20 mSec.
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32, The method of claim 24 wherein the decelerating
force during the intermediate portion remains below one-
half af F for al least 30 mSew,

33. The method of claim 24 wherein the decelerating
force durng the intermedinte portion remains below ane-
half of F for at lcast 40 mSec.

34. A highway crash cushion that generates a system
responsa profile when impacied by a vehicle of a selected
class at a selected speed, said syslem mespoose profils
characterized by an initial portion, an inlermediate portion,
and a final portion; said crash cushion comprising:

means for applying an average decelerating force Fio the

impacting vehicle during the final portion;

means tor applying a decelerating force to the impacting

vehicle during the imilial poriion thal peaks at a value
substantially greater than F; and

means for applying 2 decclerating foree to the impacting
vehicle during the ntermediate portion that falls 1o a
value substantially less than F.

5. The invenlion of claim 34 wherein the decelerating
force to the impacting vehicle falls duriog the iotcrmeodiate
portion o a vahie less than one-balf of E,

36, 'The invention of claim 34 wherein the decelerating
force o the impacting vehicle falls duriny the imermediale
pottion to a value less than one-fifth of T

Hy

16

M. The iovention of claim 34 wherein the deceleraling
force 10 the impactiog vehicle fatls durng the intermediate
puction {o a value less than one-tenth of F,

A8 The invention of claim 34 wherein the decelerating
force to the impacting vebicle peaks dunng the ioilial
podtion at a value mote than 1.5 tmes F.

39, The invention of ¢laim 34 wherein the decelerating
force 10 the impacting vehicle peaks during the tmitial
portion at a valve more than rwo times F

40. The iovention of claim 34 wherein the decelerating
force tn the smpacting vehicle peaks during the mtial
portion at 8 value more than thres Gmes F

41. The invention of claim 34 wherein the decelerating
force during the inlcrmediale pottion remains below one-
half of F for at least 20 mSec.

42, The nvention of claim 34 wherein ihe decelerating
force during the intermediate portion remains helow one-
half of P for at least 30 m¥ec.

43. The imvention of claim 34 wherein the decolerating
force during the inlermediate portion remains below one-
half of ¥ for at least 40 mSec.

» LI LI 4
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HIGHWAY CRASH CUSHION

Thiz application is a contipuation of U.S. patenl appli-
catioa Her. No, (K/193,046, filed Nov. 16, 1998, now U5,
Pat. Mo. 6,092,959, which i herchy incorporated by refer-
eie in its cntitety.

BACKGROUNT?

The present invention relates to o improved highway
crash cushion that operatéz 0 decclerale an impacting
vehicle safely and efficlently.

liighway crash cushions are widely used 1o decelerate
impacting vehicles while limiting deecleration fo safe leveis
for occupanis of the wvehicles. Such cushions are used
alonpside roadways in many applications, such as in front of
bridge piers and olher obstrections. Additionalty, hiphway
crash cushions are positioned on shadow vehicles such as
heavy trucks that are parked in fromt of work zones. The
truck protects the work zone apainst intrusion from a vehicle
that bas left the roadway, and the highway crash coshion
protects the impacting vehicle and the shadow truck during
the collision.

Juge V5. Pat. No. 5,642,792, assigned 1o the assignes of
the present invention, discloses one highway crash cushion
that §5 mounted 1 a truck via a support frame that includes
articulaled armns. Ao energy absorbing element is disposed in
the support frame, which is designed to collapze and 1o
decelerate an impacting vehicle in 2 controlled manner.

SUMMARY

The present invention is directed to an improved highway
crash cushion and associated method that provide important
advaniapes in terms of improved design flexibility, This
alivws the crazh cushion designer to tailor the deceleratiog,
loads imposed by the crash cushion on the inipacting velicle
1o optimize efficiency. This invention is defined by ihe
following <laims, and nothing in this section should be taken
a5 & [imitation on those claims.

By way of iotroduction, the crash cushion described
below includes a frame that forms at least first snd second
bays arranged one behind the other in an anticipated impact
direction. The frame includes at feast first, second and third
transverse frames spaced from one another along the antici-
pated irmpact direction such that the Grst bay is between the
first and second Iransverse frames and the second bay is
between the second and third transverse frames. At loast fous
side frames are included in the frame, with the first and
second side frames extending between the first and second
transverse frames on respecive sides of the first bay, and the
third and fourth side frames extending between the seonnd
aod third transverse frames on respective sides of the second
bay. Each of the side ftames is outwardly bowed and
includes frst and sccoud side frame elements Lhat are
coupled to the respective (ransverse frames, and a hinge
cuupled between the first and second side Mrame clemenis, At
least one energy absorbing element is disposed in at least
ong of the bays, and at least two restraints ure conpled to the
side frames 1o resist movement of the hinges.

The enerpy absorbing clements can take many forms, {n
one prefemed form the cnergy absarhing element includes
tapered deformable sheel metal elements, Each sheet metal
clement defines a longiudinal axis extending between a
smaller and a larger end, and the longitudinal axes are
generally alipned with some of the smaller ends facing a fitst
side of the cnergy absorbing element and others of the
smalier ends facing a second side of the energy absorbing
element, apposite the fimst side.
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The crash cushion described in detail below is one
example of 2 new type of crash cushion having a system
aponse profile thal provides an unusually ¢fficient opera-
tion and stops an impacting, vehick: in an unusually short
distance while complying with controlling regulations. The
systenl response profile of the disclosed crash eushion is
characterized by an initial poftion, an intgrmediate portion
and a fodl portion. The decelerating force of the response
profile during the final portion has an average value F; the
decelorating force dunng the initial portion peaks al a value
substantially greater than F; and the decelerating force
during the imermediate portion falls tw a valus substantially
less than F. This system response profile initially slows the
vehicle markedly, then substantiefly reduces or eliminaies
decelerating forces on the vehicle, and fically provides a
contralicd decelerating force to stop the vehicle. In this way,
the lime amct distance required initially to slow the impacting
vehicls by a specificd smount (such as 12 meters per second)
is minimived, and the impacting vebicle quickly reaches the
third pottion of the profile, where the impacting vehicle is
decelerated at a high average rale, up to about 20 (3 in many
applicutions,

The drawings and detailed description discloss the pre-
ferred embodiments in greater detail, along with many of
their advantages.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a pempective view of a first prefecred embodi-
ment of the highway crash cushiva of this inveation.

FIG. 2 is a more detailed perspective view of the crash
cushion of FIG. 1.

FIGS. 3, 4 and 5§ are front, top 2n0d side vicws,
respectively, of the crash cushion of FIG. 2,

FIG. 6 15 a detatled view of 2 hinge and restraint included
in the ¢mbodiment of F1G. 2.

FIG:. 7 is 2 lop view of a second preferred embodiment of
this invention, showing the frame at an initial stage of
collapse during an impact.

FIGS. 8 and 9 are op views of the embodiment of FIG.
¥, showiog the erash cushion In a partially collapsed position
(FIG. 8} and an exwended position (FIG. 9.

FIGS. 10 and 11 are side views of the embodiment of FI1G.
7. shawing the crash cushion in an operational, bopivontal
position (FIG. 10) and a vertical, iransporystarage position
(FIG. 11),

FIG. 12 is a graph of deccleration force versus time for
two variants of the gmbodiment of FIG. 2 during comparable
impact cvents.

TIG. 13 i an exploded perspective view of a portion of
one energy sbsorbing element suitable for use with this
invention,

FIGS. 14 and 15 are 1 perspective, pantially exploded
view and a front view, respectively, of deformable sheet
metal elements suitable Tor use in another cnergy abzorbing,
clement of this invention.

FIGS. 16 and 17 are upper and lower perspective views of
a one-directional array of tapered deformable ¢lements,

FIC:. 18 5 a pempective view of a bi-directional amay of
tapered deformable clements.

FIG. 19 is a perspective view of a polygonal tapered
deformuble clement.

FIGS. 20 and 21 are perspective views of upi-directional
and bi-directional arrays, respectively, using the polygzonal
deformable element of FIG, 19.
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DETAILED DESCRIFTION OF TIE
PRESENTLY PREFERRED EMBODIMENTS

Turning now 1o the drawings, FIG. 1 shows a crash
cushion 10 that incorperates a presently preferred smbnodi-
ment of this jnventon, The crash cushion 10 is mounted at
the rear of a shadow vehicle or wuck T by means of a
monnting structure 18. The crash cushion 10 includes a
frame 12 described in greater detail below. The frame 12
supports an impact face 14 directed away from the truck T,
and the frame 12 defines bwo bays that support vespective
energy absorbing elements 16, The frame 12 [orms a sell-
supporting struclure, and the cpergy absorbing elements 16
are designed to absorh enerpy in an impact but oot to serve
a structural function in the crash cushion U,

F1G, 2 shows » more detalled permpective view of the
crash cushion 10, including transverse frames 20, 22 and 24
and side frames 26, 27, 28, 30, The impact face 14 of FIG,
1 is not shown in FIG. 2 for clarity of itlusiratios, but the
face I4 is mounted ou ihe transverse frame 20. In some
embodiments, the face 14 can ¢ pon-structural or even
eliminated.

As best shown in FIG, 4, each of the side frames 26, 27,
28, 30 invludes two separale side frame glements 32 tha are
interconnected by a patr of central hinges 34, Additionally,
cach of the side frame elements 32 is connecied by addi-
tionaf hinges 36 to a respective one of the transverse frames
20, 22, 24. As shown in FIG. 4, the side frame elements 32
are howed ouswandly, and the binges 34 are positioned to
atlow the side frame elements 32 o move outwardly io an
impact.

The transverse [rames 20, 22 and the side frames 26, 27
form a fust bay 38 that cootains the first element 16.
Similarly, the transverse frames 22, Z4 and the side frames
28, 30 form a seccond bay 40 that contains the second
element 16, The energy absorbing elements 16 are attached
10 and cantilevered from respective transverse frames 22, 24.

As shown in FIG. 8, ope or more hydraulic eylinders 52
can be provided in the mounting siructure 18 1o pivar (he
frame 12 between the horivoatal, operationsd position shown
in FIGS. 5 apd 10, and the vertical, storage/iransport posi-
tion shown in FIG, 11. Cross braces 44 are mounted between
the transverse frames as shown in FIGS. 4 and 5 to provide
stability prior lo impact. These cross braces 44 have been lefi
out of the remaining figures for clarity of illustration,

FIG, 6 provides an exploded perspective view of one of
the hinges 34 and Lhe associated side frame clements 32, The
hinge M is shown in a rotated position for clarity of
itusiration. Normully the hinges 34 are oricnted with ver-
tical hinge axes, as shown in FIGS, 2 and 4,

As shown in FIG, 6, a restraiol 48 is associaled with sach
of the hinges 3, In this embodiment, the restraint 46 takes
the form of a bolt 48 and a out 50. The boll 48 is passed
through openings in mounting blocks 52, and (he mounting
blocks are rigidly secured in place on respective ones of the
side frame elements 32. The hinge 34 in this embodiment is
furmed by a pin 56 that is received within openings 54, 55,
The opening 38 may be formed by a sleeve 57 received in
one of the hinge parts,

When the crash cushion 18 is in the operational position
shown in FIGS. 1 through 5, each of the cight hinges 3 13
held in the closed position by the respective restrainl 46,
Mute that the hinpes 34 are positioned in such a way that
compressive forces applied to the frame 12 by aa impacting
vehicle (not shown) suiking the transverse [rame 20 along
the impact direction 1 (FIG. 4} apply tensile forces to the
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respective restraints 46, When these tensile forees exceed
the strenglh of the respective bolls 48 (FIG. &}, the bolis are
broken, thereby frecing the hinges 34 to opsn outwardly, and
allowing the transverse frames 20, 22, 24 10 approach ume
another and to compress the energy shsoing elements 16.

FIGS. 7 theough 11 relate to a second preforred crash
cushion, which is in many ways similar to the first crash
cushion dezcribed above. Comparable clements are given
comparable reference aumbers. The crash cushion of FIGS.
7 theough 11 differs Bom the erash cushion 10 described
above in that the side frame clements A2 secured 1o the first
iransverse frame 20 are additionally provided wilh auxiliary
hinges 58. As shown in FIG. 7, duting 2 normal impaci the
hinges 58 remain closed and the embodiment of FIGS. 7
through 11 operates quite similarly to the 2mbodiment
described above in conjunction with FIGS, 1 through 6.

As shown in FIOS. 8 and 9, this embodiment also includes
cables 60 and 62 The cables 60 are connected o respective
ones of the forward side frame clements 32 adjacent 1o the
auxiliary hinges 58, When the cables 60 are tightened and
the cable 62 is loasened, forces are applied to the forward
side frame elements 32 1o close the auxiliary binges 5% and
t0 extend the fimt transverse frame 20 away from the second
trangverse frame (o the aperational position shown in FIG.
9. Conversely, when the cables 60 are loosened and the cable
62 is tightened, the first transverse frame 30 s pulled foward
the sccond transverse trame 22 as the auxiliary hinges aze
opened, as shown in FIG, 8, In this way the overall length
of the crash cushion i teduced. The hinges 58 may be spriog,
hissed toward the opening direction o facilitaie this move-
ment,

Preferably, the cables 60, 62 are attached 10 3 mousting
structure similar to that discussed above in such & way that
the cebles 60, 62 are loosemed and tightened as described
above automatically as the crash cushion is rotlated between
the horizontal, operaticonal position of FIG. 10 and the
vertical, travel/siorage position of FIG, 11, Thus, when the
crash cushion is raised to the verlical position of FIG. 11, the
cables 60 are auwtcinatically loosened and the cable 62 is
swomatically lightened to shorten the travel height of the
crash cushion automatically, Conversely, as Lhe crash cush-
ion is lowered 1o the operational position shown in FIG. 14,
the cables 60 ars automatically lightened and the cable 62 iz
aulomatically loosened to extend the first Lransverse frame
20 (o the operational position shown in FIG. 9. In this way,
the overall height of the crash cushion 10 in the travel
pasition can be maiotained at the desired level, such as no
more than about 13 et above the roadway.

The cables §0, 62 and the auxiliary hinges 58 function as
a means for awtomatically collapsing the first bay as the
crash eushion is rotated from the horizontal o the verlical
pusition, and as a means for automatically extending the first
bay a5 lhe crash cushion is rotated from the vertical to the
hurizontal position. These elements slso function as a means
for at least partally collapsing the frame 12 to shorten its
length for storage.

The means for sutomatically extending and retracting the
frame 12 can take wmany other forms, For example, the
means for extending the frame may welude a spring-biased
syslem that cauzes the Gest bay of the frame 12 to remain
fully extended when the retractivn cables are loosened. [f
desired, ane ot more lalches can be provided so that in the
travel position spd/ur the operationel position the configu.
vation of the ¢rash cushion 10 is maintained by some means
ather than tension on the cables,

FI1G. 13 shows a preferred situciure for one of the energy
absarbing clements 16, As shown in FIG. 13, a plurality of




Case: 1:03-cv-00679%9ocument #: 1 Filed: 01/29/03 Page 39'46 PagelD #:39

US 6,481,920 B1

5

sheet metal rectangnlar cells $0 are disposed between cover
plates 92. [n an impact, these sheet metal elements are
crushed 1o provide a controlled decelerating force. The cils
90 and the cover plates 92 of FIG. 13 are similar to
corresponding elements of U.S. Pat, Nos. 4,711,481 and
5,199,735, assigucd to the assipuce of the present invention
and hereby incorporated by reference in their entinsty.

Another preforred structure [ur (he energy absorbing
element of FIG. 1 includes 2 plurality of tapered deformable
elements. Tapered deformable clements can lake mauy
forms, aod several examples are shown in FIGES. 14-21. In
general, the tapered detormable elements can he formed as
sopanate, stand-alane tapered elements hat are stubilized by
fastening both ends of the tapered clements to a frame of
some type, such as for cxample by use of rivets, welds,
acdhesives or other Fasteners. Allernately, the tapered deform-
able clements can be formed in one or two dimensional
AITAYS,

FI3%, 14 and 15 relate to a fiest type of tapered deform-
able clement 94 in which the clements are gencrally comical
in shape and ¢ach includes a small end 98 and a large end
100 spaced along a longitudinal axis 96. As shown in FI14,
14, in this embodiment the tapered deformable elements 94
are closely stacked with some of the small ends 100 vriented

toward a fitst side 102 of the array, and others of the small -

ends 98 facing the second, opposed side 104 of the array.

n the end view af FIG. 15, the deformable cloments age
identified as 94' and 947 The clements 94' bave their smatl
ends 98 facing the view plane, while the clemcnts 947 huve
their smal} ends 98" facing away Erom the view plane,

Returning to FIG. 14, in this embodiment the deformable
elements 94 are formed from two stamped sheets 106,108 of
a sheet materal such as sheet aluminum. Depending upon
the desired stiffngss of the deforinable elements, any appro-
priate gauge and alloy of material can be wsed. As showa in
the uppermost row of FIG. 14, each of the sheets 106,108 is
slamped or otherwise formed o create an array of hall
conts. The sheets 106,108 may be physically ideutical if the
half cones are pusitioned praperly on the sheels. When the
sheets 106, 108 are mated Logether, the frusioconical shapes
of the individual tapered elements 94 are formed, s shown
in the lower two rows of FIG. 14, The sheets 106, 108 can
be held together in any suitable manner, as by spot welding,
riveting, fastening, or adhesively hotding them topether or to
an external frame (not shown).

FIG5. 16—18 relate to enother preferred embodimenl, in
whtich the tapered deformable elements 111 are each formed
from a sinple sheet 110 of a sheet material such as sheet
aluminum. Io this case the tapercd deformables elements 111
are stamped or drawn from the sheel 114 in # conventioaal
stamping of drawing operation. Thus, the single sheel 11¢
forms all of the associated tapered clements 111, along with
the remaining planar portian of the backing sheet.

As shown in FIGS. 16 and 17, a single sheet 110 of the
tapered deflormable elements 111 can be used to farm a
unidirectional array. Alternatively, as shown in FIG. 18, two
of the sheets 110 can be nesied together to form a bidirec-
tivnal array, in which the smaller ends of the elemeats 111
of onc sheet face & first direction, while the smaltec cnds of
il tapered elements 111 of the second sheet face the reverse
direction,

It is oot esseatial in all embodiments that the tapered
deformable ¢lements be circular in ¢ross section. As shown
in FIGS, 19-21, vacious polygonal cross sectional shapes
an be used. The tapered deformable element 116 of FIG. 19
has 2 rectapgular cross scctional shape. Other polygonal
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shapes including polygons with more or fewer sides
arvanged as regular or irregular polygons can be used. As
shown in FIGS. 26-21, polygonal tapered deformable cle-
ents 116 can be aranged in a uni-directional arvay 118 or
a bidirectional array 120.

Though not shown in FIGS. 14-21, conventional cover

- plaics can be used to house and securs the tapered deform-
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able clements in place, if desired, and multiple rows of the
illustrated elemuenis can be wsed io a single eneryzy absorhing
element.

The tapered deformable elements provide the advantage
of au increased stroke and ihereby inercased efficiency. This
is bcause Lhe lapered deformable elements 94, 111, 116 can
be crushed to a small fraction of their orginal length before
metal4o-metal comtact of the crushed element provides
substantial increases in the forces required for Fucther crush-
ing.

The crash cushion 10 reacts to the impact of a vehicle in
the fullowing way. First the impacting vehicle contacts the
rear impact face 14. This face provides 3 uniform surfacc for
the vehicle to interact with and {ransfers the leading from the
vehicle 1o the crash cushion 19, The side frame ¢lements 32
begin to flex beoauss of this loading and then continve to
fiex until the restraints 46 fail. The amount of loading that is
applied to an impacting vehicls can be tuned by taking into
account the several factors that determine when the
restraints teleass the respective hinges. These factors may
include the geometry of the hinges 34 and the side frame
elements 32 in relation to the tocation of the restraints 46, the
ullisnate strength of the bols 48, the stiffess of the side
frame ¢lements, and the mass of the side frame elements, the
transverse frames and the face 14,

Ooce the restraints 46 [ail, the side frame elements 32
begin to rotate in response b0 the force supplied by the,
impacting vehicle w the transverss [rume 20, The Lranslation
of tansverse frame 20 and the rotation of the side frame
glements 32 cause a transfer of kinetic energy that was
originally in the impacting vehicle inta (ke [rame 12, thereby
slowing the impacting vehicle. The side frame elements 32
comtinue to collapse until the gaps G1, G2 between the
energy absorbing eloments 16 aad the iransverse frames 20,
22 have closed (FIG. 4). The energy absothing elements 16
are then deformed as they collapse notil the desiga level of
kinetic cnergy has heen dissipated by Lhe system or the
vehicle has been brought to a stop.

The crash cushion 10 is designed so thal under maoy
impacts most of the sompoosnts of the frame 12 are reus-
able. The encrgy absorbing clements 18 are cxpendable and
are intended to be replaced after an impacl.

The initial decelerating forces spplicd by the crash cush-
jon 10 to 20 impacting vehicle are determined as a function
of {1) the lincar incrtia of the component elements of the
frame 12 {o.g. the mass of the transverse frame 20), (2) the
linear apd rotational inertia of the side frame slemenis 32,
and {3) the angular offsct of 2ach side frame element 32 with
respect lo the collapsing loads applisd durng an impact.
Note ibat both the lingar and the rotatiopal inertial responses
of the system do oot involve any planned deflection of,
teariag of, or other damage to the frame 12.

The initial impact tespomze of the crash custion 16 also
depends on the use of mechanical or clectromechanical
restratats that Hmit release of the callapsibrbe bays until soms
desired minimum threshold level of jmpact severity is
achieved, The system described above is completely
passive, and relies oo the breaking of bolts placed in tension
by the impact o control the release of the frame 12. Other
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passive means such as shear pins, breakaway cables, or
high-friction brakes in cach of the binges 34 can also be
used. Alternatively, resteaints suitable for use wilh this
invention may involve sensors and/or controls that adjust the
properties of the release (o best suit the particular charue-
teristics of the impacting vehicle, after some determinatinn
is made about the conditions of the impact. For example,
restraiot may include an clectromsechanicat device. When a
ioad (as mecasured by an integral load ccll) reaches a
threshold velue, & locking pin may be pulled ul of a joint
by an actuator, thus releasing the hiage. Thus, the restraints
that limit collapse of the frame may or may nol be rusable
and they may be passive or active, The key characteristic is
that the collapse of the systena is released under specific and
predictable conditions, but not otherwiss, Active restrainls
may allow collapse of the frame to be conditional o any
degired combination of ifmpact condilions such as foree,
velocity, and displacement.

By adjusting the inectial propertics of the transversc
frames 20, 22 and the side frame elements 32, by adjusting
the geometry of the side frame elements 32 (ic. the amount
ihe side frame clements 32 are bent at their hinges 34 in their
deployed, operational position), and by adjusting the char-
acteristies of the restraints 46, the response of the <rash
cushion 10 can be tailored 1o optimally trigger onboard
girbags or other anboard safety systems of an impacting
vehicle, One particular challenge for airbags is the distin-
guishing of conditions requiring deployment of the airbag,
for cxample a high-speed accident, from conditions under
which the aitbag is nol required, for example a low speed
bump into & parking bollard or another vehicle, By adjusting
the response of the crash cushion, the problem of noo-
deployment, or inappropriate deployment of airbags can be
reduced. For example, by adjusting crash cushion param-
¢lers 1o ohiain a relatively high initial deceleration spike, the
crash cushivn 10 can provide an initial force on the impact-
ing vehicle that is large cnough and shaped 1o tend 1o ensyre
the deployment of an airbag early in the impact, thus
maximizing the benefil of the aitbag Lo the vehicle ooou-
pants.

The crazh cushion 10 can also be designed to reduce the
averall length of the ceash enshion 14 It is generally true
that the preater the length of a crash cushion, the lower the
forces of impaet will be. However, additinonal length limits
the sites at which a particular crash cushion may be praperly
applied. In the application of a crash cushion mounted fo the
back of a truck, the length of the crash cushion is of
particular sensitivity, in thal additional length adds weight
that must be supporicd by the frame of the truck. Further, the
weight of the tuck-mounted crash cushion is generally
captilever-mounted to the tuck, so that additional length
increases the moment of the weipht of the crash cushion on
the mounting structure 18. Also, as the length of a truck-
mounted crash cushion increases, the reanmost cnd of the
ceash cushion will tend to swing widely as the truck tums.
For these reasons, reducing the Jength of inick-mounted
crash cushions is of particular benefit. ‘

As the lenpik of a crash cushion is reduced, it is important
that the impact response of the crash cushion i very
carefully designed o to contioue lo provide optimal safely
performance. The ability of the designer 1o fune the responss
of the crash cushion allows this delicate balance between the
system’s length and its impect performance ta be estab-
hished.

Another advantage of the frame 12 is that il can be
collapsed 10 a very compract size for shipping and storage. If
the included encrgy absorbing clements 16 are themeclves
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collapsihle (¢.g. formed of hydrawlic or preumatic
elemwents), then the frame 12 can be collapsed while
mounied on the truck T 5o that the crash cushion 16 can be
made very compact when the track T is in transit,

Actual crash tests have shown that the crash cushion 10
an readily be tuned by adjusling the parsmeters described
above 1o obtain 2 desired deceleration curve. FIG, 12 shows
two curves 80, 82 of decelerating farce versus time 2s an
impacting vehicle strikes the crash cushion 1. The principal
differences between the tests that resulied in the curves 80
and 82 relate to sclected ones of the varishles described
abave. For the curve 80, two coergy absorbing cloments 16
were used, but the encrgy absorbing cloment 16 i the first
bay war shorter and less stifl than the encrgy absorbing
clement in the second bay. 1o particular, the gap G1 was 33
inches whils the gap G2 was seven inches. The conditions
used for the curve 82 ivcluded no enerpy absorbing clement
in ihe first bay and & gap of only one inch botween the energy
absorbing, element of the second bay aod the second lrans-
verse frame 22. Mote that the curve 80 provides a second
peak after the initial spike that sccurs substantiatly earlicr
during the crash than the second peak in the curve 82, 'The
magnitndes and locations in time of the peaks can be
controlled by properly choosing the system paramelers
discursed above,

From the foregoing it should be apparent that an improved
highway crash cushion has been described that lends jisell to
being tuncd by the designer for particular impact character-
istics. For the crash cushion 10, there are at least fve
variables thal can be selected for cach of the two bays: linear
inertia, rolational inertia, stitfness of the energy absorbing
clement in the bay, pap between the energy absorbing
element and the respective transverse frames, and refcase
load of the restrainis. Any of these variables can be set at
different levels for the two bays. Furthermare, the two bays
cooperate with one another in 2 complex way.

The preferred crash cushion of this invention amanges
these variables to achieve a novel sysiem response profile
that meets currently-prevailing regulatory stapdards while
providing a dramatically shortened crash cushion.

Impact testing of crash cushions is guided in Nonh
America by the Mational Cooperalive Highway Research
Progrem Report 350 (NCHREP-350). The NCHRP.3530
guidelines rely on the flail space model for evaluation of
occupant risk during an impact test, The fail space mode!
amsumes an unresirained occupant in the fronl seat of the
vehicle, At the beginning of the crash event, the vehicle is
decelerated by the impact with the crash cushion, while the
ocoupant contimues forward in an unimpeded manoer. At
some painl, the occupant makes contect with the inside of
the vehicle, and the NCHRP-350 guidelines specify limits
on the velocity af the accupant relative to 1he vehicle at the
moment of contact. Ouce the oceupant bas come into contacl
with the vehicle interior, e or she s assumed fo remain in
contact with 1he vehicle as il is decelerated 10 a siop. The
NCHRP-350 guidelines specily that while the occupant is in
contact with the vehicle interior, the magnitude of decelera-
tion of the vehicle must aot exceed 20 G. These guidelines
also specify that the oceupant shall pot come into contact
with the vehicle at a relative speed greater than 12 meters per
stcond.

For the purposes of this discussion, {he portion of an
impact event or crash up to the instant of occupanl impact
with the intertor of the vehicle will be referred 1w as the
delta-V segment or partion, and the remainder of the even
{from occupant impact until the vehicle cowmes to rest) will
be referred to as the ride-down segment.
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The delia-V segment and the ride-down segment for one
impact are shown in FIG. 12, The delta-V segment 15 divided
into au initial portion and an intermediate portion, and the
ride-down segment corresponds to the final portion of the
impact event. These legends are relevant only to the curve
80. The curve 82 hias been Wuned for other characteristics and
is not relevant in this discussion.

As shown in FIG, 12, the initial portion of the system
response profile is characterized by a high peak deceleration,
(hat is associated with a peak decelarating foree exceeding
3F in this embodiment. The initial portion is followed by an
intermediate portion in which vebicle deceleration falls. The
intermediate porlion is charecterized by a substantial redue-
tion in decelerating foroes ou the vehicle, In this case, the
decelerating forces approximately feach zero.

{Jnce the vehicle has been deceleraled by the desired
velocity (such as 12 meters per second), the crash cushion
then provides a conlrolled deceleration below the regulatory
fimit of 20 G during the final portion. [ the final portion the
average decelerating fores is at the level F shown in FIG. 12.

The curve 80 is provided by way of example. Te general,
it is preferred 1o apply high decelerating forces 1o the
impacting vehicls that peak at FI during the initial portion
of the impact evenl. F1 is preferably at least about 150% of
E, more preferably at least about 200% of F, and most
preferably at least about 300% of F. This provides a sharp
deceleration 1o the vehicle which contribules 1o a short
siopping distance for the inpact event. However, if the high

5
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peak deceleration of the initial portion of the impacting 0

eveni were coptinued, the vehicle would be decclerated to
such an exient that the occupart would strike the interior of
the vehicte with an excessively high velecity, In order 10
prevent this undesired resull, the intermediate portion of the
impacl
force that is substantially Tess than F. Preferably, the decel-
erating force falls to a value F2 that is less than 509 of I,
wmore preferably Jess than 209% of T, and most preferably less
than 10% of F. The decelerating force preferably remains
below this velue for at least 20 mS, more preferably at least
30 mS, and most preferably at loast 40 mS, The foregoing,
values are provided for force levels and time durations as
independent purameters, and are nol intended to indicats a
proference for any speeific combination of force level aud
time duration.

The inventors of the preseat invention have discavered
that by taking the counterntuitive step of substatially
reducing decelerating forees on the vehicle during the iater-
mediate portion of the impact event, following the sharp
peak in decelerating forces during he initial portion, the
total elapsed time and the total elapsed distance of the
impact event can be reduced. Decause a shoct impact event
is important for many applications, this represents 4 signifi-
cant advanee in the art.

Simply by way af example, sigaificant syslem paramelers
associaled with the sysiem that produced the deceleration
curve 80 of FIG. 12 arc described in Table L

TARLE 1

Prefemed Cinsh Cushion Pammetera

A Mpsa of Frame Elements

transveras frame 20 129 kg
transverse [mme 22 58 kg
wide frame element 32 32 kg

cvent of the response le [atls decelerating
event or the response profile fatls (o & cece e(aUNE 55 approach to achieviog the desired syslem response profile.
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TABLE I-conlinued

Preforved Crash Cushion Pammelers

B, Momend of Insria

sidt frame element 32
G Dol 8

1.92 kg-m®

Hex holt, 34", cosrme thrasd, giade &
33 G‘uE_s
s 328 m

G2=178 m
E. Front Eoergy Absoiding Element 16

Mumber al coll

per row nterial thickness {mm)
Raw 1 (Front) 4 Bl
Row 2 1 81
Ruw 3 a BT (4 cells af sach)
Row 4 B BILUZ {4 cells o caich)
Raw 5 (HReaT) 2 102

E Rear Bnergy Absocblng Mement 16

MNumbear af cetlz

pr Fow Maberial thickness (mm)
Row 1 (Froat) B EL
Row 2 12 127
fow 3 b 137
Ruw 4 12 127
Raw 5 (Hear) 12 B17L.02 (b cells of sach)

In the crash vushion of Table I, the cucrgy absorbing
clements 16 cach include Gve rows of sheet aluminum cells,
FIG. 13 shows a wwelve cell row, and the ather rows werc
similar, bul with fewer cells per row where appropriate.
The crash cushions described above represent only o0&

Many ulher approaches are possible, For example, a large
incrtial mass can he placed af a selegted distance in front of
1 comventional crash cushion, such as the truck-mounted
altequator deseribed in U.S. Pat. No. 5,194,755, Alternately,
a brake-based crash cushion such as that deseribed i US.
fal. No. 50r22,782 can be provided with an intermcdiate
portion of the stroke in which the braking cficicocy, and
thercby the decelerating fores, are substantially reduced.
This can be dome by properly adjusting the dimension,
matcnal or ubrcation of the brake cable. As yet another
example, the high peak deceleration during the initial pos-
tion of the impact event can be provided by 1 pocumalic or
hydraulic eaergy absorbing system that is followed after a
spoaified gap by a second, less sGff eoorgy absorbing system,

In a further cxample of such a system provided with a
poeumatic or hydraulic energy wbsorbing system, the energy
absorbing means can be valved to provide an initial force
peak, followed by a dramatic reduction in resistive force,
then Hnally followed by a sscond, lower resislive force.
More specifically, the ipitial peak force can he provided by
s pre-pressurized pooumatic element, for cxample a gas-
containing hag, with the poeumatic slement allowed o
rapidly venl immediately afier that initial peak force so that
the resistive force of the crash cushion falls dramatically
during the intennediate segrent of the crash event, after
which the gas-containing bag can be explosively
re-pressurized to provide the necessary resistive [urce during
the final segment of the crash event. Another approach is to
use 3 stiff crushable element to pravide the ideal response

i profile. A mechanical release, as disclosed by June US. Pat.

No. 5,642,794 would then release after a spacified amovot of
crush had taken place.
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Arnother approach to generating the desired sysiem
response profile is ko support e impact face of the crash
cushion with 4 sacrificial mechanical support that provides
the peeded initial peak force but is then completely coshed
or shattcred so that s resistance draps 10 pear zaro for the
intermediate segment of the crash eveol, after which the
inpacting vehicle engages 4 more conventional crash ele-
ment for the final segment of (he crash cvent, The crushable
element can be replaced by clements thal are extruded, split,
cuiled, kinked, of otherwise mechanically deformed.

A suitable crash cushion can abso be made with bays that
collapse vig sliding elements instead of or in addition to
some of the hinped slements of the crash cushion 18

In general, the widest variety of cnergy absorbing sysiems
can be used o provide the desired system response profile,
and dilferent energy absorbing technologics can be used Lo
achicve different portions of the systom respopse proile.
The widest pussible range of materiad bending, material
tearing, material crushing, material shautering, friction,
hydrautic, pocumatic, and inertial systems can be used ither
alone or in various combinations to achieve the response
profile discussed above.

OF course, many changes and modifications can be made
10 the preferred embodiments dessribed above, Fot example,
the frame can be wade in whaole or in part of solid panets as
opposed 1o the lusirated construction, Similarly, the trans-
verse frames can include solid panels and may differ from
vne another in thickness and in mass, IF desired, the folding
sides of the frame may be positioned at the lop and the
boltom of the crash cushion instead of on the [ateral sides,
Living hinges can be substinuied for the mukiple component
hinges illustrated, and as deseribed above many alternatives
arg available for the restmints. Any suitabls energy atworb-
ing clement technology can be adapted for use with this
igvention, including bydriulic, poeumatic, material-
deforming, tearing, or pulverizing and other approaches.
Both passive and active sysiems may be cmployed. By
“aclive™ js meant sysiems i which sensors provide infor-
mation to the crash cushion which is in soe manner
evaluated and used to alter the performanes of the crash
gushion prior o and/ar duriog the impact. Furibermore, it is
nol esséntial that each ¢nergy absorbing element be confined
o 2 single bay. if desired, the transverse frames can define
cenlral openings that allow a single encrgy absorbing ele-
ment 1o cecupy space in two or more bays, This invention is
0ol limjted to use in truck mounied atleduators, but cag also
be used in front of other roadside obstructions, inclyding
fixed roadside obsiructions such a% bridge piers for ¢xample.
Aldso, more than 1w biys may be used if desired,

As used berein the term “onical” is intended beoadly o
include frusto-conical shapes and the wem “storape™ i3
intended broadly 1o include transport as well as storage, The
erm “cable™ 5 intended broadly to cover easion members
generally, including chains, wire ropes, mpes, and the like,

The foregoing detailed description hes described only a
few of the many fonns 1hat this invention can take, For this
reason, this detailed description is intended by way of
Hlusteation and not by way of Lunitation. It is only the
following claims, inclndiog all equivaieats, that are intended
to defloc the scope of this invention.

What iz claimed is:

L Ahighway crash eushion cotoprising,

& frawe forming al least first and second bays amanged
ane behind another in an anticipated impact direction,
s3id frame comprsing;
at Jeast first, second and third transverse frames spaced

{rom oue another along the apticipated impact direc-
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tion such that the first bay iz between the first and
second transverse frames aod e second bay is
between the second apd third transvemse frames;

at least first, second, third and fourth side elements, said
first and second side ele ments extending berween the
first and second ransverse frames on respective sides
of the first bay, apd said third and fourth side
clemenls oxtending betwesn the second and hird
transverse frames on respective sides of tbe second
bay;

at least one encrgy absorbing clement disposed in at
lzast one of the bays;

in an initial coodition each of said side elernents
bowing autwardly from the rezpective bay,

in a collipsed conditiva afier an impact of sulficient
severily, al least some of the side elements buwing
onmwardly fo & greater exient than in the initia)
condition to accommodate movement of the respec-
live transverse frames oward one another,

zaid side clements limiting collapze of the bays until 4
minimum level of impact seventy is reached;

said frame, at feast one energy absorbing element, and
minimwm level of inpact severity cooperating to
provide a system response piofile comprising an
initial portion, an ntermediale portion, and a final
portion, wherein said response profife comprises a
peak in the initial portion, falls substantially below
the peak in the intermediate portion, and nses from
the intetrmediate portion 1o the final portion.
2. The invention of claim | wherein the first-mentioned
energy absorbing element is disposed in the fiest hay, and
further comprising a second energy absorbing element dis-
posed in the second tray, wherein the fimst and second energy
absotbing elements are shorter than the respeciive bays by
respective first and second distances in the anticipated
impact direction, and wherein the firsi and second distances
differ from one another.
3 The invention of claim 1 wherein the fitst-mentioned
shergy absorbing cloment is disposed in the first bay, and
further comprising, 3 sscond energy absorbing element dis-
posed in the sccond bay, wherein the firs( and second coecpy
gbgotbing elemenis differ in stiffuess i the anticipatod
mpact direction.
4. The invention of claim 1 wherein the side ¢lements aod
the transverse frames are joited together to form a unit
adapted to be cantilevered from a vehicls.
£ Ahighway crash cushion comprisiog:
a frame forming at Jeast first and second bays arranped
one behind apother in an anticipated impast direction,
said frame comprising:
al least first, second and third Wansverse sloments
spaced from one another along the anticipated
impact direction such that the ficst bay is between the
first and second transverse clements and the second
bay is between the second and lhird transverse
clements;

al least first, second, third and founth side elements, said
first atyd second side elements oxtending belween the
flest and sceond irangverse eléments oo Iespeclive
sides of the firat bay, and said thivd acd fourth side
elements exiending between the second and third
trapsverse elemenls on respective sides of the second
bay:

ot least one ensrgy abgsorbing clement disposed i at
least one of the bays; and

in an initiel condition at keast some of the side elements
bowing away from a tespective line extending
hetween ¢od portions of the respective side cloment;
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said side clements limiting collapse of the bays uatil a
minioum tevel of impact severity is reached,

said frame, at least one energy gbsarbing ¢lement, and
minimum Ievel of impact severity cooperating Lo
provide a sysicm response profile comprising an
initial portion, an internediste portion, and A final
portion, wherein said response profile comprises a
peak in the initial portion, falls substentially below
the peak in the infcrmediate portion, and rises from
the intermediate portion ke the final portion.

§. A highway crash cushion comprising:

a framec forming at least first and second bays arranged
une behind apother in an anticipated impact direction,
each of said bays comprising a front and a back, said
frame comprising:

at least first, sccond, thind and fourth side elements, each
of 5aid side elements cxtending between the front and
the back of a respective bay, said first and second side
elements disposed on respective sides of the first bay,
and said third and fourth side clemenls disposed on
respective sides of the sccond bay;

at Teast ooe encrgy ebsorbing element disposed in at leasl
one of the bays; and

in an initial condition at least some of the side elemcnts
howing away from a respective line extending between
end portions of the respective side slement;

said side clements limiting collapse of the bays until a
minimum level of impact sevezity is reached,

said frame, al least one epergy absombing element, and
minimum level of impact severity couperating o pro-
vide a system response profile comprising sn initial
poction, an intermediate portion, and a final portion,
wherein said response profile comprises a peak in the
initial portion, falls substantially belaw the peak io the
intermediate portion, and rises from the intermediate
pariion to the final portion.

7. The invention of claim & or 6 wherein said at least some
of the side clements bow away from the respective lines to
a reater extent after an impact of sufficient seventy than in
the initial condition, thereby acoommodating compression
of the at least one coergy absorbing clement.

8. The invention of claim % wherein the side clements and
the transverse clements are joined together to form a unit
adapied 1o be canlilevercd from 2 vehicle,

9_ The inveation of claim 5 or 6 wherein each of the side
clements bows outwardly From the respective bay io the
initial coadition.

10. The invention of claim 5 or & wherein the frst-
mentioned encrgy absorbing element is disposed in the fimst
bay, and further comprising 2 second coergy absorbiog
elcment dispused in the second bay, wherein the frst and
scoond cnergy absorbing clements are shorer than the
respective bays by respective first and second distances in
the anticipated inpact direction, and whereie the fitst and
sccond distances differ from ope another,

1. The iovention of claim 5 or 6 wherein the first-
mentioned egcrgy absorhing element is disposed ia the first
bay, and further comprising a second eoergy absorbing
clement disposed in the second bay, whercin the limst and
second energy absorbing elements differ ia stiffness in the
anficipated impact direction.

12. The invention of claim 1, 5§ or 6 wherein the coergy
absorbing clement is substantially ne shorter then the
respective bay in the anticipated impact direction.

13, The inveation of claim 1, 5 or & wherein the evergy
absorting clement extends in the anticipated impact direc-
tion 8t least partially into the first and scoond bays.
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14. The inveation of ¢laim 1, § or 6 wherein the coergy
ahsorbing, element is sharter than the fespective bay in the
anticipated impact direction by aboul wne juch or less.

15. The iuvention of claim 5 or 6 whercin the side
clements provide localized arcas of defleclion during, an
impact of sufficient sevenly.

16. A highway crash cushion comprising:

2 frame forming at teast first and second bays amanged
one behind another in an anticipated impaci direction,
exch of said bays comprising & [root and a back, said
frame comprising;

at least first, sccond, third and foorth side elements, cach
af said side elements exiending between the front and
the hack of a respective bay, said first and second side
clements disposed on respective sides of the first bay,
and said third and fourth side clements disposed oo
respective sides of the sccond bay,

at least one energy absorber carrisd by the fame;

cach of the side clemenls configured to collapse after ap
impact of sufficient severily o accommodate shorten-
ing of the reapective bays along the anticipated impact
direction;

said side clements Hmiting collapse of the bays until a
minimum level of impact severily is resched,

said frame, al least one energy absorber, and minimom
level of impact severily cooperating Lo provide a sys-
tem response profile comprising an initia} portion, ao
intermediate porlion, and a final portion, wherein said
response profile comprises a pealk in the initial pottion,
falls substantially below the peak in the imermediale
poctivn, and rises from ihe intermediale portion to the
final portion.

17. The invention of claith 16 wherein said ¢rash cushivo
is operative o decelerate an impacting vehicle at a peak
deceleration greater than 20 G duriog the inilial portion and
at an average deseleration below about 20 G in the fnal
partion.

18. The iovention of claim 16 wherein the side clements
are predisposed to provide localized areas of deflection
adjacent cach end of the respective bay in the anticipated
impact direction during ibe impact.

19. The invention of claim 18 wherein the side elements
are addilionally predisposed to provide localized arcas of
deflection adjacent a central portion of the respective bay in
the anticipated tmpact direetion during the impact.

20, The invention of claim 16 wherein the side clements
arc predisposed 1o collapse outwardly from the respective
bay during the mpact,

21. The invention of claim 16 whersin cach bay comprises
a central porion intermediate the front and the back of the
mapective bay, and whercin the side elements are cach
predisposed to buw outwardly from the respective central
porlion duriog the impact.

22. The inventivn of claim 36 whersin each of the side
elements bows outwardly from the respective bay in an
initial condition.

23, The invention of claim 16 wherein at least some of the
side elements how outwardly 1o a geeater cxtent afler the
impact than o an initial coadition.

24, The invention of claim 16 wherein each of the side
slements comprises al keast one respective hinge.

25, '[he invention of claim 24 whercin the hinges are
positioned to prodispose the respective side clements to
collapse outwardly from the respective bays dunng the
impacl.

26. The invention of claim 16 wherein the first-mentioned
energy absorber is disposed in the first bay and is shorier
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than the first bay by a irsl distance in the anticipated inpact
dirgction, and furthet comprising a second enerygy absorber
disposed in the second hay, said second energy absarber
being shorter than (he second bay by a second distance in the
anlicipated impact direction, wherein the fimsi distance is
different from (he second distance,

27. The invention of claim L6 wherein (e first-mentioned
coergy absorber 18 disposed in the first bay, and further
comprising a second enerpy absorber disposed in the second
bay, wherein the first and second energy absorber differ in
stifness,

28. The invention of claim 1 or 16 wherein the side
clenents provide localized areas of deflection during the
impact.

29_ The tovention of claims 16, 17, 18, 19,20, 21, 22, 23,
2425 or 26 wherein Lhe frame is coupled Lo a vebicle for
trsnsport and elevated above ground level.

30, The imvention of claims 16, 17, 14, 19, 20, 21, 22, 23,
24, 2% or 26 wherein the frame is mounted to a vehicle a5 a
self_supporting structure,

31, The invention of claims 16, 17, 18, 19,20, 21, 12,23,
24, 25 or 26 wherein the frame is configured w be cantile-
vered from a vehicle,

32. A highway crash cushicn compriging:

 frame forming at least first uod second bays aranged

one belind another in an anticipaled impact dircetion,
said frame comprising:
at least first, second apd thied transverse frames spaced
[rom one another along the anticipated impact direc-
tion such that the first bay is between the first and
sccond iransverse frames and the second bay is
between the second and third teansverse frames;
al least first, second, third and fourth side clements, said
first and second side elements extending between the
fist and second transverss frames on respeclive sides
of the first bay, and said third and fourth saude
slements extending between the second and third
transverse frames on respective sides of the second
bay;
8l least one energy absurbing slement disposed in at
least one of the bays;
in an ipitial condition each of said side elemoents
bowing outwardly from the respective bay,
in a collapsed condition after an impact of sufficient
severity, at least some of the side elemems bowing
outwardly o a greater extent than in the initial
condition 1o accommodate movement of the respec-
tive transvepse frames toward one another,
wherein the first-mentioned energy absorbing, ele-
menl 5 disposcd in the first bay, and further
vomprising a sccond energy sbsorbing element
disposed 1n the second bay, wherein the first and
second snergy absorbing clements are shorter than
the respective bays by respective fiest and second
distances in the anticipated impact direction, and
whereitt the first and seoond distances differ from
one another.
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33 A highway crash cushion comprising;

a frame forming at least first and second bays arsuged
une behind another in A anlicipated impact direction,
said frame comprising:
ay least first, second and third Wansverse eloments

spaced [rom one anofher aleog ihe anticipated
impact direction such that the first bay is between the
fiest apd secood iransverse clements and the sccond
bay is between the second aod thind trapsverse
clemnents;
at Ieast first, second, third aod fourth side ¢lements, said
first and second side clements exlending betwezn the
first and second transversc elements on respective
sides of the firt bay, and said third and fowith side
clements extending between the second and third
transverse elements oo respective sides of the second
bay;
at leasl oo¢ energy absorbing clement disposed in at
least one of the bays; and
in an initiad condition al least some of the side elements
bowing away from a respective line extending
between cnd portions of Lhe respective side element;
wherein the fisst-mentioned energy absorbing ele-
wenl is disposed in the fimst bay, and further
comprising a second cnergy absorbing element
disposed w the secund bay, wherein the frst and
second energy absorbing elements are shorter than
the respective bays by respective fint and second
distances in the anticipated impact direction, and
wherein the first and second distances differ from
one auother.

34, A highway crash cushion comprising:

a frame forming at feast first and second bays srranged
on¢ behind another in an anticipated impaer direction,
eich of said bays comprising a froot and u back, szid
frame comprising:

at least fiwst, secood, third and fourth side clements, each
of said side elements extending between the froat and
the back of a respeclive bay, said first and second side
clements disposed on respective sides of the first bay,
and said third and fourth side clements disposed on
respective sides of the second bay;

at least one encrgy absorbing element disposed L 21 least
one of the bays; and

in 2n initial condition al least some of he side elemenis
bowimg away from a respective line extending between
cnd portions of the respective side element;
wherein the first-mentioned energy absorbing element

is dispused ip the fiest bay, and further aomprising a
second toergy absotbivg element disposed in the
second bay, wherein the first and second enerpy
absorbing ¢lements are shortet than the respective
bays by respective first and second distances in the
anlicipated impact direction, and wherein the first
and second distances differ from one another.
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