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Abstract

A scenein an upcoming action movie requires a stuntman on a motor-
cycle to jump over an elephart. Cardboard boxeswill be usedto cushion
his landing. To protect the nervous stuntman and the motorcycle, we
investigate various con gurations of the stunt. We formulate a model for
the energy required to crush a box basedon size, shape, and material. We
alsosummarize the most readily available boxeson the market. We choose
a maximum safedeceleration rate of 5 g basedon comparison with airbag
rigs used professionally for high fall stunts. To ensurethat the stuntman
lands on the box rig (rather than missing it completely) we analyze the
uncertainty in his trajectory and extract the landing point uncertainty.
We go on to construct a numerical simulation of the impact and motion
through the boxesbasedon our earlier box crush energy calculations. Af-
ter analyzing the sensitivity and stabilit y of this simulation, we useit to
examine the e®ectivenessof various con gurations for the box stack (in-
cluding di®erent box sizes,types of boxes, and stacking patterns). Our
‘ndings indicate that 200 kg is the most desirable combined mass of the
motorcycle and stuntman. A 300 kg massis marginal and 400 kg is too
heavy. We also conclude that a launch ramp angle of 20 is optimal when
considering safety, camera angle, and clearance over the elephant. Our
results show that a stack constructed of (30 inch)® boxes with vertical
mattress walls spacedperiodically is optimal when considering construc-
tion time, cost, and cushioning capacity. We recommend that this stack
be constructed in dimensions 4 meters high, 4 meters wide, and 24 meters
long. It will consist of approximately 1100 boxes and cost $4300in ma-
terials. The stuntman's wagesare uncertain but fortunately the elephant
works for pearuts.
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Figure 1. The death-defying leap over the elephart!

1 Intro duction

The American movie-going public's appetite for action and dangeron the screen
steadily increasesyear by year. The trend is clear: big budget + big action =
big payo®. Somewherein the darker alleys of Hollywood a desperate director
decidesto make a name for himself by pulling o® the biggest action sequence
ewver. He plansto Tm a motorcycle jumping over the biggestanimal on land{the
elephart!

Bureaucracy being what it is these days, Hollywood ozxcials have hired us
to ensurethat neither the stuntman nor the elephant is injured (of course,they
could care lessabout the director). The answer to keepingthe elephan safeis
simple: the elephart just standsin place and does nothing. The safety of the
stuntman is a more ditcult problem.

Airbag rigs are commonly rented for high fall stunts [1]. Howewer, airbags
are designedonly to catch humans. Catching the motorcycle in the airbag
would risk damagingit, and replacemen costsmight well exceedthe budget of
our unnamed director. The alternativ e is to usea cardboard box rig{a stadk of
boxesthat will crush and absorbthe impact of the motorcycle and stuntman.
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We are now faced with the follo wing:
1. The primary objective is to safely catch the stuntman and motorcycle.

2. As a secondaryobjective, we wish to minimize the cost and size of the
box rig.

Our approac h is:

1. First we investigate the relationship betweenthe size/shape/material of
a box and the work required to crush it. We call this quartity the crush
enemy of a box.

2. We review the most commonly available cardboard box types. We restrict
our considerationto only thesetypesbecausecustom boxesare much more
expensiwe than standard ones.

3. By comparisonwith an airbag rig, we estimate the maximum acceptable
decelerationthat the stuntman can experienceduring landing.

4. We analyze the trajectory of the motorcycle and the uncertainty in its
landing location. This determinesthe proper placemen of the box rig
and how large an area it must cover to safely catch the motorcycle and
stuntman.

5. Using the crush energy formula, we estimate the number of boxes that
must be crushed in order to arrest the motion of the motorcycle and
stuntman.

6. We formulate a numerical simulation of the motorcycle as it enters the
box rig. Using this model we analyze the e®ectivenessof various types
of boxes and stacking arrangemens. We also compare low, medium, and
high trajectory jumps.

7. As an alternativ e to catching the stuntman while heis still sitting on the
motorcycle, we analyze the possibility of having the stuntman bail out in
mid-air and land separately from the motorcycle.

8. Basedon the results from our simulation, costand construction consider-
ations, and safety requiremerts, we make a set of strong recommendations
regarding placemen, size, construction, and stacing type of the box rig.

2 The energy absorbed by crushing cardb oard

To calculate the ability of a cardboard box to absorb the impact of the stunt-
man and motorcycle we estimate the energy required to crush the box. This
estimate is basedon a combination of physical considerationsand experimental
box crushing.
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Figure 2: Exp erimen tal apparatus for crushing boxes. We dropped a
crush-testdummy (i.e. team member) onto se\eral boxesand obsened how the
structure broke down ead time.

2 Assumption: The primary sourceof energy absorption is in the break-
down of the box walls due to edgecompressie forces.

Commercial cardboard is rated by Edge Crush Test (ECT), which reports
the pounds per inch of edge compressie force parallel to the °ute * which the
cardboard can withstand before breaking. This can be interpreted as the force
againstthe edgeper unit length of creasecreated[2, 5]. Note that oncea crease
has formed, very little work is required to further bend the cardboard.

To understand how the formation of wall creasesrelates to the processof
crushing a box, we conducted seeral experiments by dropping a crush-test
dummy on a box. SeeFig. 2 for illustration of experimental setup.

We obsened that:

2 The rst wall-creasegypically form in the rst %15 of the stroke distance.

2 Thesecreasesxtend acrosstwo facesof the box (A schematic of one such
creaseis illustrated in Fig. 3).

2 Oncethesehave formed the box deformsfurther with comparatively little
resistancebecauseadditional creasesare created by torque forcesrather
than edgecompressie forces.

2 The primary creasesad have length approximately equalto the diagonal
length of the face.

The work donein crushing the box is given by the averageforce applied times
the distance through which it was applied. This and the above experimental
qualitativ e results lead us to write the following equation for energy absorbed
by a box of dimensionly £ |, £ I, being crushedin the z-direction.

3 .

E=ECTE 2 12+12 £1,£ 015 1)

1The °ute of corrugated cardboard is the wavy layer between the two wall layers. Here,
“parallel to the °ute' means the direction parallel to the °ute wavefronts.
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Figure 3: The rst creaseforms in a curve acrossthe side facesas the box is
compressedrom above.

Force

Crease forms here

As a realit y check, we compute the crush energyfor a standard 8.5in £
17in £ 11 in box with ECT 20 Ibs/in and C-°ute (the type commonly used
to store paper). With these numerical values, Eq. 1 gives an energy of 187
Joules. This corresponds roughly to a 140 Ibs person sitting on the box and
nearly °attening it.

2 Comparison with experimen t: Crush-test dummy resultscon rm that
this is indeed a good estimate.

In addition to the crush energy energycanalsobe absorbedin the processof
°attening the °ute within the cardboard walls. However, the pressurerequired
to do this is » 150 kPa [10] and the surfaceareainvolved is more than a square
meter, so a quick calculation shav that the stuntman would deceleratetoo
quickly if his kinetic energy were to be transferred into °attening boxes. We
therefore ignore this additional °attening e®ect.

2 Any successfubox rig con guration must dissipateall of the kinetic energy
of the stuntman and motorcycle through box crushing alone.

3 Commonly available box types

Minimization of costsis an important concernin this stunt. The cardboard box
rig will consistof perhapshundreds of boxes,and wholesalebox pricescanrange
up to $100r $20per unit (for larger boxes), sowe thereforerestrict our attention
to only those box typeswhich are most commonly available. We investigate the
box typeslisted in table 1.

We will usethis table later to evaluate the cost of various box rig con gura-
tions.

4 Some quick estimates

We now make a few rough calculations and estimates. We will use these re-
sults to set safety tolerancesand as a guide in working with the more complex
numerical simulation that we later formulate.
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Table 1: Commonly available box types. Information from [4, 3].

Type Size(in) | ECT rating (Ibs/in) | Price per box
A 10£ 10£ 10 32 $0.40
B 20£ 20£ 20 32 $1.50
C 20£ 20£ 20 48 $3.50
D 30£ 30£ 30 32 $5.00
E 44 £ 12 £ 12 32 $1.75
F 80£ 60£ 7 32 $10.00

4.1 Maxim um safe acceleration

To determine acceptableforcesand accelerationsfor the stuntman as he ernters
the cardboard box rig, we comparethe box rig with other cushioningdevices.In
the stunt rigging businessit is common practice to usean air bag for high-falls
of up to 30 meters. Airbags rated for falls of up to 30 meters are approximately
4 meters deep.

Assume a stuntman falls from 30 meters above the airbag. Gravity accel-
erateshim from rest to a velocity v. At this point he strikesthe airbag and is
deceleratedcompletely, sowe have

p p
200t = 28paghbag

where dy is the fall distance, apag is the decelerationrate the stuntman expe-
riencesin the airbag, hpag is the height of the airbag, and g is the acceleration
due to gravity. Thus

_ dfa" _ 30m _ o
Apag = Fagg— mg— 7:5¢

We therefore conclude:

2 When wusing an airbag, the stuntman experiences an average
acceleration of at most 7:59. This provides and upper bound on the
maximum accelerationthat a personcan safely withstand.

2 However, with the airbag stunt the stuntman is able to land in a
position that distributes forces evenly across his body. In our stunt
the stuntman will be landing in the box rig while still on the motorcycle.
This will result in greater chancefor injury under high deceleration.

2 We choose 5g as our maxim um safe deceleration. A box rig con g-
uration which results in a higher accelerationwill be rejected as unsafe.
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4.2 Displacemen t and energy estimates, a realit y check

If the decelerationof the stuntman and motorcycle is constart through the boxes
then we can estimate the distance required to bring him to rest. Since any
deviation from constart accelerationwill increaseeither the stopping distance
or the peakdeceleration,this will give us a lower bound on the stopping distance
and hencea lower bound on the required dimensionsof the box rig.

Suppose the stuntman erters the rig at time t = 0 with velocity vo and
experiencesa constart decelerationa until heis brought to rest at time t = t¢ .
The stuntman's velocity v(t) is then givenby v(t) = vpj at. Sincethe stuntman
is at rest at time t; , we have

tf = vp=a

Let x(t) bethe displacemen from the point of ertry asa function of time. Since
x(0) = 0,
x(t) = votj (1=2)at?

and sothe total distance traveledthrough the boxesis

2 VI | 3 '2
¢x=x(t) = goi Vo

1
> @ 7 T2

Therefore we arrive at:

2 Given an impact velocity vp ¥ 20m=s and deceleration bounded by 5 g,
the stuntman will require at least 4 metersto cometo rest.

Conversely if we instead have an idea of what the stopping distance should
be, we can easily compute that the constart decelerationrequired to stop in a
distance ¢ x is

V6 .
2g¢ x°

Using the calculation for the energydissipated by crushing a box we can es-
timate how many boxesmust be crushedto dissipatethe energyof the incoming
projectiles, i.e.: stuntman and motorcycle. The energythat must be dissipated
in the boxes is roughly equal to the kinetic energy that the motorcycle and
stuntman ernter with. (Since the box rig should only be three or four meters
high, the potential energyis a much smaller fraction of the total energy) Thus
for vp = 20m=s and a massof 200 kilograms, the changein energy is 40,000
Joules. From Eq. 1 we calculate that the crush energy of a standard (30 inch)?3
box is 633 Joules.

40; 000 Joules

e §
633 Joules/box 7460 boxes

2 Conclusion: The incoming stuntman and motorcycle must crush about
60 boxesto cometo a stop.
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5 Trajectory Analysis and Cushion Location

Regardlessof how much energyit takesto crushthe cardboard boxes,they won't
dissipate any of the stuntman's energy unlesshe actually lands on them. It is
therefore important to considerthe trajectory of the stuntman and motorcycle
through the air so we know where the box rig should be placed and what the
uncertainty in landing location is.

We calculate tra jectories by solving the following di®ererial equation, where
v is the speed,k is the drag coetcient, and x is the position:

k
00— . . il
%)= 2i —Jvj°¢
( g2 Vi
MATLAB's ODE45 function was used to solve an equivalert system of rst
order equations. We use an air drag coexcient of k = 1:0 (this value is from

Ref. [6]). We seeimmediately from "gure 4 that it would be unwise to ignore
air resistance.

2 Air drag e®ects alter the stuntman's landing position by up to
several meters. We therefore incorporate air resistanceinto all simula-
tions.

It is unreasonableto expect the stuntman to leave the ramp with exactly
the sameinitial velocity and angle every jump. We therefore needto allow for
someuncertainty in the resulting trajectory and ensurethe cardboard cushion
is large enoughto support a wider range of possiblelanding locations. Sincethe
ramp angle A is constart, we assumethe initial angle betweenthe direction of
the stuntman and the ground is also A with no uncertainty. However, there is
the possibility that the motorcycle might be moving slightly to the left or right
asit leavesthe ramp. Let u be the azimuthal angle betweenthe ramp axis and
the stuntman's velocity vector. Ideally p should be zero, but small variations
may occur. The other uncertain initial condition is the initial velocity v.

2 |In modeling the stuntman's possibletrajectories, we assumethe following
uncertainties:
{ Initial velocity: Vo = Vintended 8 1 M/S
{ Azimuthal angle: u= 08 2 degrees
We use this to identify the range of possible landing locations by plotting
the trajectories that result from the worst possiblelaunches. These are showvn
in Fig. 5.
If the intended initial velocity is 22 m/s, the ramp angleis 20* and the mass
of the rider plus motorcycle is 200 kg, then

2 Distance variation is: § 2.5 meters.

2 |ateral variation is: § 1.5 meters.
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Figure 4: Air resistancesigni cantly changesthe trajectory.
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Figure 5: Trajectory Uncertainty Due to Launch Uncertainties. Note that the
box rig depicted hereis not to scale.
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6

Impact simulation

In order to evaluate the e®ectivenessof various box rig con gurations, we con-
struct a numerical simulation of the motion of the stuntman and motorcycle
through the box rig.

6.1

Assumptions

The full physicsof the box rig is far too complexto model accurately. We there-
fore make the following assumptionsto approximate and simplify the problem:

2

6.2

The problem is two dimensional. We restrict out attention to the
plane of motion of the stuntman. There is no reasonfor his trajectory to
ever be signi cantly bent out of this plane. Making this simpli cation does
remove the possibility of observing somebox stacking e®ects. Howewer,
we will later show that these e®ectsare negligible in most cases.

As the motorcycle plows through the boxes, a thic k layer of
crushed boxes accumulates against its front and lower surfaces.
These layers increasethe e®ectie size of the motorcycle and causeit to
strike a larger number of boxesasit moves. We assumethat this captures
the e®ectof internal friction and viscosity within the boxes. A illustration
of this e®ectis shown in Fig. 6.

In the average of striking a large number of boxes, the velocity
magnitude is reduced but the direction is unchanged. A collision
is aslikely to de°ect the trajectory upward as downward.

Boxes are crushed rather than pushed out of the way. In practice,
this can be ensuredby placing a strong netting around the three sidesof
the box rig that face away from the incoming stuntman.

Boxes are crushed to a uniform level. In reality someboxes may
be crushedonly slightly, while others are completely °attened, but these
e®ectsdisappear when we averageover a large number of box collisions.

Form ulation

We formulate the simulation as follows:

2

2

The motorcycle and stuntman is represerted by a bounding rectangle that
is initially 1.2 meterslong, 1.2 meters high, and 0.7 meters wide (though
the width is irrelevant for most of the simulation).

The box rig is represerted by a 2-dimensional stack of boxes. We will
considerseeral di®erert stacking con gurations.

11
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Figure 6: A wall of debris forms on the front and bottom surfacesof the motor-
cycleasit enters the boxes.

2 We numerically integrate the motion in discretetime stepsof 0.05seconds.
The only object in motion throughout the simulation is the stuntman and
motorcyclef{all of the boxesare stationary.

2 When the bounding rectangle intersects a box, the box is considered
crushed. We modify the stuntman's velocity accordingto the kinematics
described in the following section (seeEq. 2) and ignore further interac-
tions with the crushedbox.

2 For eath box crushedwe add a layer of additional thicknessto either the
front or the bottom (for horizontal and vertical collisionsresp.) of the mo-
torcycle bounding rectangle. We assumethat boxes are crushedto %20
of their length or height for horizontal and vertical collisions respectively.
We allow the front layer to extend above and below the original bounding
rectangle (and likewisefor the bottom layer) sothat the force of the mo-
torcycle striking a tall box will e®ectively be distributed along the length
of the box. Thesedebris layersincreasethe e®ectie size of the motorcycle
and therefore causeit to strike a larger number of boxesasit moves. We
usethis processto accourt for the e®ectsof friction.

2 The vertical componert of the velocity is setto zero when the bounding
rectangle strikesthe ground.
6.3 Kinetics

As the stunt personfalls into the rig with the motorcycle ead box he collides
with will collapse and absorb a small amourt of his kinetic energy thereby
slowing his descen

12
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2 Upon collision with a box, the box crushesand absorbsan amourt ¢ E of
energy from the stuntman's kinetic energy

2 The crushed box is then pinned against the forward moving face of the
stuntman and motorcycle and must move with him. This cortributes an
additional massof mpyoy.

We calculate the change in his velocity using consenation of energy and
assumingthat the velocity direction remains unchanged (this is a good approx-
imation in the averageof a large number of collisions).

H 1
1 2 1 2. .
E(mo + Mpox)View = Max émov0 i ¢E;O
and we are taking the maximum here to avoid imparting more energy into the

box than the motorcycle has. Solving for vy, Yields
S e

1l
Pmov2i 2¢E
Mo + Mpox ,

VneW = max

)

We usethis equation to calculate the new velocity after ead collision.

6.4 Stabilit y and sensitivit y analysis

Given the crude nature of our collision detection, there is the danger of "nding
results that depend sensitively on the initial location of the motorcycle relative
to the phase of the box rig periodicity (rig periodicity is typically lessthan
1.5 meters). To show that these phasealignment e®ectsare negligible we vary
the initial location of the motorcycle by 0.4 meters (%37 of the rig periodicity)
either direction.

Result: Decelerationrates and stopping distancevary by lessthan %5. The
simulation is therefore insensitive to where the motorcycle lands relative to the
period of the box rig.

As a secondched, we vary the time step sizefrom .025to 0.1 seconds(0.05
is our standard value).

Result: No distinguishable changesin results with variation in time step
size. This veri es that the simulation is highly insensitive to the sizeof the time
steps.

6.5 Con gurations considered
We considerthe following con gurations for the stunt:

2 Three °ight tra jectories for the motorcycle and stuntman: low,
medium, and high. These provide three di®erent entry angles and
velocities for the simulation. Each trajectory is also designedto clear an
elephart that is roughly three meterstall [7]. Details of thesetra jectories
are given in table 3 and they are shown to scalein Fig. 8.

13
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Table 2: The sewen box rig con gurations that we examine. SeeFig. 7 for
illustrations, and referto Tab. 1 for box type data.

Stadk type Cost Commerts
(per sq. meter)
1 $40.40 Standard rig, made
of box type B (20in cube).
2 $94.20 Standard rig, made of heavy duty
box type C (20in cube, ECT 48).
3 $43.10 Standard rig, made of box
type D (30in cube).
4 $46.5 Like 3, but type A boxes
placedinside the D boxes.
5 $46.3 Modi cation of 3{additional vertical
walls of type F mattress boxes.
6 $40.90 Like 5, but horizontal mattress
box walls.
7 $46.1 Mattress boxes (type F) stadked
horizontally, with periodic vertical walls

Table 3: We simulate the stunt with the following three di®ereri trajectories.

Jump type | Initial velocity | Ramp angle | Jump distance

Low 29 m/s 10 30.0 meters
Medium 22mls 20¢ 28.5 meters
High 20 m/s 30 30.4 meters

2 Seven di®erent stacking arrangemen ts. Details of these arrange-
ments are showvn in Tab. 2 and Fig. 7.

2 Three values for the total mass of the motorcycle and stuntman:
200kg, 300kg, and 400kg. These massesare reasonablefor mid-range to
large motorcycles.

6.6 Data analysis

The simulation provides us with a record of the velocity as a function of time.
Thesevelocity plots appear jagged and step-like becauseof the discrete way in
which our simulation handlescollisions. We obtain the accelerationby tting a
straight line to the velocity vs. time plot and measuringthe slope. An example
of this is shawn in Fig. 9.

In examining the velocity plots for ead simulation run, we looked at:

14
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Figure 7: Box stacking con gurations. Crush patterns arethe result of simulated
impacts of a 200 kg combined weight coming in from the low trajectory.
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Figure 9: Velocity vs time; plotted for 200 kg low trajectory impact on box
stack type 1 (20 inch cubes, stacked in standard style).
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1. Deceleration experience by the stuntman, averagedover the entire time
from impact to rest.

2. Maximum of decelerationaveragedover 0.1 secondintervals.

3. Whether or not the boxes completely arrested vertical motion before the
stuntman hit the ground.

If either (1) or (2) ever exceedsthe maximum safe decelerationthreshold of 5
g, we considerthat con guration to be unsafe. When condition (3) is not met
then the stuntman may experiencea sewere and dangerousjolt as he strikesthe
ground. This is bad, but we will proposesomework arounds shortly.

6.7 Results

Regarding the mass, 400 kg is too heavy{the boxes give way beneath the
incoming motorcycle too easily It would require a stadk of boxes nearly 6
meters high to safely catch this hot potato. 300 kg is marginal, and 200 kg is
optimal for using a box rig.

Stacking types: (refer to Fig. 7 for illustration)

1. Made from the cheapest and most common boxes, this stack resulted in
4.8 g deceleration, which is within safety margins (but just barely). It
stopped the motorcycle in 11 meters'.

2. Rejected becauseis resulted in deceleration of over 6 g, but brings the
motorcycle to rest’ in only 7 meters.

16
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3. Very soft decelerationof about 3.6to 4.1 g. The only problem is that this
stack did not completely stop the vertical motion. Also, it took 13 meters
to bring the motorcycle to rest’.

4. Marginally safe decelerationfrom 4.8to 5.1 g, but this stad is the best
at arresting the vertical motion. Stopping distance of 9 meters'.

5. Behavior is similar to type (3), but stopping distance is reduced by 2
metersto 171Y.

6. The extra horizontal mattress boxes make very little di®erence.Deceler-
ation is 4.1 g, and vertical motion is not slowed enoughto prevent hitting
the ground hard.

7. Rejected becausedecelerationat 5.2 to 5.7 is consideredunsafe.

(y: Stopping distancesare reported for the medium tra jectory and are measured
from the point of impact to the furthest box damaged. The motorcycle actually
comesto rest in a signi cantly shorter distance, but it pushesa wall of debris
seweral meters aheadof it.)

2 Hyp othesis: the dixcult y of slowing the vertical motion enough might
be overcomeby stacing the box rig on top of a landing ramp.

2 Conclusion:  These results indicate that type (1) stacking is optimal
without a ramp. However, with a landing ramp under the boxes, type (3)
or type (5) staking may be usedto achieve a much softer deceleration.

In light of theseresults, we tried additional variations on the type (5) stadc.
We conclude that the 30 inch boxes (type D) with mattress box walls spaced
every 4 boxesis optimal.

7 An alternativ e idea: the stuntman could balil
out mid-°igh t

Sofar our goal in this model has beento safely deceleratethe total combined
massof the stuntman and his motorcycle. Howewer, it is possiblethat they may
separatebeforeimpacting the box rig. In fact, it may even be desirablefor this
separationto occur becauseit would reducethe chanceof injury resulting from
the stuntman being pinned against the motorcycle. We would therefore like
to model how far apart the stunt personand the motorcycle could land. We
assumethey separateafter clearing the elephart and allowing for a clear camera
shot. This correspondsto a distance of about 25 meters. We then run the same
simulation as before but alter the vertical velocity at the point of separation
and then follow separately the two di®eren trajectories. An estimate of the
change of momertum is necessaryto gure out the corresponding changesin
velocity. If the stuntman jumps vertically away from the motorcycle, it makes

17
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Figure 10: stuntman separating from motorcycle in three possibletrajectories.

Stuntman Separates from Motorcycle
— together
stuntman
motorcycle

height (m)

0 5 10 15 20 25 30 35 40 45 50
distance (m)

senseto consider the analogy of a person jumping on the ground. A decen
jumppc%asponds to about half a meter. Sincethe initial velocity is given by
Vo = 2gd whered is the height, we 'nd that vq is roughly 3 m/s. Accordingly,
we increasethe stuntman's vertical velocity by 3 m/s. Then the corresponding
changein velocity for the motorcycle is given by consenation of momertum.
The resulting trajectories are plotted in “gure 10.

When the trajectory is medium or high, stuntman and motorcycle are only
separatedby about six meters at the point of landing in the cardboard boxes.
When the trajectory is low, however, this separation increasesto around 15
meters. This preseris a problem if we want to protect both the motorcycle and
the stuntman. Naturally, the safety of the personis the most important. It is
simple to extend the box rig to the projected landing location of the stuntman.
Unfortunately, simulations shaw that a box con guration designedto smoothly
deceleratethe combined massof motorcycle and stuntman doesn't work aswell
when there is just the mass of the personto contend with. In fact, it's pos-
sible that the stuntman will decelerateso quickly that our g-force tolerance is
exceeded.Our simulations show that this is in fact the casefor all of the box
stadks that we considered. For the heights and speedsconsidered,a box rig
is unsafe. Howewer, if the boxes are stacked loosely enough with some spac-
ing betweenthe boxesasin "gure 11, then it is still possibleto deceleratethe
stuntman at a reasonablerate.

Therefore the best solution for the safety of the stuntman is to re-designthe
box rig, using a softer material and/or looser stacking, so that it accourts for
his massaloneif he doesindeed intend to separatefrom the motorcycle.

18
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Figure 11: Box stadking arrangemen that is suitable for catching a stuntman
who is not on a motorcycle.

8

2

Recommendations

Whic h mass is best? Our simulations shov that a 400 kg mass is
simply too heavy to be adequately slowed by a box stadk lessthan 4
meters high. The motorcycle invariably falls through the rig and hits the
ground beneath at over 5 m/s. While this may not seemlike much, the
motorcycle could easily tumble over in the boxesand crush the stuntman
along with the cardboard. The 300 kg masswas marginal, but the safest
was 200 kg. Therefore, if there is any choice in Tming the scene,we
strongly recommendthe use of a lighter motorcycle.

Whic h tra jectory is best? The low trajectory (10%) providesthe least
risk of coming down too hard. Howevwer, it allows only minimal clearance
over the elephart (only 1 meter for atall elephart) and requiresthe highest
speedto make the jump successfully which increasesthe risk.

Whic h typ e of boxes and stacking is best? The type (1) stadk, made
of (20inch)® boxes, is bestfor landing without aramp. With aramp under
the rig, type (3), made from (30 inch)2 boxes, and type (5), which is type
(3) with added vertical mattress box walls, are optimal. The added walls
of type (5) decreasedhe landing distance by 2 meters, so fewer boxesare
required and the construction cost is reduced.

What size must the rig be? With the 200 kg mass our simulation

shows that 3 meters height are usually enoughfor the low trajectory, but
4 are necessaryfor the high trajectory. This can be reducedto as little

as 2 if the rig is stacked on top of a landing ramp. Stopping distance is
between 10 and 13 meters (as measuredfrom point of entry to the front
of the debris wall) depending on stack type, and we estimate in x6 from
the trajectory variabilit y calculation that the landing location uncertainty
is 1 meter laterally and 3 meters forwards or badkwards. We consider
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Figure 12: The best way to stack the boxes.

1 Undamaged
[ Horizontal Crush
B Vertical Crush

12

an additional %50 beyond these uncertainties to be necessaryto suitably
ensuresafety. Therefore our recommendationsare:

{ Height shouldbe 4 meterswithout landing ramp, 2 meterswith ramp.
{ Width should be 4 meters.

{ Length should 24 meters for type (1) or (5) stacking, and 29 meters
for type (3) stacking.

2 How much does it cost? The costis between $4300for type (1) and
$5300,depending on the precisecon guration. Note that this is approxi-
mately the sameasthe cost of renting an airbag rig for a day [1].

2 How many boxes is that? Type (1) stack requires 2000 (20 inch)?
boxes, and type (3) requires 1100 (30 inch)® boxes. Type (5) usesthe
samenumber as (3) and a few additional mattress boxes.

Final recommendation: The overall best type of box rig to useis (5§
(30 inch)® boxes stadked as usual, with vertical mattress box walls every couple
metersto distribute the forcesover a larger number of boxes. This con guration
results is the softest deceleration while still e®ectiely stopping the stuntman
and motorcycle. It also requiresthe fewest boxes, so the cost is lower and the
setup time is minimized. This con guration is shavn in detail in Fig. 12
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