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LECTURE 6-1: STRUCTURE (CHASSIS)
by Ray Morgan and Herman Drees of AeroVironment

Although the aerodynamic shape of the Sunraycer was not initially well defined, we needed to gel started
testing a chassis for reliability, structural integrity and fatigue because of the short time frame. As a result,
we decided to keep the chassis design separate from the body rather than trying for unibody construction,
in which the structural loads are carried through the body. The latter would also probably not have been a
good idca lor this vehicle, since the body was supporting the solar panel and we didn't want to put stresses

on the cells themselves. To get things going, we began with the simplest possible design, using tubes.
which would let us minimize the number of parts and, if we used aluminum tubing, save on tooling time.

Tubes are also ideal for carrying torsional loads. In an automobile like you drive down the street, torsion is
not of great concern, but, for handling, a race car needs a lorsion-rigid structure, so the suspension stiffness
may be tuned between the front and rear. (As it tuned out, in the streets of Darwin, regular passenger cars
couldn't keep up with the Sunraycer, because they didn't have the handling qualities it did.)

The equation for torsional stiffness alone suggested the chassis should consist of a tube with as big a radius

as could fit into the body. The torsional stiffness of a tube is equal (o the product of G, the shear modulus
. . . . . . k]

(a property of the material) and J, the polar moment of inertia, which for a tube is approximately 2w r-'t,

where 1 is the radius and t the wall thickness. The mass, m, of the'tube is 2 r t p, where p is the material’s
density. The sti{fness per unit mass is thus

Gl _ G _ 208
m  2rrip p

G/p is the specific shear modulus of the malerial. Therefore for maximum stiffness and minimum weight,
the solution is to increase the radius. However, the bigger the diameter, the thinner the wall, so that
eventually the tube would not support its own weight unless it were inflated. The way around this
"minitmum gauge” problem is the space frame structure, in which many small tubes are brought to nodes.

simulating a structural shell. After a few design iterations on paper, we did some modeling using finite
element analysis to determine the nodes.

Then we started looking at the buckling allowances. If one pushes on the end of a tube it can fail in one of
two ways: either the wall gets crushed (as would happen with a cardboard tube) or the tube bows out lo
one side. In the latter case, if the force continued, the tube would break. That's called the Euler column
buckling strength, which obeys the following equation: '

allowable load on a column = n2E | C/length2

Lecture 6-1



where E is the Young's modulus, 1 is the moment of inertia (I = xr>T for thin-walled tubes, where T is the

wall thickness and r the radius). C is the end fixity coefficient, which is determined by how the ends are
constrained. In a welded frame, C is about 1.5,

v

In the Sunraycer, all of the tubes except the one in the driver's seat and the four long tubes frafning it were
buckling critical. Those were designed for bending loads instead, because we intended to put the steering
wheel column and pedals on the former and we didn’t want to the latter to collapse if people leaned on |
them when getting into the car. Because aluminum has poor fa(igue strength allowance, we wanted to
keep the working stresses fairly low, below 10,000 psi, even though the aluminum might be good to
70,000 psi. Although the Sunraycer was designed (o the limi( loads for a race car, the structure is such that
the stresses never get above about 8,000 psi, which allows about 107 cycles in fatigue. The car’s entire
chassis weighs 15 1b, (The whole car, with the driver, grosses 575 Ib.) We could have optimized the
lubing size, using tubing about two inches in diameter and about 0.010-wall thickness (like a beer can), but

that would be difficult to weld, and if anyone leaned on a tube, it would crumple. If everything were
optimized for driving loads only, the frame would have weighed under- 10 fb.

The material we used, 6061-T6 aluminum, was fairly easy to weld. We considered heat treating the whole
frtamne alter welding it together, but samples sent to the heat treater came out warped, so we didn’t want lo
take he risk, Welding anneals the malerial; the stress allowable for the annealed state is about 12,000 psi,
but hardens again after aging. Actually, during welding, the long sidemembers warped due to the heat and
took a bow. We were a little concerned that, in a collision, they would buckle from compressive loads,
since they were already bowed, so we added some thin tubes to stabilize them at their centers.

The design loads were a compromise between those for a race car and those for a standard passenger
vehicle. Assuming the full gross weight of the vehicle, these loads were as follows:

4 G Bump i.e., the acceleration of gravity was pushing up on all four wheels

2 G Twist i.e., with all the vebicle's mass supported on two diagonally opposed wheels, the
frame could be twisted to twice the force of gravity

1 G Corner i.e., coelficient of friction of 1 for the tires, with full load transfer to the outside
wheels

| G Braking i.e., coefficient of friction of 1 for the tires, with full load transfer (o the {ront

wheels

The options for suspension included swing axles, double A-arms, and MacPherson struts. Swing axles are
the simplest, but they don't keep the wheels perpendicular to the street, as we desired [or optimum
handling. The double A-arm does keep the wheel perpendicular, but has more parts than the MacPherson
strut, which we ;hose to use for the front. For the rear suspension, we used a trailing arm. The
MacPhierson struts are made of chromoly steel, the same kind of steel good bicycles are made of, heat
ireated after welding. Although they take enormous side loads, the A-arms that hold them to the body are
placed where the moment is largest, so that they carry the loads fairly easily. Initially, we made the struts

Lecture 6-1



of aluminum, but the first time we tested a skidding brake, they bent, so we rebuilt them of steel. The
member that slides up and down the suspension is made of tool steel.

The A-frames that attach the MacPherson struts 1o the car are also used for steering. We placed the '
steering axis of each front wheel in front of the tire path, so that when we let go of the steering wheel, the -
car’s motion always returns toward a straight line, just like in standard automobiles. In the rear, a long

steering link accommodates roll steer, i.e., the tendency of the wheels to turn in the direction the car leans
during a turn. We set the roll steer at the level with which our professional race driver was comfortable.
giving the roll steer of the wheels at about one-tenth of the degree per degree of roll of the car. To avoid
excessive steering input forces, the steering axis is in line with the tire path. If it had been offset, a moment
would be generated on the steering linkage, making it more and more difficult to turn.

To drive the rear wheel, we used a big toothed pulley driven by a cog belt and a small pulley. It has about
a four-to-one step-up. Initially, we used a chain, which was very elflicient, but switched to a cog belt

Lecause it didn't need grease and wouldn’t pick up dirt. The motor is stationary on the frame, but the.

suspension moves up and down, so the apparent length of the drive shaft changes. We allowed it to slide

back and forth through the bearing block, which was probably fairly risay, but we put a lot of grease into it
and did not have any wear problem.

After the car was assembled and had been driven to get the bugs out, Hughes aircraft put about 20 strain
guuge bridges on the suspension pieces and 6 three-axis accelerometers on the body. The recorder and
data processing system were portable and ran off the car's battery. We wanted to find out the actual G
loads. We had assumed that the greatest load would be 4 g and had selected 6 G as a safety factor. During
testing on real roads and over simmulated cattle grates made of wood, we found spikes in the frame to as
much as 20 G, but these were of short duration and thus not of concern. We were also worried that the
cattle grates might result in resonance, but they did not. After 1000 miles of testing at the GM proving
grounds near Phoenix, we applied a penetrant in critical areas of the tubes, but found no cracks.

During the race, we made a thorough inspection of the chassis and drive components for loose hardware
and cracks in the [rame after each race day. None were found, except for a small crack in a tube, on which
the power relays were mounted. This was discovered on Day 4 of the race and although we did not think

that the location of the crack was critical, we reinforced the tube with a splint made of aluminum just in
case.

[The tubes of the chassis, which were nominally one inch in diameter and 0.035 inch in wall thickness,
were welded together by John Mason of Mason Engineering of Simi Valley, California.)

Lecture 6-1 3
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