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Upright Assembly
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b) Upper A-arm Bracket

c) Steering Link

d) Brakes

e) Brake Mounting Bracket

f) Brake Line Mounting Brackets
g) Speedometer Sensor Bracket

Lower A-Arm Assembly

a) Front Tube
b) Rear Tube
c) Inserts

d) Spherical Bearing Housing
e) Rod Ends
f) Spherical Bearing

Upper A-Arm Assembly
a) A-Arm

b) Rod Ends

c) Spherical Bearings

Hub Assembly

a) Hub
b) Hub Nut
C) Axle
d) Axle Nut
e) Bearings

f) Bearing Spacers
g) Brake Rotor
h) Speedometer Magnet

Chassis Brackets

a) Upper A-Arm Front Bracket
b) Upper A-Arm Rear Bracket

c) Lower A-Arm Front Bracket
d) Lower A-Arm Rear Bracket

e) Spring Bracket
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- Upright -

The current upright design has been designed for 1G cornering, 1G Braking and
4G Bump loading. It also has a safety factor of four on top of these loadings. The
maximum loading that have been calculated and are using for our design are 2359-1bs
radial load and 935-1bs vertical load at the lower a-arm, 632-1bs radial load and 935-lbs
vertical load at the axle, and 1727-1bs radial load at the upper a-arm. The moment we
have calculated at the axle is 444 11b-in, at the lower a-arm 72231b-in, and no moment on
the upper a-arm mount. We have chosen to use 7075-T6 Aluminum for the upright. The
shape of the upright has been designed but there are still many calculations that are being
done to finalize the dimensions of the upright.

Some of the issues we are still working on are the mounting technique we will use
on the upper a-arm and on the steering link bracket. The current design has a one-piece
bracket that will connect the upright to both the upper a-arm, and the steering rod.

We have not finalized the upright because some of the component placements are
still unknown. Some of these components are the brake mounts, brake line mounts and
the speedometer sensor. These components will be finalized over the month of

December. ¢
. g
The plan for machining the upright is to have Pat Nelson do it in the machine éﬂ/ ML&

shop down stairs. | »’ fg‘ﬂ“\,& |
Ky pob

- Lower A-Arm -

Wy
The lower a-arm design calls for .049 inch wall thickness, 1.0-inch diameter 4130 Q
steel tube. The maximum force in the lower a-arm front tube without any safety factor is
1951-Ibs in tension. The rear tube maximum force is 2703-Ibs in compression. The spring
bracket will also be welded onto the lower a-arm so that the direction of the force goes
through the center of the spherical bearing. The rod ends we will be using are PRM-6T
for the rear tube and a PRM-ST for the front tube. The spherical bearing we will be using
on the upright mount is a HAB-7T. Aurora makes all of the rod ends specked above,
Another manufacturer option for the rod ends is National Rod Ends. They have identical W\
sized rod ends with similar strength characteristics. W z\ } o
The a-arm tubes will be made here by solar car members and welded together by p%@
Dale in the machine shop. >\bb/

- Upper A-Arm -

The upper a-arm will be made of machined 7075-T6 Aluminum. There will be a
spherical bearing at the upright attachment point and rod ends attached to the other two
ends of the a-arm. The rod ends we will be using are PRM-5T for both ends and a HAB-
5T spherical bearing for the upright attachment. The maximum force in the upper a-arm



front tube without any safety factor is 1321-Ibs in compression. The rear tube maximum
force is 1866-1bs in tension. :

Mike Becker or Travis Lange will machine the a-arm.

- Hub Assembly -
%

The hub will also be {r“gai(e from 7075-T6 Aluminum. The hub design is not
finished and not much time has gone into its design. The current design choices that have
been made are to use a 30mm diameter 4130 steel axle and try to also reduce the weight
by removing extra material from the outside ring and to incorporate built in spacers to
reduce set up time for brake rotor assembly. There is also a magnet being designed into
the brake rotor for the speedometer sensor.

The choices we for the hub which will be solved over Christmas break is the 5
bearing manufacturer and the manufacturer for the axle nut which Dan Timmerman is _ S :

pursuing. j(‘ v
O’AS\Q%
- Chassis Brackets — ¥ N

\

Chassis brackets have been design to support the a-arms in their correct position
but no forcg analysis has been done. The lower a-arm brackets are designed to use
shoulder bolts. T%e upper a-arm brackets are using “AN Bolts”. The spring bracket has

not yet been designed. ¢

Q.F
5

| "
- Springs - \3
prings \\,9 9

The spring selection for the front suspension has been narrowed down to a 0.5-1
bike shock made by Fox or RockShox. é

2
The shocks we have ruled out are Noleen and RST because of their poor e, g<
performance ratings. During the December break, we will explore further shock-spring

unit options by visiting local bike shops. We will also continue our contacts with
representatives for Fox and RockShox.

The wheel and tire selected for Aurora 4 are the same as used in 1997. The wheel
is made by NGM. It is a 14inch diameter Al 6061-T6 rim weighing 3.5-1bs. The tire is

the Bridgestone Ecopia. The tire is 19.09 inches in diameter, and has a load capacity of
350-1bs.

- Wheel and Tire -



- Selected Analysis -
Suspension Geometry

The suspension geometry was developed based upon the given specifications for
the car’s physical dimensions. The main dimensions were as follows:

1) 9 inches: inside dimension of top and bottom plane of chassis

2) 10.8 inches: allowable vertical movement from bottom chassis plane to top

point of upright at full bump

3) 13.4 inches: ground to bottom plane of car

4) 45 inch: front track.

Another specification for the front suspension is low scrub. To analyze the suspension,
we treat it as a four bar, two-dimensional linkage. Using a spreadsheet developed by
Mike Greminger, we found the optimized location of the four suspension points. Using
the “Solver” function in Excel, the spreadsheet found the four points by minimizing the
scrub value.

As a check to the previous method, we used the Lincages software package to TGMK
analyze the four bar linkage and scrub calculations. For this method, Lincages outputs \V
coordinates which we analyze in a spreadsheet. The way we analyzed scrub in this
situation is by comparing the lateral movement of the center of the tire at each increment
to the amount of arc distance traveled by the tire during the same increment. This is the 3< :
same argument about scrub that we have previously discussed at Solar Car meetings. \.\ Q

_/
)
D

Our initial goal was to limit scrub to 0.010 inches for 2 inches of travel, 1.5 up
and 0.5 down. In our analysis, we found the scrub for 4 inches of travel, 2.5 up and 1.5
down. Using Mike Greminger's spreadsheet, the scrub was calculated to be 0.016 inches.
Using Lincages, the scrub value was 0.024 inches. We felt that these numbers would ‘a%
suffice for low scrub. On a following page is the result sheet to Mike’s spreadsheet, '
(_J’

=
&

which shows the scrub value and the scrub radius (which falls close to our goal of 1.0
inch).

o
® s
Another design goal for the front suspension was to have a suspension with the o™ \
roll center at, or below the ground. From Mike Greminger’s spreadsheet, we can plot the A o-\d’ 9:1
Q

looking at one side of the front suspension only. On the following plot, the zero line on

location of the roll center versus the increment value of the travel. This is based upon W
. . . . . . \
the vertical scale is ground level. On the horizontal axis, zero is full droop, and 100 is

W

full bump. You can see that our roll center is always near ground. . &(
)pg" ) W
FBD’s, Forces, and Moments ’,\( o>
Once the geometry was developed, we analyzed the forces and moments on the
suspension members and upright by creating free body diagrams. A following page *”
shows the free body diagrams used, along with the labeling scheme. Once the equations \Uy"K

from the FBD's were found, they were entered into a spreadsheet that calculates all of the
forces and the moments at given locations. The spreadsheet is capable of switching the
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*-arm Suspension Forces (Spring on Arm)

verucal disiances 2iven as "ha'(positive ubi. all honzontat distances given as'd#’(positive 10 the nght’

Driec Laranel oL L, S 2islanees = ancnes ak lorces = IbL alnl moments = iD-in

ol 2.71distance perween center of wheel and Jpper a-arm maounts on [ Yialslols
P cisiarce petweer center of wheel and spring on kingpin

B LeTASEC Zarter 5L wheel anad inaRer 3-arm MOLns Sr s ngpn

1

TresntIecler DY ANeS AN axie TR ongpe

i LpOeT MICLn e R ngen
~ osprng on xINGLIn o
n 15.45|1stance [ZUNC IO Iowe MUt DCINT GN KiNGDIT, R E

. 3 , : | AT
o= 9.5 msiance 2 axe oroxngpn ‘L

Lu ' length of upper a-arm
La 9.6[Length of back lower arm link
Ls 8.6/Length of back lower arm link spring point and chassis
8] Length of lower a-arm

deqgrees iradians
v 55 Angle of lower a-amm front tink
o 5 Angle of lower a-arm back link
° 11.7 Angle ot upper a-arm back link
3 55 Angle of upper a-arm front link
8 50 Angle of spring with honzontal
Car Weignt 850 Total Weight of Solar Vehicle
Bump G force 4
Braking G force 1
Cernenng G force 1

atc Weighttiont tre
w

Weight on tront tire 55°% of weight toward the front
Weight ot the vehicie on one wheel based on a specified G force

Fo Breaking torce based on a specified G force
Fec Cornering force based on a specified G force {outside tire)
Fax @ X force on axie point on kingpin
Fay Y force on axle point on kingpin
Faz EEERAZE 2 torce on axie paint 6n kingpin
Fuz Z torce on upper a-arm {in terms of hornzontal distances)
Fuz #]Z torce on upper a-arm (in terms of vertical distances)
Fux R0 il X force on upper a-arm
Fuy [ ]Ytorce on upper a-arm
Flx j X torce on lower a-arm
Fly Y force on lower a-arm
Fiz Z force on lower a-arm
Fsp 1362.481| Spring force thru arm at angle 6
Mx x moment on upnght
My y moment on upright
Mz Z moment on upright
Forces on A-Arms Moments on Upright
r B Force on upper a-arm front link ( In compression as shown) Location M front view M side view
R Force on upper a-arm back link ( in compression as shown) Axle M4 o R to-1n
%] Force on lower a-arm front link ( in tension as shown) Lower M3
ra Force on lower a-arm back link ( in tension as shown)
ray Vertical Reaction to chassis at lower a-arm back link Upper M1



bump, brake, and cornerin
of this spreadsheet is sho
forces acting at the vario

Table 1. Forces at the Upper and Lower Arm Pivor

g loads to analyze the forces at different condition
wn on a following page. Tables 1, 2, and 3 show th
us locations for various loading conditions.

>

S. A sample
€ maximum

s on the Upright for Various Loading

All forces in Lbs.
Bump, 4 4 4 0 0 4 0 | Radial
Break, 0 1 0 1 0 1 Force
Comer 0 0 1 1 | |
g’s
Fuz 0 1162 0 1162 0 1162 1162
Fux 372 372 -906 0 -1278 -906 -1278 1727
Flx 372 372 -1374 0 -1746 -1374 -1746
Fly 935 935 935 0 0 935 0 935
Flz 0 1587 0 1587 0 1587 1587 2359j
Table 2. A-Arm Forces and Upright Moments for Various Loading
(t = tension, ¢ = compression) Forces in Lbs., Moments in Lb-in.
Bump, 4 0 0 4 4 4 0 7
Break, 0 1 0 l 0 1 1 ’
Corner 0 0 1 0 1 1 1
g’s
R1 82¢ 1239¢ 282t 1321c 200t 1039¢ 957¢
R2 332¢ 726t 1140t 394t 800t 1534t 1866t
R3 125t | 1825t | 176c | 1951t | 50c 1776t | 1650t ]
R4 1180t | 105Ic | 1651c | 120t 470c | 1522¢ | 2703c ]
Mfront | -1870 | 0 4441 | -1870 | 2571 | 2571 | 444 T
axle | 1
Miront | -2104 0 7223 | -2104 | 5119 | 5119 | 7223 ]
lower
arm
Mside 0 4038 0 4038 0 4038 4038
axle
Mside 0 6566 0 6566 0 6566 6566
lower
arm
Table 3. Maximum Forces and Moments at the Axle
Forces in Lbs., Moments in Lb-in.
Fax Fay Faz Fa-radial Ma-front Ma-side
view view W
467.5 935 425 632 4441 4038 |
~
G

)N\s
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A-Arm Sizing

Using the forces found for the arms, we were able to begin sizing suspension
arms. We found the required size for Aluminum arms with square cross sections, and for
Chro-moly tubing. A spreadsheet was developed to help in sizing the arms. First, for a
square aluminum arm the required size was found by multiplying the given loading by a
safety factor of four. The square size was found by dividing the force by the yield
strength. Next, the arm was analyzed in compression, again with a safety factor of 4. If
the column was too short for Euler column theory, Johnson buckling theory was used, -
and the square arm dimension was calculated.

For Chro-moly tubing, we found the required area for tension in the same manner
as before. Then we selected a tubing size to meet those requirements. Next we applied
column-buckling theory by calculating the required inertia for the tube. We then checked
to see if our tube selection was adequate. Next we proceeded to determine if the column
fell into the Euler range or Johnson theory range. Different tube sizes were selected until
all the criteria were met. Examples of all the calculations are shown in following pages. X

The lower arm back link calculations were also completed to ensure bending N
strength in the arm due to the spring mounting. Simple stress calculations were S\‘U
performed based on a 1.0-inch offset of the spring from the end. The moment and stress
were calcnlated. The 1.0-inch, .049 tubing does not quite meet a safety factor of 4, but
with aiming the spring at the pivot, we should not realize the full moment in the arm.

For the upper arm, we have decided to machine it out of aluminum. The size
required is 0.596 inches, from the front link. We will probably make them 0.625 inches
square, then machine ribs into the sides to reduce weight, especially in the back link.
Further stress calculations would be done to ensure the new cross section met the
buckling requirements.

For the lower arm, the back link requires the 1.0-inch, 0.049 thick tubing. The
front link will also be 1.0-inch diameter, but we can get by with a thinner wall. The front
does not require the same diameter, but we chose this to make the spring mount easier to
weld across a flat area.

Upright Analysis

Using the force spreadsheet the moments on the upright were calculated. The
following page shows the worst case moments on the upright. Using these moments, and
a spreadsheet for analyzing different cross sections, we determined the dimensions for the
upright. In all cases, the moments are used to calculate stress, which is then compared to
the yield strength. The current upright has a safety factor of at least 4.0 at all locations.

One of the main challenges was finding a cross section to fit with our steering
system. The current cross section at the lower arm has 21 degrees of turning angle when
the upright moves toward the forward arm, and 25 degrees of turning angle when the
upright moves toward the rear arm.
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While performing the analysis, one of the main goals was to move the neutral axis
toward the center of the upright cross section. This would help reduce stress by reducing
the distance the edge was from the neutral axis. To achieve this, a small flange was
placed along the inside edge of the upright. \\_2/

Another means of reducing stress is to increase the web depth of the upright. We ‘N}'\{ \X ‘kb
want to keep the upright below 1.5 inches thick to reduce wheel-fairing width. Because W
of this constraint, increasing the web depth is not an option for us. Resisting bending also
depends on web thickness. Various wall thickness combinations were used at different / ' \9
locations. We have come to the conclusion that we can use varying wall thickness if it o}} \:.Z)Q
will reduce weight. Since the final design of the upright is not complete, this is still to be 5

determined. o o¥ 1)(

Analysis was also performed to find the thickness of the lower arm mounting rib (56 'b\\\
sections in the upright. The rib was modeled in three different situations. The first 9006
failure mode was shear through the rib in a horizontal direction towards the inside of the ‘;)Qr
car. The second analysis treated the rib as a cantilever beam off of the upright back wall.
Finally, the rib was analyzed as a beam fixed on both ends. Several variations of rib
thickness have been calculated, and will be used pending the finalizing of other
dimensions on the upright.

Near the axle, analysis was performed on the axle cross section to determine the
depth and width of the upright at that location. Again, shear through the side was first
analyzed. Then, bending in two different directions was analyzed. The axle suffers from
the same bending direction as the upright at the lower arm mounting position. Adding
web depth would be a solution, but we want to keep the depth around 1.0-inches for
packaging constraints with the hub and rotor. \

Taking all these calculations into consideration, first iteration values for the \
upright dimensions are shown in the upright component drawing. These dimensions give |

a very good idea of the final shape and size of the upright. All dimensions will be refined
as more hard constraints are received from the rest of the team. ,
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l Moments on Upright
Location
Axle M4
Lower M3
l Upper M1
Front View Moments Side View Moments
l m1 467.5
X dist Moment [in-Ib) X dist Moment [in-Ib}
0 4441 4038
0.25 4558 0.25 4144
0.5 4675 0.5 4250
l 0.75 4792 0.75 4356 m1
1 4909 1 4463
1.25 5026 1.25 4569
1.5 5143 15 4675
I 1.75 5259 1.75 4781
2 5376 2 4888
2.25 5493 2.25 4994
2.5 5610 25 5100
2.75 5727 2.75 5206
3 5844 3 5313
3.25 5961 3.25 5419
35 6078 35 5525
3.75 6194 3.75 5631
I 4 . 6311 4 5738
4.25 6428 4.25 5844
4.5 6545 4.5 5950
4.75 6662 475 6056
5 6779 5 6163
5.25 6896 5.25 6269
55 7013 5.5 6375
5.75 7129 575 6481
5.95 7223 5.95 6566
I 5.95 7223 m2 -1278.38 5.85 6566
6 7159 6 6508
6.25 6839 6.25 6218
6.5 6520 6.5 5927 m2
I 6.75 6200 6.75 5637
7 5881 7 5346
7.2% 5561 7.25 5055
7.5 5241 7.5 4765
7.75 4922 7.75 4474
I 8 4602 8 4184
8.25 4283 8.25 3893
85 3963 8.5 3603
8.75 3643 8.75 3312
I 9 3324 9 3022
9.25 3004 9.25 2731
9.5 2685 95 2441
9.75 2365 9.75 2150
10 2045 10 1859
10.25 1726 10.25 1569
10.5 1406 10.5 1278
10.75 1087 10.75 988
11 767 11 697
I 11.25 447 11.25 407
115 128 115 116
116 0 11.6 0
I Upright Moments
8000
\ - D
/ . .\
5000 s
i 4/ - ——— Front View
I ‘°°°T - @ - -Side View
|
m r———
i o
0
i 0 2 4 [ 10 12
I ‘. Dist. from axie [in]

425

-1162.17
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The detailed design of the front suspension has been 99 percent completed. The only
items left in the design are spacers and selecting fastener lengths. Both of these items
will be completed VCI:Z’ shortly. Fabrication is under way. The “on wheels” date is
scheduled for April 4. My major tasks for the quarter were:

-complete the upright design and coordinate its fabrication, along with all attached
components

-complete the detailed design of upper and lower arms, coordinate fabrication of
upper arms

-select and order shock and springs

-schedule and coordinate hub and rear upright fabrication

-coordinate fabrication of EDM parts for front and rear suspensions

-coordinate purchase of rod ends for all mechanical teams

-create detail drawings of components for fabrication :

-complete detailed design and fabricate spherical bearing housings.

The following is a summary of the status of each component.

Upright Assembly

The upright detailed design was completed, along with the upper arm bracket and
the steering links. Currently, the uprights are being fabricated in the ME Research Shop.
The steering links have been made in the student shop. The upper arm bracket is being
made by the AEM Research Shop using wire EDM. The bracket will be finished in the
student shop. That is scheduled to be completed by the end of the current week.

Brakes have been in hand since last quarter. The mounting bracket design for the brakes
has been completed. They will be rough cut using abrasive water-jet cutting. They will
be finished milled by students. The speedometer will be placed on a bracket that extends
off of the bottom fastener of the brake mounting bracket. Further details of its design
will begin when the Electrical Team gives us further information about placement and
spacing.

Lower A-Arm Assembly

The model of the lower arm is completed. Detailed drawings of the components
are currently being completed. Threaded tube inserts were ordered and machined to
reduce weight. The spherical bearings and rod ends were purchased and arrived from
Aurora Bearing. The spherical bearing housings have nearly been completed in the
student shop. The retaining rings remain to be ordered. A possible vendor is McMaster-
Carr, or Industnial Supply, depending on the quantities available.

The plan is to fabricate the arm components in the student shop in the next week. Then,
we will need to figure out jigs for welding the arms. This is all scheduled to be
completed by the end of March.



Upper A-Arm Assembly

Design of the upper arm has been completed. Drawings are included. Spherical
bearings and rod ends were ordered and have arrived. Retaining rings still need to be
ordered. The upper arms will be machined by the shop that can get them to us by March
31. I have contacted the ME shop, the Physics shop, and Travis Lange. Dan Timmerman
has also tried to outsource the arms, but has been unsuccessful finding a shop to complete
them in time.

Hub Assembly

The hub design was completed by Dan Timmerman. He also selected bearings
and is in the process of obtaining more sets of bearings for testing. The hub threading
and the corresponding hub nut were designed to be compatible with the new motor and
hub being developed. Work was completed in conjunction with Mike Becker. Currently,
the hubs and hub nuts are being machined in the ME Research Shop.

The axle design is close to being finished. No detailed drawings exist yet. Brake rotors
have been designed. They will be rough cut by abrasive water-jet and finished by
students. The EE team has purchased the speedometer magnets. The will be glued into
the brake rotors. Rotor spacers and hub bearing spacers are still being designed.

Chassis Brackets

Chassis brackets have all been designed. Shock brackets are finished, with a few
possible tweaks to yet be completed. Drawings have been included. The rear attachment
of the lower arm and shock to the chassis was completed by introducing a rear tower.
This also involved changing the angle of the lower arm rear tube. All forces were
checked and verified to be within original design specifications.

Fabrication of the towers and brackets pieces has begun. Most of the brackets should be
completed by early next week. We will then proceed to welding up the tower assemblies.

Shocks and Springs

We selected a Risse coil over shock unit that has 2.4 inches of travel. They have
been purchased and should be here in the next few days. Analyses of shock location and
motion ratio were completed using analytical displacement analysis techniques from ME
3203. Using this spreadsheet, I verified roll center height and low scrub performance of
our suspension geometry. Springs were also ordered based upon analysis completed in
the homework exercises. We ordered two rates for the front, 150 Ib/in and 190 1b/in.
They should arrive in the next week.
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