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ExecutiveSummary

A new drivetrainwas designed from scratch for Gladiator. Gladiator is an all terrain humanitarian
landmine detection robot designed by the student team Cornell Minesweepbe drivetrain is
responsible for providing locomotion for the Gladiator. It takes the rotary nmoffom electric motors

and delivers it to the wheels.

The new drivetrain design utilizés Y2 Rdzf | NJ Wt 2 RQ | LILINRI OK® 9 OK 27F
DrivePod and they are mechanically independent. This allows for easy swapping of broken DrivePods
which is essential for a mine detection robot. The mechanical independence of each wheel also allows
for more precise control and freedom to steer. The design utid@esnovative dual motor drive which

adds redundancy to the system and also lowers thaltobst of the system.

The rendering of the Drivgodis shown in Figure 1.1 and the fillivePodspecs are listed in Table 1.1.

CA3IdzNBE odmY wSy RS RadyFhal Mass dptimizét vdrsio@ shdwa. 5 NA @S
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Parameter Specs
Quantity 4

Weight 2.3kg
Max.Dimensions | M n ¢ M@ &
Total Power 52w

Drive Torque 2.8Nm

Max Velocity 2m/s

Max. Load 10kg

Max. Acceleration | 1m/s’

Max. Incline 25%

Objectives

Cornell Minesweeper is designing robots for humitarian landmine detection in countries such as
Cambodia. The robots must be all terrain capable and must also be light and energy efficeetgam

also is competing in the Intelligent Ground Vehicle Competition which test robots for their autonomous
abilities. Both these tasks require a very stable platform that can easily and accurately controlled.
However, the robustness requirements for both vary to a large degree. The IGVC is held on a grass field
with minimal terrain disparities. The worst terragondition at the competition is a sand pit and an
incline of 15%. In a minefield, it could be a swampy clay pit or it could be oversized undergrowth. Due to
the indeterminate nature of the requirements of the minefield, it was decided to design the DdgeP

for IGVC. To ensure that Gladiator would be able to handle worse terrain to aid in the testing of the
landmine detection sensors, the DrivePods were overdesigned to compensate for higher inclines,
payloads and torque requirements.

At the same time, te DrivePods were also designed to have certain redundancy inbuilt to ensure
longevity in a minefield. Also, the inbuilt modularity allows for quick fixes and overhauls of Gladiator in
the event of a catastrophic loss of a wheel due to a landmine.

Design

Dynamics

Df I R Adriiet2aldRag designed such that it can provide sufficient torque at the worst case scenario
possible. Since this drivetrain walesigned more for the competition than for landmine detection, the
worst case scenarios at the competitiavere considered coupled with similar worst case scenarios for
landmine detection. This scenario is depicted in Figuravhere the robot is on an incline with the
friction coefficient of sand.

! Reddy
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Figure3.1: Robot on an inclinef & degrees andcoefficient of rolling friction of sand

The above situation was then converted into a free body diagram to aid in the determination of motor
torgue for each wheel. In the creation of the free body diagram, the following assongpivere made:

¢ Wheel deformation is negligible. This implies that the there is a point contact force with the
groundwhich is easier to model.

e The system is in steady state. This allows us to ignore static effects such as static friction, rotor
friction and also allows us to consider just the final torque the motor needs to generate.

e The mass is equally distributed on all four wheels. This affects the wheel traction force
generated and also the rolling friction faced by each wheel.

o Assume wheel inertia tdcts are negligible compared to mass of the robot.

The resulting free body diagram for a single wheel is shown in FigRire

Figure3.2: Free Body Diagram of a wheel

The variables listed in the above figure are explainetainle3.1.
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Table3.1: List of Variables used

Traction Force. This is the driving force for each wheel and is related to the driving torqu
F=T/r.
Friction. This is the rolling resistance for each wheel and it is related to the normalbipi
F=uke

Normal Reaction Force

Weight loading on each wheel,£mg

Angle of the incline

Mass supported by each wheel

JEIE U= R

w2o020Qa | OOSISNIGAZ2Y

The summation of forces along the X and Y d&aes the FBDesult in equations$.1 and 3.2

Fr — By sin(a) — Fr = ma (3.1)
Fr = Fycos{a) (3.2)

Combiningand simplifyingequations3.1 and3.2 by using thesonstitutive law of rolling friction, we get
equation3.3 which defines the traction force in terms of the coefficient of rolling frictionthe angle

of inclination,z and the mass supported by each wheel, m.

Fr = ma +mg(sin{a) + ucos(a)) (3.3)

The drive torque is obtained from the above equation using the torque constitutive law and is defined in
equation3.4.

T = ?(ﬁ + pcoslea) + sin(tx}) (3.4)

This design equation was then programmed in MAIBAd iterated upon for the different variables till
a reasonable drive torque was achieved. The constants wegeand @ and the design variables were r

and a. Tabl&.2 shows the final converged valu€sgure3.3 shows the iterdion plots.

TheTorque values were checked against the IGVC velocity requirements which specifies a maximum of
v=2m/s. For this maximum velocity, the drivetrain has to provide torqdg at w =15.75 rad/s. This

implies that the drivetrain musté able to provide a constant power of atleast E=b0W. The next
step in designing the drivetrain is the selection of the motors and this value of power is the selection
parameter.
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Table3.2: Final Values of Drivetrain variables

Variable Value Comments
m 7.5kg ¢KAA laadzySa GKIFG GKS
distributed on all four wheels.
g 9.81 m/¢ | Gravity
Huom 0.15 Coefficient of Rolling Friction of grass + loose gravs
Hinax 0.25 Coefficient of Rolling Friction of san&and is the
worst ground sinkage condition at the competition.
e 14 deg This is a 25% incline. The maximum grade at
competition is 10%.
r 0127m |[¢KA& Aa | wmné gKSSt oK
obstacle clearance.
Thom 3.2 Nm These values of the Torque satisfy all the
Tinax 5.7 Nm parameters at the same time.
a 1m/s® This is the maximum acceleration possible with
above torque.
v 2m/s w2020Qa OSt20AG8d LD%/
Nominal Torque vs. Wheel Radius, P=52W Static Torque vs. Wheel Radius, P=52W
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Figure3.3: Drive Power and Torque lterations Plot
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Motor Selecti on

There are several types of motors: AC motors, Induction motors, DC Brushed motors, Brushless DC
motors, Servo motors and Stepper motors. For our size and power demands, the DC motors have the
best efficiency and weight. Brushless DC motors are a lo¢ mfficient than brushed motors due to the

lack of friction in the brushless commutation. However, they are harder to control electronically. Thus,
the DC brushed motor was the motor of choice due to its control simplicity, relatively high power to
mass réio and decent efficiency.

Power is the critical selection factower torquefor a motor since gear reduction can be employed to

Ay (GKS RSAANBR ¢2NJjdzS YR NLIY® .SaARSa LRsSNE
important selection paramets.¢ KS NR G2NJ AYSNIAF A& ONRGAOFE Ay RS
deceleration profile. This is important is if the motor has to respond really fast to differing input signals

and the effectiveness of this property is highly determined by thé@r2 6 Qa O2y iNRf f 23A0d

Based on the above parameteasthorough internet searciwvas conducted and th&aullaber 2657CR
motor with the 26/1, 66:1 reductiomgearbox was determined tbe the best The specs are shown in
Table3.3.

Table3.3: Faulhaber Motor earbox specs

Parameter Value
Power 47 .9W
Weight 0.296 kg
Voltage 24VDC

Stall Torque 18.9Nm

Gear Reduction| 66:1

Efficiency 70%

Price $750 (retail), $450 (academic]

The previous drivetrain on Spongebob utilized the Faulhaber 2342CR motors whichmeer
excellentyz. Ay ONBIaAy3d GKS (SIYyQa FIFHAGK Ay GKS OdzNNBy
to exorbitant and an alternative design solution was created.

The BH31 gearmotors from The Robot Marketplagew.robotmarketplace.comwere found to have

the weight and torque characteristics the drivetrain needed. Moreover they cost only $25 a piece.
However, they were only rated for P=26W which was half the requirene®®.S Y 2 (1 2 NQ& ¢ 2 NJj c
Power cuve is shown in Figurg4.
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Figure3.4: Torque and Power curves for BH31

Based on the cost and weight initiative, an ingenious solution was devised. It was proposed that two
motors be used per wheel to gain the total power needed to meet the specifitatity similar drivetrain
configuration was usetby it KS / 2Ny Sttt |1 @8o0NAR 9f SOUGNARO +SKAOfS
parallel. A higher power motor was used when the vehicle had to negotiate a higher incline or velocity

which the lower power motor waused during in stop and go city driving. Since literature documenting

this exact design configuration was not found, this design was consulted upon with Prof. Jack Thompson.

The following argument was made and it was agreed upon by Prof. Thompson.

7T SN

T=TN+T;

P, =Tywy; Py = Th,

Since theshaft is physically constrained to rotate asiagle speecy = wy = w3, then
P=R+P=(Ti+T)w

Thus, the total shaft power is the sum total of the individual power inputs provided the torque is added
at the same rpm.
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The initial drive configuration had each motor connect directly to the drive shaft such that if one motor
failed, the other motor could still provide half the power. This parallel configumais ideal for mine
detection applications whereeliability and redundancy are critical.

However, for the competition, the robot will use a serial configurasorce this configuration reduces

the number of moving parts and also simplifies the fabrication process. But this also implies that the
designhas lesser t@rance for error. If the single power transmission comporfails, the robot loses

an entire drivetrain. Considering the running lifetimetioé robot at the competition, the probability of

this failure is negligiblélhus, the final drivettin power and torge configuration is in Tab@4.

Table3®n ®Y D tMotBr Diivé Gohfiusiation

Parameter Value

Power 52W (26Wx2)
Weight 0.420kg (0.210kg x2)
Voltage 24VDC

Stall Torque 2.79Nmx2
Gear Reduction| 33:1

Efficiency ?
Price $50
Tran smission 2
Gear Ratio
CNRY FAIdz2NBE noénz GKS . lom Y2Gi2NRa y2YAyYylFt G2NJdzS
AYO2NLIR2NI GS | FFEOG2NI 2F al ¥FSideée Ay UGUKAA ydzYoSNI | yR

assumed to be 1.0Nm. Two of thesmtors result in a total drive torque of 2Nm but the required drive
torgue is 3.2Nm. Thus, a gear reduction is necessary.

The obvious gear reduction to choose would 1.6:1, however a few more assumptions were made and it

was decided to use 1.4:1 insteadhel3.2Nm drive requirement would drive the 30kg robot at 2m/s up a

10% incline. But since this an overestimate of the driving terrain, it was decided to lower the gear ratio

G2 AYONBFrasS (KS RNAGSIONIAYQa STTAOKRSYOandbis WKS mdn:
more efficient than the 1.6:1 reduction.

Methodology

In keeping with the modularity aspect of the design, each wheel is powered byvalnerl drivetrain
instead of a single motor delivering power via transmission to all wheels.nfdli®s each wheel
independently operated and thus, more likely to succeed. In the event of failure, a-stane
drivetrain module is easier to replace.

Each drivetrain utilizes two 24 Volt DC motors, acting in series, to provide power to the drivelbaft. T
following free body diagram outlines the mechanical advantage:

2 patel
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Two motors act on pulleys 1 and 2 driving pulley 3; the following analysis shows the mechanical
advantage:

Evaluating the forces acting on the belt via the motors:

Flz%l; F % (3.5

The forces must be in static equilibrium:

Y F=0=F+F,~F, 9
F,=F,+F,

Substituting the previous result:
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=T T
R A e

Writing R in terms of the torque and radius:

T3 = Tl + T2
R3 Rl RZ

(3.9
T =R (Tl +T2 j
3 3 Rl R2
Given that Rand R are equal, we find:
T, tT
T,=R,-| —2% 3.9
RLEA o9

As we can see, we final torques&cting on the driveshaft is the sum of the motor torquegToJ
multiplied by the gear rati({ R% j .
1

Timing Belt Selection
In designing the drivetrain, salgon of the belt and pulleys are critical. The following outlines its
technical considerations:

belts last approximately 3000 hours

frame mounts must be rigid to prevent variations in belt tension
minimize backlash during forward and reverse operation
minimize pulley misalignment

achieve desired gear ratio

We use the technical library at Stock Drive Products/Sterling Instruments (SDP/SI) to design the
drivetrain to meet the above specifications. SDP/SI provides performance information on a range of belt
types, the following figure plots speed verses horsepower for various belts:
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Figure3.5: Timing Belt Selection Chart

The 3mm GT belt is most suitable for our application. We use the GT series because it is a proven design
by the Gates Corporation. The foling figure shows the tooth and pulley contact crssstion view

PowerGrip® GT® Belt
Tooth/Groove Contact

Figure3.6: Powergrip GT2 Belt Profile

The high contact area reduces shear stress experienced by the belt, greatly increasing belt life. The
curvilinear tooth profile provides minimum bklash when the drivetrain changes its direction of
rotation. The GT series belts are also specifically engineered to mesh cleanly resulting in quieter and
efficient operation. The following figure gives a detailed tooth profile:
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Pulley Selection and Positioning

The GT series makes various sized pulleys to accompany the 3mm belt. We have previously determined
to use al.4:1gear ratio in our design. The GT series makes pulleys as small as 16 teeth and as large as
80 teeth. To select the proper pulleysewonsider the following

¢ minimum teethin-mesh (TIM) criteria of 6

e pulley diameter must be much greater than belt diameter
e pulleys should be flanged to prevent belt creep

e minimum overall dimensions, compact

In order to minimize cost, we use pulleys adreard number of teeth. For example, a 17 teeth GT pulley
costs $15.43 while a 16 teeth pulley costs $11.20. Also, we want to minimize the overall dimensions due
to space limitations at each wheel. Therefore, we choose a 20 teeth pulley on the motoo sidevér a

28 teeth pulley on the drive side.

The minimum TIM criteria determined experimentally by the Gates Corporation says that at least 6 belt
teeth must be in contact with the pulley for efficient torque transmission. This condition will guide our
pulley positioning. Gates makes a design software tool, DesignlQ, that includes a database of timing
belts and pulleys. The tool calculates the overall required belt length and number of TIM given pulley
type and position. The motor side pulleys and drivie gbulley must be at minimum a wheel radius
apart to ensure no interference. The following screenshot from DesignlQ shows the overall pulley
locations, TIM for each, and overall belt length:
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Bett Pitch Length: 21.19 inche:

ol [mlele|~

-3
é:J

]

| 1 2.50 000 nside |28 -~ |Grooves  [1.020D  [Fixed
B 5.00 6.25 nside |20 —  |Grooves  [0720D  [Fixed
N 000 [625  [iside (20 - Grogves (07200 [Fixed 71 M1 Ea Teetty 073 873 ]

Figure3.7: DesignlQ Results

As we can see from the Wrap Angtae TIM criteria is met for all pulleys and the overall cemter
center distance between the motor and drive pulleys is 6.73 inch, larger than wheel radius. The total
number of teeth in this design is 179.38. The extra 0.38 teeth allows for slack thithassembly.

Wheels

The following outlines the criteria we considered in choosing wheels to incorporate into the drivetrain:

e high traction, high rolling resistance
e minimize weight
e low damping so wheel absorbs vibrations

We considered three wheel desigptions for the drivetrain. First, we looked at a wheel produced by
Northern Industrial:
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Figure3.8: Wheel from Northern Tools

The wheel is 8 inch in diameter and 1.5 inch wide. It is made of solid rubber with polyurethane spokes
and aluminum hub. Thevheel and tire assembly were light at .25Ibs but it was not chosen since the

wheel hub was designed for a free rolling wheel. The conversion of this hub to a driving hub was not
possible due to material and size restrictions.

Next, we considered a wheelade by Xootr:

Figure3.9: Xootr Wheel

The wheel is 7 inch diameter, 1 inch wide, and weighs 1 Ib. It is made of solid polyurethane with all
aluminum spokes and hub. The Xootr has very low rolling resistance, and thus has very little traction.
The solid ubber provides little damping and is designed to be used in an urban setting. The wheel has
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no treads and has a smooth finish indicating a low rolling resistance. This wheel is not an optimal choice
for an aliterrain application because of the likelihoodislip and little damping.

Finally, we looked at wheels designed by Radio Flyer. These wheels are specifically designed for
OK A f R NBwfaraltegdinBmlicationsThe wheel is 10 inch diameter, 3.5 inch wide, and weighs 2

Ib. It is a pneumatic tieel made of natural rubber with nylon spokes and hub. The wheel is designed for
outdoor use and thus is treaded. The pneumatic feature of the wheel provides low damping and absorbs
vibrations making it appealing to our application.

Ultimately, we chooséhe Radio Flyer wheel due to its-8#frain design and ability to damp vibrations.

Bearing Selection

Bearings help reduce friction between two moving parts. The drivetrain consists of many moving parts,
and thus we utilize bearings to reduce power diasign to friction. Between the rotation of the pulleys

and the surface of the-glate, we implement needle roller thrust bearings. The following image outlines

a thrust bearing:

- Cage
Assembly

( ) }=— Washer

‘ Shaft Thk.
™ Dia. RN

1 - Cage
| oD - T Assembly

To constrain the driveshatft, we utilize salfigning bearings at the two @s. These sekiligning bearings
are from Igus and are shown below

The bearings allow the driveshaft to freely rotate but do not rigidly constrain it in the radial direction.
Selfaligning bearings allow foupto 21 degrees of misalignment and still alleatary motion. This
provides a very high tolerance for machining error which reduces the overall cost of the robot. Also,
these bearings were obtained for free via the Y.E.S program at Igus.
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Figure: Igus Spherical Bearing

With the finalization of theall the DrivePod components, we proceeded to design the various parts
needed to hold the components in place and transmit the optimum torque. The design has been
through several iterations and only the final configuration is discussed.
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Parts Design and Analysis

Mounting Plate Design 3
The two maincriterions for this fixture, the Wlate, were mass optimization and a factor of safety

against yielding. The following CAD image shows the mounting plate:

Figure 41: V Plate Rendering

The dimensions found fro DesignlQ are applied to théplate. The one side of the plate has rigid
motor mount locations, while the other side is slotted to account for tolerance sigckrhe slotted
feature also allows for tuning in belt tension and ease of assembly. The ifujidigure shows the
assembly of the pulleys, motors, aneplate:

® patel
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Figure 42: V Plate Rendering with attached Motors and Pulleys

The Vplate is optimized for weight reduction, while maintaining a factor of safety against yielding. The
following stress malysis from COSMOS shalvat the design has low stress concentrations and a factor
of safety close to a 100. This FOS is not a good indication since boundary conditions are not accurate.

Educational Version. For Instructional Use Only

Figure 43: COSMOS Stress Analysighd V Plate
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Mounting Top P late4
The mounting top plate connects the steering shaft to the drivetrain. It acts to transfer the steering
torque to the drive assembly. The following CAD image shows its design:

Figure 44: Rendering of the Mounting Top Plate

As we can see, the holdésr connecting the \plate to the mounting top plate are offset. This helps
eliminate any lateral or rotational play within the assembly. It ensures the structure will be rigid. The
overall design is mass optimized and the following COSMOS image shatresiseanalysis in this part:

* Reddy
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