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Before you start designing your machine, you must know
what you want it to do

The game rules and your team’s chosen strategy will help
you decide what you want it to do

By spending some time and deciding for sure what you
want it to do, you will be able to make good decisions
about what design to choose

This needs to be a team effort
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EConsi der 2 Typesof Friction

Force of Static Friction
rsvalue represents the relative force necessary

to make an object move
]

hicyval
I I

V LAl

Force of Kinetic Friction

e represents the relative force necessary

to kegp an object moving at a constant rate
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Frictional Force
Resisting Motion

Region% Kinetic Region —

Force Causing the Object to Move




Frictional Forces Occur When
Materialsarein N a4 Contact

[ —
My T
r = Surfacesin

Spring Scale Contact
W

F = Force Causing Motion (Pull on Scale)
F.= Force of Static Friction (Resists M otion)
N = Force Normal Holds Surfacesin Contact
W = Waeight of Object ( Mass x Gravity)




Frictionisa Force That

Resists Motion N
My T |
| T Surfacesin
Spring Scale Contact
W

The Pink Block M ; Will not M ove Until the
Force F (Pull on the scale) Exceedsthe

Forceof Static Friction f




The Relative Forceof Static Friction Between 2 Objectsis
Expressed asthe Quotient of the Force (F) Required to
Move the Object

N
[ —
M, P _
r - Surfacesin
Spring Scale Contact
W

Divided by the Weight W of the Object

Thisis Called the Coefficient of
Friction ,




Coefficient of Static

Friction N
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Spring Scale
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= Surfacesin
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Contact
W

= Coefficient of Friction

= Force Required to Cause M otion
= Waelght of Object
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Using the Gears-I DS Battery to

Calculate The

Static

Coefficient of Friction




Record the Maximum Force (F)
(Before the Battery Begins to Move)

¥

Maximum ForceF =110g

§ ==







The Coefficient of Static Friction Between
the Wood Desktop and the Plastic Battery:

=110¢g
=580(¢

=.190




fraxrmum friction
torque tractive coefficient
turning the force

weight wheel

>
Tractive normal
force force

normal
force

The friction coefficient for any given contact with the floor, multiplied by
the normal force, equals the maximum tractive force can be applied at

the contact area.

Tractive force is important! It's what moves the robot.
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o Ffriction = m* Fn(ormal

» Experimentally determine m
e Fnormal = Weight * cos(q)

e Fparallel = Weight * sin(q)

<
When Ff = Fp, no slip %ﬁ& .
Ff = mfWeight * cos(Q) ’% Weight
Fp = Weight * sin(g) = nfWeight * cos(q) =

M= sin(q) / cos(()) m—)- M= tan(q)
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Friction coefficient is dependent on:
Materials of the robot wheels (or belts)
Shape of the robot wheels (or belts)
Material of the floor surface

Surface conditions




High Friction Coeff:
soft materials
“spongy” materials
“sticky” materials

Materials of the robot wheels (or belts) ~~—

Low Friction Coeff:
hard materials
smooth materials
shiny materials

It is often the case that “good” materials wear out much
faster than “bad” materials - don’t pick a material that is

TOO good!

Advice: make sure you have tried & true LEGAL material
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Shape of the robot wheels (or belts) =p

Want the wheel (or
belt) surface to
“Iinterlock” with the
floor surface

On a large scale:

And on a small scale:

S

(see previous slide)

/
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Material of the floor surface \

This is not up to you!

Know what surfaces
(all of them) that you
will be running on.
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In some cases this
will be up to you.

Good:
clean surfaces
“tacky” surfaces

/ Bad:
dirty surfaces

oily surfaces

Surface conditions

Don’t be too dependent on the surface condition,
since you cannot always control it. But ... don’t
forget to clean your wheels.
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* Tout= Taou0) " GR ™ h

Ftriction = Tout/ Ry: m*(W + Wt)/n = T30(40) *GR*h/ Rw
GR m*(W + Wt)
Ry N*T 3540, N

The above gives you the best combination of gear ratio and
wheel diameter for maximum pushing force!




O.K. So what is my top speed?

Voo [M/SeC] = —mmrmmmmmmmm oo

Units -
W - RPM
R,, : meters

The 0.9 accounts for drive friction slowing the robot down.




Max force and max velocity are fighting each other
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. Motor Characteristics (Motor Curve)
. Max Power vs. Power at 40 Amps
. Motor Comparisons

. Combining Motors




| ntroduction to Power

. (Or asit relatesto L
Power = Work/Time drivetrain desgn  POWEr = Speed* Torque
power can be
stated as)

Units

Horsepower (English)

Invented by Scotsman James Watt in late 1700’ s for rating his steam engines and
calculating patent royalty revenue based on cost savings of steam engines vs work
horses. Unit is conservative ( A work horse can put out about 1.5 to 2 hp)

1 hp = 550 ftlbs/sec

Waitt (Sl)
- 1 horsepower is equivalent to 746 watts. So if you took a 1-horsepower horse and put it
on a treadmill, it could operate a generator producing a continuous 746 watts.

Power = Voltage x Amperes

Horsepower = (Voltage x Amperes)/746 1 hp = 746 Watts




| ntr oduction to Power

Why do we care about power?

1. Since powerlis the product of torque and speed, we can use
motor power ratings to select the motors that give us the best
combination of torque and speed.

2.  We can do aquick check to determine the capabilities of a
mechanism or a drivetrain based on power.

Question: How many horsepower do | need to push against a 110 Ib force at
5ft/sec?

Answer: 5 ft/sec * 110Ibf = 550 Ibft/lsec — 550 ftlb/sec =1 hp

We can convert mechanical power to electrical power

Question: In the previous case how much current
will we draw?

110 Ibf Answer: 1hp =746 watts —> 746W/12V =62 A
(assumes 100% efficiency — real efficiencies are

usually around 50%-80%)
5 ft/sec




| ntr oduction to Power
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Power is the product of Speed and Torque

If you want to prioritize your drivetrain performance
— dedicate the most powerful motors to your drive!

The 2 Ways to Maximize speed

and torque

Multiple Motors (more Power!)

2. | Multiple Speeds (Best speed
gear, best torque gear)

=

Mechanical Power is only
half the story!

In most cases the limit on Power
is the electrical system!




Electrical System Overview

Batter 12V +/- 1 volt
] T

230 A potential

| = ==

120 Amp Main Breaker

Power Distribution Block

40 A 40 A

Drill

Drill

L

Atwood

M
N/ Atwood




Electrical System Overview

Batter 12V +/- 1 volt
] T | 230A potentia

| = ==

Potential for
_ 160 Amps
120 Amp Main Breaker
Note: Doesnot
include other

Power Distribution Block i
. : cir cuit loads

Drill

Drill

Atwood

M 5
N/ Atwood

L




Electrical System Overview

Batter 12V +/- 1 volt
[] 51| 230 A potentia

Be careful in operating these
four motorsat thisthreshold
current .

Need to consider other motor
loads, air compressor, etc .

120 Amp Main Breaker

Power Distribution Block

>4

40 A
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Torque, Current

Speed
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Speed Wi

What is K? ... It is the slope of the line.
Slope = change in Y / change in X = (0 - TO)/(Wf-0) = -TO/Wf
K = Slope = -TO/Wf
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Speed W

Equation for a motor:
Torque = (-TO/Wf) * Speed + TO
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E < S KT0
L O Cutoff
@ Amps
> >
o E—
\—— Af

Speed Wi
Can our Motors operate above 30(40) amps?

- Absolutely, but not continuous.

When designing, you want to be able to perform continuously;

so finding motor info at 30 (40) amps could prove to be useful.
/




Cutoff
Amps
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Current Equation: %5
Current = (Af-AQ)/WT * Speed + AQ g
Motor Equation:

Torque = (-TO/Wf) * Speed + TO

Speed Wi

S @ 30A (W30) = (30 - A0) * WF / (Af-AQ)
T @ 30A (T30) = (-TO/Wf) * W30 + TO

Use 40 Amps
for 2003 Drill &

Chiaphua
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Power = Torque * Speed

% i

Power

Must give up torque for speed
Max Power occurs when:
T=T0/2 & W=WI{/2

Torque, Current

What if max power occurs at
a current higher than 30A
(40A)7?

— Af

Speed Wi

Paul’s Tip #1: Design drive motor max power for 30A(40A)!

Power is Absolute - It determines the Torque Speed tradeoff!

[l
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Let's Look at Some FIRST Motors

e Chiaphua Motor

« Johnson Electric Fisher-Price Motor
e Van Door Motor

» Globe Motor

\Window Motor

We will compare TO, W1, A0, Af, T30, W30, max
power (Pmax), amps @ max power (Apmax), and
power at 30(40) amps (P30).

/3




Atwood/CIM Motor

Advantages

* Low shaft Speed
* Easy gear installation on output shaft
 Easy mounting

 Cool running

« fwd/rev consistent performance

Disadvantages

*BIG
* Heavy!
* Need 2mm key stock

Comments
» Robust Motor
(rather have 2 more drills though)

Standard .312” output shaft

Standard 10/32 mounting holes

/5
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Fisher Price Gearbox
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Motor Equations:
1. 2003 Fisher-Price: T =(-0.38/15,000) * W + 0.38
2. 2002-03 Chiaphua: T =(-2.2/5,500) * W + 2.2




Using multiple motors is common for drive trains.

3"444 4
3"344
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. Gear Ratio: Can be described many ways
- Motor Speed / Output Speed
-When GR >1  Torque Increaser

. Efficiency - Work lost due to drive losses
- Friction, heat, misalignment

. Friction Force - Tractive (pushing) force generated
between floor and wheel.

. W is rotational speed & V is linear Speed (velocity)
. N1 is # of teeth on input gear/sprocket

. N2 is # of teeth on output gear/sprocket




) , ) # ,

(some oversimplified definitions)

Torque is the ability to exert a rotational effort. In this case,
the ability to make a wheel turn.

Torque determines whether or not you can get the job done.

Power is the rate at which energy is delivered. In this case,
the rate at which wheel torque is being transferred to the

floor.

Power determines how fast you can get the job done.

5/
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11 +
1. Chain & Belt

Efficiency ~ 95% - 98%
GR = N2/N1

2. Spur Gears
Efficiency ~ 95% - 98%
GR = N2/N1

N2
N1

95
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3. Bevel Gears
Efficiency ~ 90% - 95%

GR =

e

/

N2/N1
N1

N2

4. Other Types
- Worm Gears
Efficiency ~ 40% - 70%

- Planetary Gears
Efficiency ~ 80% - 90%

59




Worm
gear

+ &

4. Worm Gears

Efficiency ~ 40% - 70%
# Teeth on Worm Gear

# of Threads on worm

Worm

+ % %

# % - H+

56
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5. Planetary Gears
Efficiency ~ 80% - 90%

RING GEAR
(FIXED)

CARRIER (SILl\JIEL?TfAR
(OUTPUT)
PLANET GEAR
#_
8 < H- % %
&
Nring
GR= --—---- +1 "
Nsun

&
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« Consecutive gear stages multiply:

NZ N4

N1

N3

e Gear Ratio is (N2/N1) * (N4/N3)
o Efficiency is .95 *.95 = .90

94




Dw=Rw*2
Motor Shaft

e Gear 4 is attached to the wheel

e Rememberthat T = F * Rw

e Also, V=W * Rw

e T4 =T1* N2/N1 * N4/N3 * .95 * 95

e W4 =W1*N1/N2 * N3/N4

eF=T4/Rw

eV =W4 *Rw o
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« Consecutive gear stages multiply:

NZ N4

N1

N3

e Gear Ratio is (N2/N1) * (N4/N3)
o Efficiency is .95 *.95 = .90




Dw=Rw*2
Motor Shaft

e Gear 4 is attached to the wheel

e Rememberthat T = F * Rw

e Also, V=W * Rw

e T4 =T1* N2/N1 * N4/N3 * .95 * 95

e W4 =W1*N1/N2 * N3/N4

eF=T4/Rw

eV =W4 *Rw o
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Terms
« W = Weight of robot
« W, = Weight of goals
» n = # of wheels on the ground (4)
T+ = Wheel output Torque
* R, = Wheel radius
» m= coefficient of friction
* h = efficiency
* GR = Gear Ratio

Find the gear ratio & wheel diameter
to maximize push force.

The maximum force at each wheel we can attain is ??7?
Frax = Fricion = MW+ W)/n  {on a flat surface}
Now Tout =F* RW ---->IF = Tout/ RW 95




! *

o Assumptions
*Each of the 4 wheels have their own motor.
» Weight is evenly distributed.
 Using all spur gears.
e Terms
* W = Weight of robot
* Wt = Weight transferred to robot from goals
* n = # of wheels on the ground (4)
* p = # driving wheels per transmission (1)
e = # of transmissions (4)
e Tout = wheel output Torque
 Find the gear ratio & wheel diameter to maximize
push force.

The maximum force at each wheel we can attain is ???
Fmax = Ffriction = Mu*(W + Wt)/n  {on a flat surface}

Now T = F * Rw > F = Tout / Rw 0




! * *

H e Tout=T30(40) *GR *eff {@ each wheel}

Ffriction = Tout / Rw: Mu*(W + Wt)/n = T30(40) * GR * eff / Rw

Mu*(W + W)
GR/RW = ==m=mmmmmm e
n*T30(40)*eff

The above gives you the best combination of gear ratio and
wheel diameter for maximum pushing force!

96




O.K. So what is my top speed?

0.9 *Wfree *p*2*Rw
Vmax [m/sec] = = ----mmmmememmmemem e

Where Wifree iIs in RPM, Rw IS In meters.

The 0.9 accounts for drive friction slowing the robot down.




0.9 *Wfree *p*2*Rw O9*Wfree P*2*n*T30 * eff
VALY IR e e e S e e e e T s E T e Dt e e et
60 * GR 60 * Mu * (W + W)

T30 * GR * eff
Fmax = -------------m-- = Mu* (W + Wt)
Rw

Max force and max velocity are fighting each other

64




available on the web at
www.huskiebrigade.com




Example results for 130 Ib robot

(o))




O

1 N-m = 141.69 oz-inch
Max Torque = 1.224 N-m
RPM = 2671

max torque




Wheel
dia=6 inches

Forward

N,=20 tooth sprocket I:I

N,=35 tooth sprocket

Chain

N,=6 tooth gear

1

N,=24 tooth gear

6/




X1=N,/N,=4.0

X,=N,/N,=1.75

63




U

182 N available to drive the robot at 10 ft/sec
Goal: Accelerate at 2.5 ft/sec? (0.762 m/sec?)

|::ma:(mrobot'H’ncart)a

Mear = (F/a) = Mg = (182 /. 0.762) — 59
Mgyt = 180 kg (~400 Ib)

182 N available to drive the robot at 10 ft/sec
Goal: Accelerate at 5 ft/sec? (1.524 m/sec?)

|::ma:(mrobot'H’ncart)a

Mg = (F/a) = Mg = (182 /1 1.524) — 59
Mgyt = 60 Kg (=133 Ib)

This calculation assumes no friction, except in the geartrain!!! .




robot

mrobot =39 kg

—

‘ I:friction
N

surface-on-

surface
hook velcro-on-fuzzy velcro | >6.0 | >5.9
avg tire-on-dry pavement 0.9 0.8
grooved tire-on-wet pavement | 0.8 0.7
glass-on-glass 0.9 04
metal-on-metal (dry) 0.6 04
smooth tire-on-wet pavement 0.5 04
metal-on-metal (lubricated) 0.1 0.05
steel-on-ice 0.1 0.05
steel-on-Teflon 0.05 | 0.05

= |m, =30.9kg (68.2Ib)

What if rr!)oxmbox > nlar mc

But we can’'t move this box!!

Why? We can't
accelerate!!!

777
ap |7 1!

69




i

mrobot =39 kg >

U U

h

Problem: accelerate the box
at 1.25 ft/sec? (0.381 m/s?)
until we reach10 ft/sec.

66




mrobot =39 kg

%
%

surface-on-
surface
hook velcro-on-fuzzy velcro | >6.0 | >5.9
avg tire-on-dry pavement 0.9 0.8
grooved tire-on-wet pavement | 0.8 0.7
glass-on-glass 0.9 04
metal-on-metal (dry) 0.6 04
smooth tire-on-wet pavement 0.5 04
metal-on-metal (lubricated) 0.1 0.05
steel-on-ice 0.1 0.05
steel-on-Teflon 0.05 | 0.05
& " (1)
= )*)! ")




Bosch Motor Specs:
Low range gear ratio:
42.62:1
RPM@ No Load: 423 RPM
Torque@ Stall: 299 In-Ibs
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Because of pinion selection:
All gears must be 20 D.P.
All gears must be 14.5 P.A.

Gears :

48 tooth, 2.4 inch pitch diam
24 tooth, 1.2 inch pitch diam
36 tooth, 1.8 inch pitch diam
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4 T Ratio:10/24=0.42
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Wheel
dia=6.23 inches

N,=24 tooth sprocket

Chain

Forward

N,=10 tooth sprocket I .
Motor Gearbox / )

*00
43




® # 1 4

! 416 ! -
331 % $
4. 3/
*®# - 4 -
! 1 .3
& 1t -+ E m* 4.5
! 1 .3

3@>% 4
3 |
D $ 5
= +
1< - 4
D$ 3 ! D
1< - 4

D$ 3 ! D
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$ % - &

t, = 0 sec, t, =1 sec, t, =2 sec
v, = 0 ft/sec, v, =5 ft/sec, v, = 10 ft/sec = 3.048 m/sec,
a,= 5 ft/sec? = 1.525 m/sec? a, = 5 ft/sec? a, = 5 ft/sec?
AN
v U o O o O

// //

M, pot = 130 Ib, =59 kg 4o




T =3.43 N-m

F=45N

46
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WF :: W
& % %- $ ; o

5O

Distance between Pivot Points: ~12 inches

Distributed Weight = 130 Ib / 36 inches = 3.7 Ib / inch




WS %
*2 % %H2( +

F

motor

45 deg
angle f

W, .= 130 Ib

robot T

¢ 12 inch

Ry 18 inch

F

motor

F

motor

sin(45) * 12 inch = W

robot

%

* 18 inch

= 130*18/(12 * sin(45)) = 275 Ib




%WF H: %

. | Fropor = 275 Ib

34! * 93  15deg

F

robot * sin (15) = |:motor

motor

275* .25=F

motor
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10 Ibs
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This one want to
rotate clockwise and
let go

<

(

This one want to rotate
counter- clockwise and
grab even harder







#2FE < %
0 ( "

— A"

0.1 HP, 100 RPM
O Motor w/ 1” sprocket

‘ 10 Ibs

0.2 HP, 200 RPM

Motor w/ 1" sprocket
OR

100 RPM w/ 2”

sprocket
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1.0”

1.0”
Hollow w/ 0.1” walls

0. 8”

0.8"
Solid bar
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Bending Tensile Shear
Where: Where: Where:
s = Bending Stress s = Tenslle Stress n = Shear Stress
M = Moment (calculated earlier) Fers = Tenslle Force Fsear = Shear Force

| = Moment of Inertia of Section A = Area of Section A = Areaof Section
c = distance from Central Axis
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Why do ballsjam on belts?

- Sticky and rub against each
other asthey try to rotate along
the conveyor

Solution #1
- Useindividual rollers
- Adds weight and complexity

Solution #2
- Use pairs of belts
- Increases size and complexity

Solution #3

- Use adlippery material for the non-
moving surface (Teflon sheet works
great)
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Parts Needed:
- 1/2” Sg Aluminum bar

- 1/4-20 Nut

- 1/4-20 Screw
- 3/8" dia CRSrod
- 1/16” dia. Steel Dowel pins

1/4-20 Screw
(grind flats)

1/4-20 Nut

1/2 Alum Sg Bar

(0

Dowel Pins

3/8 Dia. Rod

InES)
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® #

Material

Alum
Alum
Brass
Copper
Mild Steel
PVC

<

<

Desig  Temper Yield

(ksi)
6061 @
6061 T6
C36000
C17000
1015-22 HR
Rigid

(ksi)
8

40
18-45

<

Tensile Shear

(ksi)
18
45
49-68

(msi)
12
30
30-38

135-1657 165-2007?

48

65
6-8

Modulus

10
10
14
19
30
0.3-1

5/
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