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Topic 7 (ver 1.0) Embodiment Design

Content of this module

Bell work 7.1

Discuss objectives, rules and steps of embodiment design
Disauss embod iment design principles

Bell work 7.2

Discuss center of gravity

Disauss torque output of anelectric motor
Bell work 7.3

Discuss practical levers

Discuss practical springs

Bell work 7.4

Disauss internal stress

Bell work 7.5

Discuss Gear Raios

Look for applications on the project machine
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7.1 Embodiment Design: General
Guidelines (Mechanical Design)

Intentionally left blank

Bell Work 7.1

In the conceptual design phase, the design team worked hard to
choose a general idea pursue.

In your journal...

Before production can start, what needs to be done in regards to
developing the design?
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Today’s Agenda
Discuss objectives, rules, and basic stepsof
embodiment design
Discuss general prindples that should be
considered during e mbodiment design
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Embodiment Design:
Objectives

The solution concepthas beenelaborately described already, but now it is
time to flesh out some of the detail.
Objectives:
Defire the overall layout (arrangement of systems and s patial compatibility)
Defire the farm of &l components (companent shapes and mateti as)
Defire the required production procedure
Deliverables:
Scaled assembly drawing
Dim ensioned com ponent drawings
Detailed production schedule
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Basic Rules of Embodiment
Design

There are three basic rules that all embodiment designs should adhere to.

Clarity. The specific function of allcomponentsmust be clearly defined and
the relationshipsbetween various s wb-functiors should be tnambigwus. For
examp e, if the job of part A is o camry a horizonta load, ard the job of part Bis
to carty a vertical load, then bath should be designed so that they do not help
the otheratall. Otherwise you'll rever be sure who is doing what job. There
shoud be a mathem atically predict &b le r elationship betweenthe input to
eachsystem and itsresponse sowe know the practica limits of the design.

Simplicity. Fewer parts meanslower production costs. Additonal ly, each
comporent shauld have a simple layout and shape.

Safety. “Direct” safety methods refer to choosing sdutiors that preclude
danger, “indirect” safety methods refer to construcing s pecial protective
systems, “waming” safety methods refer to simply pointing out the danger.
Direct methods are always preferred and Warning methods s hould be avoided.
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Principles of Embodiment
Design - force transmission

There are some charadteristics thatare generally desirableina mechanical
design (hough notallare equallyimpo tant toany specific design):
Plan smoath flow linesfor force transmission Meaning, no sudden changes in
deflection or crosssection of parts. (example below: should use fillets or taper ed s & 1)
Use shortest possible path o trarsmit force. | f deformationis anissue, then
transmit forces and mom ents using the shottest pessible path. Also, use pure
tension or pure compression load ng. (example below: red member might tear avay from wal)
Matched Deformations. Where two partsare adhered together, both parts

shoud have similar tendercies to defarm. (e.g., Ifone is being compressel wh le t he other
is being pulled, then t he jointis more likely to fail.)

Ba ance unreeced forces. Unbaanced forcesadd umecessary stressand
accelerate failute. (example below: bend g tendency iseliminated with a second leg)

. H ﬁF }Notgreat
F F
F == Better
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Principles of Embodiment
Design - division of tasks

Two questions must be asked:

What sub-functions can be fulfilled with one single function carrier (i.e.,
component)?

What sub-functions must be carried by differ ent conmponents?
For example if we need a drive shaft to transmit torque and a beam
to transmit a force, should we combine the functions and let the
drive shaft also transmit the force?
Simplicity gvhich isalways good) suggests that we combine as many
sub-functionsas possible into as few components as possible...But,
Dividing tasks increases the maximum load capacity and creates a
clearer picture of the relationship between the individual forces and

their effects. (e.g. if we ask a drive shaft o dso trars mit forces, then the
maximum torque that the shaft can cary will be reduced)
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Principles of Embodiment
Design - self help

We areate components to hawe a particular O
effect. For example, acower is addedto a ﬁo
container to keepthe pressurized gas inside. I °
Let's say we simply start with some threads O
on the coverto hold it to the container.

As the pressure increases, thenthe cower

threads have to do more and more to keep

the gas inside.

A “self-help” design would be one that used =
the pressure to actually create a better

seal ... Canyou think of one?

A second component can be added tothe

cover which is inserted into the container.

The two “covers” are loosely bolted tbgether

to create the initial seal. As the pressure

increased, the seal force actually increases.
Copyright MichaelWienen, 2005
Do not distribute wihou t permisson

Principles of Embodiment
Design - self help

Exanple: A wheeled vehicle must hawe friction

between the driven wheel and the road surface in 2 ﬁ EF
order tomove about (imagine a car on an ice

rink...no friction means “no can go”)

Typically, we represent this type of friction

f =N-pu where, N is the force of the wheel F

pushing down on the groundand W (reeklette r*mu”)
isa number between0 and 1

This simply means that the more the wheel pushes
down on theroad, the more it can pushitelf
forward (or b ackwards) on the road.

If we are freeto drive either the small wheel, or Answer. connect th e motor tot he
the large wheel (but not both), whichwheel dogs ~ rontw heel because thefo rce, F,

tends to lift the back whed off the
“self-help” say we connect the motor to? ground... ie.“nocango”

How' sth's for ani mprovemant?|

Is there another modification thatwe should
consider to the design of this vehide? Copyright MichaelWienen, 2005
Do not distribute wihou t permisson

Principles of Embodiment
Design - self help

Another type of “sdf help” strategy is © build in
protection for components that are sometimes
overloaded...we don’twant them to break

For example, let's say we are pulling on a valuable
beamwitha chain. Iftoo much force is g plied to
the chain, the beam will b reak.

One engineer might prop ose aself-help sol ution
where the chain is replaced by aweaker rope. Then,
if toomuchforceis applied, the inexpensive rope will

break instead of the beam  hough thisis a self-he Ip
solution, this enginee rmight nee dsome training inwo ke r safe ty)
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7.2 Embodiment Math
Overview Part |
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Bell Work 7.2

In your journal...
Calculate the area of each of the shapes.

Is there a point on the rectangle that you could attach a string and
the rectangle would hang evenly (just as shown on this page
without tilting to one side or the other? (isit the “center” ofthe
rectangle?)

Doesthe triangle also have such a point? If so, where is it?

h=4inches
W h=2inches h b=3inches
b=4inches

Ar@a= 12 bh
Ar@=b-h
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Today’'s Agenda

Discuss some simple formulas and practical
guides to analyze a robot embodiment

f? Center of Gravity
= Torque output of an electric motor

Teacher: This information should be quicky covered in
class and then adlow studentsto study it later at their
own pace. The algebra might challenge some students.
Itis recommended that you perform experiments/
demonstratiors in classas you cover this material.
(Because resaurces vary, I've leftit to you to develop
such demors trations...but they should be simpe.)

InALL cases direct student focuson the pictures...NOT
the words
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Embodiment Math:
Center of Gravity - definition
x

Gravty acts onevery molecule in a solidobject

When we want to lift the object we have to

counteract the force of gravty on each and evey

moleaule.

In a solidobject, all these little forces addup to y F graity
give us one big force (resultant force) thatwe call Here?
the weight of the object. (Which you can easly o~
measure usinga scale.) \
But if wewantto really knowhow this resultant

force affects the objectwe alsoneed to knowat

what point it acts. Why? F sy

Consider the three apples. If the resutant force Here?

acts off-center, what happens tothe apple? In F graiy
addition to moving d ownward, italso spins. Or Hee?
The theoretical point that we can say this force

acts is cdled the “Center of Gravity. Conyight MichaaWicnen, 2006
Do not distribute wihou t permisson

Embodiment Math:
Center of Gravity - in practice

For objects that have uniform density, the

Center of Gravity (or CG.)is atthe o — “[ y=re

geometric center of the objed. bl x= b2

Of course, we can't forget that most of our == Ar@=bh

concerns are with 3-D objects. (And, the ’

volume of each object is the Area times the y=h3

depth.) h RPN
Ar@= 12 bh

Rectangles, triangles, and cirdes are easy.
But how about more complex shapes?
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Embodiment Math:
Center of Gravity - in practice

=>
/ \ o % |o
Bl e 4
Note that the trapezoid is really a composite
of more basic shapes. To find the overall

conposite Center of Gravity use the
formula:

XWX+ W, +
Xotal = W
total
Note: All the x valuesare messured fram the same place!

So fora robot, just add the p roducts of the
weight and geometric center foreach
conponent and divide the total by the total

weight of the machine. You can calaulate
the other two dimensions as well ...
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Embodiment Math:
Center of Gravity - Why! .

Why is it important to know the center of gravity?
Because, & all times you must keep your center
of gravity (accounting for loads you are carrying

and forces that are pulling on you) between your
wheels. Elseyou fall and bonk your head.
]

- j-

Copyright MichaelWienen, 2005
Do not distribute wihou t permisson




Embodiment Math:
Torque output of an electric motor

Torque is the amount of “spinningforce.”
It can be measuredin units of ounce-inches (or oz.in.)

A motor torque of 160z.in means that ata distance of one inch the
motorcan lift1 Ib (1 pound = 16 02)...ata distance of 12inches, it
could only lift1.3 oz.

Torque output of an electric motoris calculated by the equation:
Toar = K7 O,

Where K is the “torque constant” from the motor's data sheet (refer to

the “analyzingmotors” lesson to learn how toverify tis value) and I,
is the current going throu gh the motor.
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Embodiment Math:
Torque output of an electric motor

T = Ky O,

If all youhave is a battery connected toyour motor, and the motor is
conpleely stalled, then youcan cal culate the current as:

Riotor
Where aurrent is measured in ampere, voltage in volts and resistance
in ohms.
Using this \alue of current, youcan calculate the stall torque of the
motor. Stall Torque is the theoretical maximum that the motor can
produce. If this elevated torque loading is maintained for
any length of time youwill probably burnup the motor.
Please refer © “analyzing motors” lesson to learnmore.
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7.3 Embodiment Math
Overview Part Il

Intentionally left blank

Bell Work 7.3

If the load weighs 10 poundsabout how much force do you think
you would have to apply to the see-saw to lift it? Why?

Force
1ft 5ft

& A

Copyright MichaelWienen, 2005
Do not distribute wifiou t permisson

Today’'s Agenda

Discuss some simple formulas and practical

guides to analyze a robot embodiment
Lewer arms based on available torque
Forces in Springs

Teacher. This information should be quickly covered in
class and then dlow studentsto study it later at their
own pace. The algebra might challenge some studerts.
Itis recommended that you perfarm experiments/
demonstratiors in clessas you cover this materal
(Because resaurces valry, I've leftit to you to develop
such demors trations...but they should be simp e)

InALL cases direct student focuson the pictures...NOT
the words
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Embodiment Math:
Lever arms based on available torque .z

A leveris arigid object using a
fulcrum or pivot point to gain a
mechanical advantage. Three types E
have been defined based on the d2 d1 * iput
relationship of the input and output
to the fulcrum

First Class Lever

SecondClass Lever

ThirdClass Lever
Eachcase will be stationary only if
d1-F, . = d2- (Weight of the load) &
If you want the load to actually move,
you will need more F

If you have alimitedamount of F, then Fimu

you needto choose d1 andd?2 to lift Copyright MichaelWienen, 2005
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Embodiment Math:
Lever arms based on available torque

How much force can our motor apply for
levers like those on on the previous dide?
There are two options.
If you attach a reel © the motor and use it
to pull a rope then the amount of forceis mator
F=T a0 / radits of reel
(unts: Fis inounces, T isin ounce-inches and r
is ininches) E
Second, you can mount the motor directly
to thelever toactas the pivot point
The motor must work its hardest when the load d
is perpendicular to the lever. So, the most load
that the motor can move is
F=T neor / d mataf
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Embodiment Math:
Forces in Springs - Example
di-F. = d2- (Weight of the load)

@L_d.’l.,‘l:i put]
input

Let's say thatdl = 6 inches and d2is 12 inches ;

If the motoris configuredto provide 1 pound of

foree (so, F;,,, =1 Ib), then, the maximum load

is:

dl/d2-F, .= Weig htm: 0.51bs . o Fipu
But, we can stretch a springand attach it to the *
lever so that the force in the spring also helps to

litt theload..

Remember that for the lever to be stationary,

It turns out that all you do is add “d3- F Fsping
the lever equation...but you add it to whl%'h%ver
side that the spring is helping. In tis example it
is hdping the Flnpul

So, d3-F + dl-F = d2-Weight,

sprig input Copyright MichaelWienen, 2005
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7.4 Embodiment Math
Overview Part 111

Intentionally left blank

Embodiment Math:
Forces in Springs

A medhanical “spring” is any object whose purpose is to be deformed, store
potential energy, and use that energy to restore its original shape.
For smple springs, the amount of force requiredto cause agiven
deformation can beeasily calculated.
=k -dx where dxis the anount of deformation in thesprlng

(lnchrgs) F is the force in the spring (pounds), andk is the “spring
constant” (pounds/inch).
As long as youdon 't stretch the spring (or flexible cord) too far, you can
predict just how much forceis assodated with any deflection:

If you use the spring a a counter wei ght for an arm...how much force wil lit

provide o assist the motorin moving a lever?

Ifyouuseito close ajav, how much force will the jaw apply o the object?
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Embodiment Math:
Forces in Springs - finding k

But, how doyou find k?

Remember, F _ . =k -dx where dx is the amount of deformation in the
spring (inches), Fis the forceinthe spring (pounds), and k is the “spring
constant” (pounds/inch).. L ets call this “the spring e qua tion

So, dlyou do is runa litfetest Apply aknown weightand measure the
deformation of thespring. Apply adifferent weight and measure the
deformation again..repeat this a couple times for different weights (because
thatis a smart thing to do when performing experiments).

Then plug all your force and deflection measurements into the spring
equation and cal culate what k must be..you should be able to take an
average from each of your expeiments to find a good value (Caution..don’t
stretchthe spring too far, or the springequationwon't be valid anymore)

For more information look up “spring (device)” at wyww ikipedia.com .

Copyright MichaelWienen, 2005
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Bell Work 7.4

Realizing that solid objects are made up of a bunch of molecules
that are attracted to each other, answer these two questions:
What does it take tobreak an object (likea ruler)?

When youpush on oneend of astick, how does theforceget to the
other end of the stick?

Copyright MichaelWienen, 2005
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Today’'s Agenda

Discuss some simple formulas and practical
guides to analyze a robot embodiment
Bending stress and part geometry

Teacher. This infarmation should be quicky covered in
class and then dlow studentsto study it later at their

own pace. The algebra might challenge some students.

Itis recommended that you perfarm experiments/
demonstratiors in clessas you cover this material
(Because rescurces valty, I've left it to you to develop
such demors trations...but they should be simp €)
InALL cases direct student focuson the pictures...NOT
the words
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Embodiment Math:
Bending stress and part geometry

A funny ting happens in real life with A,
remarkable consistency. Take a rigid “beam” v
and anchor it to awall andpush on it really
hard as shownin the picture..where does it
typicely break? If you can't break it, where does
it typically bend ? (s me concept as holding something of f
theedge of a table to break or bend it)

Assuming there are not aracks in the beam (that
is another e mb odimen te ngin eering issue), it will

generally “give” somewhere close to thewall.

Is the force any greater there? Is there some
magical force that we can't see which likes to
break things at walls?

No, it breaks because of something engineers

cdl “internal stresses” due to the “bending
moment.”

Copyright MichaelWienen, 2005
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Embodiment Math:
Bending stress and part geometry

Firstwe need todefine what “stress” means.

“Stress” is what happens internally toan object when

we apply external loads (forces and morrents) to the

object. How these internal stresses are distributedis

the key towhere the object will fail.

Generally, itis not the “amount of force applied” that

breaks something. Itis te “amount of force applied

per unitof area”. For exanple, if you push on a

stick of cold butterwitha spoon, it will ke alot of

force to penetrate the b utter. However, if you use a

shap knife it takes very little force topenetrate the

butter.

For the same force, thestress is much higher using

the knife because the spoon has a large aea.

In general stress = force/ area

Simply put, High stress tends to break things! Copyright MichaelWienen, 2005
Do not distribute wihou t permisson

Embodiment Math:
Bending stress and part geometry

Research has shown that the maximum stress inthe b
beam (as shown) is predictable. The equation is S
really quite sinple, stress=c-M/ | '§<
Where, ¢ is a constant, M is called the “Bending U
Moment,” and 1 is the “moment of inertia.”

So if high stress tends tobreak things, then all we

have to do iskeep M assmall as possible, and

make | as large as possible.

Let's tackle M, the bending moment, first

Copyright MichaelWienen, 2005
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Embodiment Math:
Bending stress and part geometry

Before we can study this beam, we need © isolate it.
Imagine if we could draw acirclearound any “ob ject” that we v
wantedtostudy andmagically se parate it from the univ erse butstill
havealltheeffects of the universeacting on it.

The specific “object” that we want tostudy is the | eft
end of the beam (the partthat is circled).

The drawing of this object is pretty boring. But notice
that on the right hand sde of thecircle, we actually -
had tocut through te objed.

Now, we need toseeifwe can represent everything
that the universeis doing to the object (becausewewant
o study it just theway it was).

The only thing the universe really does (as far & this
problem is concerned) is apply forces and mo ments.
The dude junpingon the end is part of the universe,
right?..that's just a force.
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Embodiment Math:
Bending stress and part geometry

We've zoomedup a hit. If “F” was the only force acting on this object (as drawn
above), what would happen?

1t would quickly fall to the floor (according to Newton). So, what in the universe
is holding it in place?
Answer: The rest of the object, of course (which is in turn nailed tothe wall).

The rest of the object must be applying forces on our drcled object in order
hold it in place. Such effeds are called “internal forces.” (We'll call this one “v.”)

Copyright MichaelWienen, 2005
Do not distribute wihou t permisson




Embodiment Math:
Bending stress and part geometry

Nouv if these were the.onry'fbroes acting on this object (as drawn above), what
wouid, happen?....+**

According © Newton, it woul d start spinning u ncontroll ably
counterclockwise...right?

So, the rest of the beam mustbe doing somethingto counteract the spinning
that “F” is trying tocause. This internal reaction is called the “bending
monent”...and we use “M” to represent it.

In another lecture we can do the actual math, but for now you'll just hawe to
believe that we cancalculate the value of this bending moment tobe:

M=a-F Note: Aswe mow furtherto the right onthe beam, the bending

i 1
monent gets bigger! Copyright MichaelWienen, 2005
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Embodiment Math:
Bending stress and part geometry

So, nowwe know that the bending moment s ourculprit (stess=cM/ 1)
Remember, High stress tends to bres things!

To reduce the stress, we need to maeke “I” bigger.

“I” (the “moment of inertia”) is only a function of the aross section of the beam
Mathemaiics can be gp plied to calculate “I” for any shape (you can findthe fomulas
on line)

We will only look atone of the formulas...a smple one.

Imagine looking down the length of a standard wood 27x4"...you would see a
rectangle | ike this one.

For such ashape, mathshows us that | = (b- d®)/12 d
So, whichis more important, b or d?
Can you see why the shig e shown below is so p opular?

I Abeamwiththsshapeis cdledanlbean Itis

vay cannmoninindusry becauseit hasthe “td "
feature to prevent kend ng but it doesn’t weigh as
muchasifit was asolidrectand e
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Embodiment Math:
Bending stress and part geometry

In short, the cross-section of the beam should get
thicker in the places where there will bea lot of
bendin g moment.

In this case the largest bending morrent is at the
wall, so that is where the beam should be thickest. Y
If we modified the beam as this picture shows, it
would be very hard indeed to break or bend the
beam.

/

-
i~
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Embodiment Math:
Bending stress and part geometry

In practice:
Thicken components in places with high bending
moments
Add “webbing” to stiffen components (like the
vertical webbing on the I-beam)
Design so that loads follow the component's primary
axis as much as possible. (Doing so can eliminate
the bending moment all together.)

Itis very canrmonin industry becauseit basthe
“td|” feaure to prevent bending, hut itdoesrit

weghas muc asif it wes asolidrectargle Copyight MichaelWienen, 2005
Do not distribute wihou t permisson

I Recdl, A beam with th sshepeiscd led an |-beam

7.5 Embodiment Math
Overview Part IV

Intentionally left blank

Bell Work 7.5

List three ideas you have (or components already in the machine
design) to which we should consider applying this week’s principles
and mathematics.
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Do not distribute wihou t permisson




Today’'s Agenda

Discuss some simple formulas and practical
guides to analyze a robot embodiment
Gear Ratios

Look for places to apply thisweek's
Em bodime nt Math on our machine

Teacher. This information should be quickly covered in
and then dlow studentsto study it later at their
own pace. The algebra might challenge some studerts.
Itis recommended that you perform experiments/
demonstratiors in clas you cover this material
(Because resources vaty, I've leftit to you to develop
such demors trations...but they should be simp e)
InALL cases dir
the words

student focusto the pictures..NOT
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Embodiment Math:
Gear Ratios

It is hig hly unlikely tha an electric motor by itself has the correct shaft
speed that wewant

The output speed of a motoris afunction of many p hysical parameters
which the motor designes hawe implemented in aneffort to get an
effident motor.

If you had to buy a different motor every time you neededa different
speed, it would be avery sad world indeed (for the engineering at | east).
Fortunately, gears are awailable tomodify the torque and speed of an
output shaft with respect to theinput shaft

Unfortunately, you cannot pick any combination of torque and speed that
you want. The totl powe that is availableis dictated by the motor (and
battery) .

Power = Torque x Speed Therefore, if youincrease the speed you will
have a decrease in torque. If you want nore torque, you will hawe to
sacrifice speed.
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Embodiment Math:
Gear Ratios

Consider two gears labeled A and B
The radius of the large gear is “R’ (p robably measured e
in inches but you can use any units that you want) and

the radius of thesmall gear is “r.”

The speed of thelarge gear is represented by “S,”

(probably measured in rpm) andthe speed of the small

gear is represented by “S;”.

Using basic “Kinemati cs” we d erive an equation that S =
relates the two speeds. /N SB
The power thatis awailable for gear B is assumed tobe

transferred togear A (or vice versa dependingon

which gearhe the motor). (in other words, P, =P)

Plugging in Power =Torquex Speed on each side and T.=T di
doing some algebra we find the relati onship for torque. A B r
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Embodiment Math:
Gear Ratio - definition

“Gear Ratio” is defined as the ratio of the powered gear's e
rotation (input) to the rotation of the driven gear
(output). If gear B is the powered gear, then the gear
ratio = R/r. (NOT the ratioof sizes, but theratio Sy/S, )
So, if the large gearis twice the size of the small gear,
then the gear ratio, GR = 2.

Because the teeth must meshtogether and are therefore
the samesize, the gear ratio is also the relationship
between the number of teeth onone gear and the
number of teethon the other g ear.

It is writen “powered gear teeth™:” drivengear teeth”. If
the notor is attached to gear B (whichmakes it the
powered gear), the gear ratois R:r.

Read more at http //www. howst uf fworks.co m/
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Looking for Applications

Asa dassthink about the current machine design. Where might
we use this week’s principles and math to analyze (or incorporate):

Principles of Embodiment Design
Center of gravity

Motor torque capabilities

Levers

Forces in springs

Internal Bending Stresses

Gears
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