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Occam’s Razor

*  William of Occam (or Ockham) (1284-1347) was an English philosopher and
theologian

— Ockham stressed the Aristotelian principle that entities must not be multiplied beyond what

IS necessary (see Maudslay’s maxims on page 1-4)

— “Ockham wrote fervently against the Papacy in a series of treatises on Papal power and
civil sovereignty. The medieval rule of parsimony, or principle of economy, frequently
used by Ockham came to be known as Ockham's razor. The rule, which said that
plurality should not be assumed without necessity (or, in modern English, keep it simple,

stupid), was used to eliminate many pseudo-explanatory entities”
(http://wotug.ukc.ac.uk/parallel/www/occam/occam-bio.html)

« A problem should be stated in its most basic and simplest terms
» The simplest theory that fits the facts of a problem is the one that should be selected
« Limit Analysis is an invaluable way to identify and check simplicity

« Use fundamental principles as catalysts to help you T T——
— Keep It Super Simple (KISS) s 7’—-_-'-‘ /@ /
\— Make It Super Simple (MISS) B . ;_:/, **cf &
I.“ Because “Silicon is cheaper than cast iron” (Don Blomquist) L % «f
|. y. ' cingnint sde T
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Table Speed to Free Shot-puts
Table_rotate_dislodge_ball.xls
Newton’s Laws -
50 //
o 1st 2nd & 3rd “Laws” are invaluable design £ T
catalysts that can help launch many an idea! —
—  (The only real “law”, perhaps, is 300,000 km/second!) z © /
10 4
« Conservation of linear momentum 0
0 5 10 15 20 25 30 35 40 45 50
— Ifno force is applied, then momentum is constant Table hole diameter
» Conservation of angular momentum P rojectile xs
. . . 1.40
— If no torque is applied to a body about an axis,
. . 1.20
angular momentum is constant about that axis
. . . . 100
* A force coincident with an axis does not apply | _
. = 0.80
torque about that axis —Xpositon (]|
’ E 0.60 —Y position (m)|—]
a
o —_— 0.40
. 0\"\\6/ ' I
<
Q(O\ 0.00 N
%QV 0.00 0.05 0.1 0.15 0.20 0.25 0.30 0.35 0.40 0.45
Sir Isaac Newton (1642 - 1727) Time (s)
Isaac probably would have LOVED snowboarding!
Power_budget_estimate.xls
Power & energy budget for individual moves, total (S) for simultaneous moves, and cumulative
Last modified 9/01/03 by Alex Slocum
Enters numbers in BOLD, Results in RED Power (Watts) Energy (N-m)
Velocity Efficiency, Battery Y power for | Energy for
Axis Move # | Force (N) (m/s) | Distance (m)| net system Move dissipation move # move Y Energy
Drive to pucks 1 3 0.2 1 29% 2.10 8.30 52.0 52.0
Lower arm 1 0.5 0.5 0.04 29% 0.88 8.30 11.28 0.7 52.8
Scoop 2 3 0.2 0.02 29% 2.10 3.00 5.10 0.5 53.3
Raise arm 3 3 0.2 0.05 29% 2.10 3.00 5.10 1.3 54.5
Drive to goal 4 2 0.2 0.5 29% 1.40 3.00 4.40 11.0 65.6
Dump pucks 5 0.1 0.5 0.05 29% 0.18 3.00 3.18 0.3 65.9
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Newton: Free Body Diagrams & Superposition

» Free body diagrams are a grpahical representation of Newton’s third law

— They allow a designer to show components and their relationship to each other
with respect to forces transmitted between them

 Invaluable for properly visualizing loads on components

 In order to properly constrain a component, one has to understand
how it is loaded and constrained

« Superposition allows a complex load to be broken up into
components each of which can be applied one at a time,

t and then their net effects added
‘ d What supports the other end E
5 of the shaft to which the gear
is attached? How will the
gear-tooth radial forces be
a % K % Ka resisted? A simple FBD of
b every component can be a
M=Fc 2 critical design synthesis

\ catalyst. FDBs are critical to
/ helping identify how to
properly support components!

(in a few pages, Saint-Venant
X Foowill..)




Conservation of Energy...
* What goes in must come out:
E energy in =N efficiency E energy out

F force in < d distance in — nefﬁciency F force out < d distance out = 9 N X lm = 9 Nm

F torque (or moment) in Xa distance in — I efﬁciencyr torque (or moment) out X ! distance out — 9 N m X 2 T = 1 87[ N m

Conservation of Energy: Conservation of Energy:

Assume F;, and d,, are known inputs; find F, and d Assume [y, and ¢, are known inputs (¢, =7); find "oy and g oy :
FinXdin = Fou X dou = 1 equation and 2 unknowns Cin X &in = FouX @ou = 1 €quation, 2 unknowns

i . Jo d in d oul . “1: rout O('out
= i _ % = geometric compatability (small angles) >7 D) - = geometric compatability ’
F' a d in :
s douw=d Yy = use in the first equation STuXT=TuXT— rln’ o
out
a d ou B
= Fout: FinB - 4L :Foutzrin
-7 in
\ ’,,’—””/ Fout‘
N <'— et ; Qdin
T :
= o
‘4734, b J Conservation of Energy:
Assume torque applied to screw is I";, over one revolution (¢ ,=27)
Ftucrum Lead 7/ is defined as distance nut travels in one screw revolution
v Tin X 270 X1 yfriciency = Fou X £ = 1 equation, 1 unknown
eqeq . . 277'- ﬂrin
Force and Moment Equilibrium (Newton's First Law): = Fou=

1
Assume F,, is a known input; find F ., and F fcrum

D Fy=0 = —Fy—Fou+F e =0 = 1 equation and 2 unknowns

ZMA:O = Fn.xa=F.xb=1equation and 1 unknown

a . .
= Fou=Fn b = use in the first equation

a 3-5 1/25/2005
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Saint-Venant’s Principle

« Saint-Venant’s Principle

— Saint-Venant did extensive research in the theory of elasticity, and many times he
relied on the assumption that local effects of loading do not affect global strains

* e¢.g., bending strains at the root of a cantilever are not influenced by the local
deformations of a point load applied to the end of a cantilever

— The engineering application of his general observations are profound for the
.) development of conceptual ideas and initial layouts of designs:

* To NOT be affected by local deformations of a force, be several characteristic
dimensions away

— How many seats away from the sweaty dude do you want to be?
— Several can be interpreted as 3-5

* To have control of an object, apply constraints over several characteristic
dimensions

— These are just initial layout guidelines, and designs must be optimized
using closed-form or finite element analysis ¢

Pt
-~

Barré de Saint-Venant 1797-1886
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Saint-Venant’s Principle: Structures

 To NOT feel something’s effects, be several characteristic dimensions away!

— Ifaplate is 5 mm thick and a bolt passes through it, you should be 3 plate thicknesses away from the bolt
force to not cause any warping of the plate!

* Many bearing systems fail because bolts are too close to the bearings

« To DOMINATE and CONTROL something, control several characteristic dimensions
— If a column is to be cantilevered, the anchor region should be 3 times the column base area
— Most machines that suffer from “lawn furniture syndrome” have inadequate proportions

» Diagonal braces or gussets, that are 3-5 x the column base width, can make a column appear to be
cantilevered Bearings_rotary spacing_axle_support.xls

Design Parameters Thin plate | Laminate

T \[\- Total load on top beam, F (N) 50 50
L{\_\\K Top beam length, L_1 (m) 0.2 0.2

Number of support axles, N 2 2

' Bearing length, Lb (m) 0.01 0.01

Bottom beam length, L 2 (m) 0.25 0.25

Axle diameter, d (m) 0.006 0.006

_ Differential _ \U/ "Axle modulus, Eaxle (Pa) > 00E+11 SE+11

Distance wheels to 1st bearing, a (m) 0.025 0.025
Distance wheels to 2nd bearing, b (m) 0.225 0.225
Uniform load on structure Top beam top layer thickness, tu (m) 0.0015 0.0015
\ ¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢‘ Top beam bottom layer thickness, tb (m) 0.0015
Top beam layer (top and bottom) modulus, E (Pa) 7.00E+10 7.00E+10
Top beam laminate spacer thickness, tlam (m) 0.01
O O Top beam laminate spacer modulus, Elam(Pa) 1.00E+10
F E Top beam front-to-back width, width (m) 0.3 0.3
‘ a b ‘ Top beam centroid position from top, y(m) 0.0065
Top beam EI per axle, EL, Ellam (N-m”2) 3 1922
f F Fu2 Axle EL Elaxle (N-m"2) 13 13
wl Load per unit width, w (N/m) 250 250
S - .
Upper beam slope at bearings, alphal (rad) -2.82E-02 -4.33E-05
‘ Axle slope at bearings, alpha2 (rad) -0.0049 -0.0049
\4 L, > 3-7 Net slope at bearings, alphabear (rad) 0.0233 -0.0049

Change in bearing diametral clearance, delta (mm) 0.2331 -0.0487




Saint-Venant’s Principle: Bearings

« Saint-Venant: Linear Bearings: Wheel
— Make friction (p) low and L/D>1, 1.6:1 very good, 3:1 awesome
— Every year some students try L/D<I and their machines jam! Shaft Y
|
* Wide drawers guided at the outside edges can jam ]
» Wide drawers guided by a central runner do not! g"d"ﬁg _
earing ir
« If L/D<I, actuate both sides of the slide! - structugre
o Saint-Venant: ROtary Bearings (see page 7-27 for a fun case-study!) - 'INon Optl mal!!
— L/D>3 if you are to have the bearings “build the shaft into a wall> ~ Wheel Shaft
— IF L/D<3, BE careful that slope from shaft bending does not
KILL the bearing! l
» Bolting bearings in pace: beware the zone under a bolt that ’ i
deforms due to bolt pressure! o Sliding
' = bearing ir
_ H H _ structure
E Ef Ef - HOptimal!!
EEOW!

OUCH!

1/25/2005
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Saint-Venant’s Principle: Bearings

Model of a shaft supported by bearings: Minimize the deflection

of the ends of the beam

See Bearings_rotary_spacing.xls)

Va—
C d
D, D,
a %KA % “e
b
M=Fc F
k.
[ [ ><
b
FA‘ = |
B F
X F

spacing on the actuation force (drawer jamming)

See Bearings_linear_spacing.xls

Fg

Fg
Oucm
uFp - fT T T —
«—Jb——» | |
F ull , '
X C p
2a -—D . ,’ ‘? '
uW * '
I I
I I
I I
= wFg == 1
Ouch!

Model of the effect of bearing width, friction, and length

Pull force offset c/a

Design Parameters Values
a (mm) 50
b (mm) 20
¢ (mm) 250
d (mm) 100
Diameter, D 1 (mm) 15
Diameter, D_2 (mm) 10
Bearing radial spring constant, KA (N/mm) 2.00E+02
Bearing radial spring constant, KB (N/mm) 2.00E+02
Modulus, E (N/mm”2) 6.70E+04
Tip force, F (N) 10.00
Moment of inertia, I 1 (mm”"4) 2.49E+03
Moment of inertia, I 2 (mm”"4) 4.91E+02
Spring force, FA (N) -110.00
Spring force, FB (N) 100.00
End deflection of just D 2 segment (mm) 1.01E-01
End slope of just D_2 segment (rad) 1.52E-03
Ratio (deflection left end)/(deflection right end) -0.103
Position along beam: 0, a, (a+b)/2, b, ¢, (c+d) deflection (mm)| slope (rad)
0 -1.20E+00| 3.51E-02
50 5.53E-01| 3.54E-02
35 2.39E-02| 3.52E-02
20 -5.03E-01] 3.51E-02
250 7.91E+00] 3.78E-02
350 1.17E+01| 3.93E-02
Bearing gap closure (for sliding contact bearing supports)
Bearing width, wb (mm) 5.00
Diametral clearance loss at first bearing (a) (mm) 0.177
Diametral clearance loss at first bearing (b) (mm) 0.176
3.50 —|Coefficient of friction, mu 0.3
Drawer weight, W (N) 1
3.00 +—{|Slide bearing spacing, 2a (mm) 300
Slide bearing spacing, 2b (mm) 100
3 2.50 7 [pull force offset, ¢ (mm) 50 /
= 200 || Pull force, Fpull (N) 0.43 )
% ' Bearing force, FB (N) 0.21 /
E 1.50 //
p=}
* 100 | //
L
|+
0.50 |
0.00
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00




http://encarta.msn.com/media_461550503_761579463_-1_1/Leonardo_Fibonacci.html

The Golden Rectangle

» The proportions of the Golden Rectangle are a natural starting point
for preliminary sizing of structures and elements

— Golden Rectangle: A rectangle where when a square is cut from the rectangle,
the remaining rectangle has the same proportions as the original rectangle: a/l1 = 1/(a-1)

* See and study Donald in Mathmagic Land!
—  Try a Golden Solid: 1: 1.618: 2.618, & the diagonal has length 2a = 3.236 100
— Example: Bearings:
— The greater the ratio of the longitudinal to latitudinal (Iength to width) spacing: 162
» The smoother the motion will be and the less the chance of walking (yaw error)

 First try to design the system so the ratio of the longitudinal to latitudinal spacing of bearing 262
elements is about 2:1

998

(,0¥TT-40L11) 109BUOQL] OPIBRUO ]

» For the space conscious, the bearing elements can lie on the perimeter of a golden rectangle (ratio

about 1.618:1) -
* The minimum length to width ratio should be 1:1 —_
e L o gt
« To minimize yaw error o > i
1 a i
. . i L
* Depends on friction too 9.0 [ d) 3 { |
i 2 mid s
80.0 =t \x;«:i __________________________ St
Pythagoras of Samos 70.0 \\\\\\\
569 BC-475 BC 600 T~
=) . \\
¥ ﬁ 50.0 \\
Be B AN
| | | | ’j gi §_g S 40.0 \\
| [ ] Z2z% E N
‘;_? ZE é 30.0 N
52
\
538
1.618:1 1:1 227 100 N
587
g 0.0
— — 3-10 B I Id S mdadddda3dsIaszdsdss
[ | | | width/height
I I




Abbe’s Principle

* In the late 1800s, Dr. Ernst Abbe (1840-1905) and Dr. Carl Zeiss (1816-1888)
worked together to create one of the world’s foremost precision optics companies:
Carl Zeiss, GmbH ( )

» The Abbe Principle (Abbe errors) resulted from observations about measurement
errors in the manufacture of microscopes:

— Iferrors in parallax are to be avoided, the measuring system must be placed coaxially
with the axis along which the displacement is to be measured on the workpiece

« Strictly speaking, the term Abbe error only applies to measurement errors

*  When an angular error is amplified by a distance, e.g., to create an error in a
machine’s position, the strict definition of the error is a Sine or cosine error

— = :-— L(1-cos(g)) = Le?/2

From www.zeiss.com
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Abbe’s Principle: Locating Components

» Geometric: Angular errors are amplified by the distance from the source
— Measure near the source, and move the bearings and actuator near the work!

* Thermal: Temperatures are harder to measure further from the source

— Measure near the source! On Brown & Sharpe’s vernier caliper: “It was the first
practical tool for exact measurements which could be sold in
any country at a price within the reach of the ordinary
machinist, and its importance in the attainment of accuracy
for fine work can hardly be overestimated”

O— ay

| [ - |' 7. R
e | i ! I
g @E X v TR | o
et J Abbe error | _5]‘ 1 Bl el { E—L B R
at caliper tips  ~ X o e Nty r '

* Thinking of Abbe errors, and the system FRs 1s a powerful catalyst to help
develop DPs, where location of motion axes is depicted schematically

— Example: Stick figures with arrows indicating motions are a powerful simple means of
depicting strategy or concepts

Al
k _"1|_'|HJ T4y

- "354@*&- |




» A small angular deflection in one part of a machine quickly grows as
subsequent layers of machine are stacked upon it...

— A component that tips on top of a component that tips...
— If You Give a Mouse a Cookie... (great kid’s book for adults!)

» Error budgeting keeps tracks of errors in cascaded components

Abbe’s Principle: Cascading Errors

— Designs must consider not only linear deflections, but angular deflections and their

resulting sine errors...

© 2000 Alexander Slocum

n
—
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Lateral error
Motion of a column /-/
as it moves and /'

deflects the axis upon _ .~ 3
whichitrides " B

AT T

I e s T
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Maxwell & Reciprocity
1

1
———— =opportunity! —— = Ahhhhh!
problem PP / Ow!

H )

* Maxwell’s theory of Reciprocity

— Let A and B be any two points of an elastic system. Let the displacement of B in
any direction U due to a force P acting in any direction V at A be U; and the
displacement of A in the direction V due to a force Q acting in the direction U at B
be v. Then Pv = QU (from Roark and Young Formulas for Stress and Strain)

*  The principle of reciprocity can be extended in philosophical terms to have a
profound effect on measurement and development of concepts o
— Reversal e

o ~ Critical Thinking m
0.00500
0.00100
0.00050 FRF

0.00010
0.00005 INg I modes visible

lF'

0.00001

10. 15, 20. 30. 50. 70. 100.
Drive point measurement

|

|
/N ONVAN
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Maxwell & Reciprocity: Reversal

* Reversal is a method used to take out repeatable measuring instrument errors

— One of the principal methods by which advances in accuracy of mechanical components
have been continually made

* There are many application variations for measurement and manufacturing
— Two bearings rails ground side-by-side can be installed end-to-end
» A carriage whose bearings are spaced one rail segment apart will not pitch or roll
— Scraping three plates flat

STEF ONE
Maithes plole 15 the comirel plak

& eml;ﬂvn: ok
TR 2 Plute 1 agress with
e ] 3H:I= :::":E:::-.-?lmunr
Ml b AR aelatinls e i s KO Z probe before reversa(X) =9 CMM (X) - apart(X)
i o 9 2 e S 4 Sorplatton] Z probe after reversal(X) =9 CMM (X) + Spart(x)
[ e e
; B e ag-—r-‘:n ran with %
e =ib -Z probe before reversalX) T Z probe after reversal X)

repeatabilit?Pa“(X) - 9

Fig, 15=5 Al the complerion of this shep bath ¥2 and B3 will hove plckad up 'y .

STEF THREE e complationt

Pioee T} doan ral agres with %2
Fdgtther plate fr tha enmiml plaba o Skt

Flote T2 ogrean with 1

Beloes weoping After seraping Plore 4 known fo bs flar o
s 2.t 3 om0 b _ Part before reversal ¥
attar thon 1 B
-— _‘ ________ l
Tufcu tha arse e e R s AT e 8CMI\/I(X) r

fram phate F)

25 of 3 ww gt eloser fo dlones for fheia s plotes.

From T. Busch, Fundamentals of Dimensional
Metrology, Delmar Publishers, Albany, NY, 1964

A after reversal
Part after reversal
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Maxwell & Reciprocity: Critical Thinking

 Ifyouare:

Happy, turn it around!

Unhappy, turn it around!

*  You can make a system insensitive to its surroundings, or you can isolate a system ...

Rock & Roll Over & Under

Comfortable on your back, turn over and try lying down on your front......

« Ifyou cannot solve a problem by starting at the beginning, work backwards!

« Example: Roll-off container passive restraint mechanism

United States Patent s

Slncun et al.

Reciprocity
It’s like velocity
Once up to speed
You have no other need
Late at night
On goes the light
No bounds on curiosity
You create with ferocity

In the event of an accident, it keeps an otherwise gravity-held container from flipping off the truck

i Patemt Number:
195 Date of Patent:

5,848,869
Dec. 15, 1998

I54]

(751

. [
(2]
221

1
152
[48]

[4d]

.-““ A R

CONTAINER RESTRAIMING MECHA KISM
AND METHOD

Ieveztors Aeemnider H. Sleeum. Bow: Jahn
Willinm Meskese. Concond, both of
H.H.

Azmignee: AESOP, Ini Comeced, MUH.

Appl Mo TARLATE

Filed: e 3, 199

[HEN & MR LT E TR TR
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A1, B0, 5, A%, 459, &5, S0H)

Referensm Cied
U5, PATERT DOCUMENTS
JAUTER A0S R 414500
R SIS LR P [ e T — 140500 X

S2Ra6eE B Rameed enal

FORERGN PATENT DOCUMENTS
EE B L T o0 T T O — 4145

dELIGT A 1EE Empean Fa. OF
[0 T [T N T B e —
2686843 AP0 Fraees . .
L1217 VS Sermany .
BEOOD LM RS WP =

Primeery Eramsinee—Frank E Wemer
Asney, Agent, or Firm—Rines & Rines

(L] ABSTRACT

A syiein wad ladsnigus Fod holdimg doan and sdmmaindeg &
pell-ofl container in pless as 0 s wincBed isc- i fasl
pewition on the bed of & wuck or other st devies,
wherzin, as B coll-oll cenlines i= winched @m positios ok
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Self-Principles

The manner in which a design reacts to inputs determines its output

[ ]
— Reciprocity would philosophically tell us to look for a solution where a
potentially detrimental result can be used to cancel the effect
— Martial artists practice this principle all the time!
_ « Self-Help: A design that uses the inputs to assist in achieving the
L1.S. Patent Mov. 5, 1985 4,550,523 .
desired output
FI1G. | — An initial effect is used to make the device ready for inputs
oy T * The §upplementary effect 1s that which is induced by the inputs,
el o and it enhances the output
_—— "'-FF..J__"\ | Fiom ._ "--._} . .
== ff'_'i;-".f:i-?__.ﬂ T f”“‘r — Example: Airplane doors act like tapered plugs
S 5 pan iy A *  When the door is shut, latches squeeze the seal, making the cabin
l\}"‘r airtight
LN 7 . . .
E.Lg%;k 5}*“ = » As the plane ascends and outside air pressure decreases, the higher
o T G . inner air pressure causes the door to seal even tighter
p 2; e 1 & — Example: Back-to-back angular contact bearings are thermally stable
. FIG I i;l;f:_ M_’_‘?_jj ___.__:i.'!' — Example: Ice tongs
e _f_ﬁ,j Z —  Example: A better mousetrap!
Ce o & =gy FIGY _ .. .. .
sl el 000 |V g Other self-principles similarly exist:
R A S — Self Balancing, Self-Reinforcing, Self-Protecting, Self-Limiting, Self-
Sl i~ "V, A Damaging, Self-Braking, Self-Starting....
s fﬁ;;, = %?xg- 25 e
mwE ) S
v i G it |
Jh E}*‘ FIG WII ® R W u:
o __ _ﬁ_’____:a-\f:'.. s ~ _,N—Ea--L— p— F——--r
e b PEINL . |
o) f,u{ﬁ-—-—-‘_”""—'__' ] 3-17 1/25/2005
L"z8 )



« All systems are either stable, neutral, or unstable

f@\ c&ﬁ_F :
|l[ A /ﬁ; I Stability

Hnrrmd hizet mezal

Saint-Venant’s principle was applied to bearing design to reduce the chance of sliding

instability (e.g., a drawer jamming)
A snap-fit uses an applied force to move from a stable, to a neutrally stable, to an unstable to O

a final new stable position

Wheels allow a system to roll along a flat surface
As the load on a tall column increases, infinitesimal lateral deflections are acted on by the

axial force to become bending moments, which increase the deflections....
* Reciprocity says this detrimental effect can be useful: fire sprinklers are activated by a @7
column that buckles when it becomes soft...
Back-to-back mounted bearings are intolerant of misalignment, but use axial thermal growth

to cancel radial thermal growth for constant preload and thermal stability at high speeds

Face-to-face mounted bearings are tolerant of misalignment, but axial thermal growth adds to
radial thermal growth and causes the bearings to become overloaded and seize at high speeds

2 [ El
Wy = k* ! Bl Fohuckie = d:z‘
YV oapLA L
¢ ) & z . &
Cantileversd By supported Fingd-simply supporied Finecl-Tived
n k L k [ & c k c
1 1.878 147 3142 487 jan7 .z 4730 9,5
2 4. 044 &, 283 7069 T.853
3 T.855% G425 10210 JRERCL ]
4 IR 12.566 13,352 14,137
n (In-ljmiZ nm (An+ 1 mid [N B
Horizontal
force — ™ Payload
Before mounting Back-to-back mounting after Before mounting Face-to-face mounting after
inner rings are clamped together outer rings are clamped together
Beam- —
© 2000 Alexander Slocum 3-18 column
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Symmetry

 Symmetry can be a powerful design tool to minimize errors =~ 16,3
— Thermal gradient errors caused by bi-material structures can minimize warping errors
 Steel rails can be attached to an aluminum structure on the plane of the neutral axis
» Steel rails on an aluminum structure can be balanced by steel bolted to the opposite side
— Angular error motions can be reduced by symmetric support of elements

» Symmetry can be detrimental (Maxwell applied to symmetry)

— Differential temperature minimized by adding a heat source can cause the entire structure to
heat up

* Only attempt with extreme care

» Better to isolate the heat source, temperature control it, use thermal breaks, and insulate
the structure

— A long shaft axially restrained by bearings at both ends can buckle
— Remember-when you generalize, you are often wrong
» The question to ask, therefore, is “Can symmetry help or hurt this design?”

Blocks to push components f
against precision ground I N

i R
reference surfaces i 8
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Parallel Axi1s Theorem

John McBean goes to tlle- extreme!
» The Parallel Axis Theorem is useful for calculating the moments of inertia for
complex objects

— The stiffness of a design is proportional to the square of the distance y, of the
component structural members’ neutral axes from the assembly’s neutral axis

A

(] e w— \ ZyA "o Dugt

_ @)
—3 * | = Z T+ Z y A yNA == 1 + YI
a2 : 0 A > A L gling?
tt . : =

* The assembly’s neutral axis is found in the same manner as the center of
gravity, and it is located a distance y,, from an arbitrary plane

25

2.0

1.5 A

Normalized Deflection

0.0 0.9 18 2.7 3.6 45 5.4 6.3 7.2 8.2 9.1 100
Center Element Gap/Beam Height
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Accuracy, Repeatability, & Resolution

* Anything you design and manufacture is made from parts
— Parts must have the desired accuracy, and their manufacture has to be repeatable

* Accuracy: the ability to tell the truth
— Can two machines make exactly the same part?
— Are the parts the exact size shown on the drawing?

» Repeatability: the ability to tell the same story each time
— Can the machine make the exact same motion each time?

— Are the parts all the same size? Positions achieved
while attempting to

» Resolution: the detail to which you tell a story position to target

point plus finest

Resolution

Joseph Brown

from J. Roe English and
American Tool Builders, ©
1916 Yale University Press

Repeatability

— How fine can you adjust a machine? increment of motion Positions achieved
which can be while attempting to

— How small a feature can you make? programmed Target point position to target point

* How do these affect the design process? i

Hook launcher Model David Arguellis wins “MechEverest” with a machine that repeats every time!

weight of hook (Kg) 0.05

muzzle velocity 9.4

MNumber of springs 2

d (draw) 0.085216

Wiinch model

radius 0.05

mass G

w (rpm) aa]

torque 21

velocity 0.287833

One-inch Micrometer (left) made by Brown & Sharpe, 1868 and
Palmer Micrometer (right) brought from Paris by Brown in 1867

from J. Roe English and American Tool Builders, © 1916 Yale University Press

3-21




Accuracy, Repeatability, & Resolution: Mapping

« It is often most important to obtain mechanical repeatability, because accuracy
can often be obtained by the sensor and control system

must compensate

—_ When the error motions of a machine are mapped, the controller multiplies the part
height by the axis' pitch & roll to yield the sine error for which orthogonal axes

Crank-bore concentricity
2.0
- ® JL
15 -
10 L 0 JR
Y axis: Can be used to @
compensate for straightness S 05 — o L
errors in the X axis. E 0.0 o ‘ N .
so050 1 2 3 9 5 6 7 8
Eli Whitney “ 1ol °c e . o
10 - o
from J. Roe English and . [
American Tool Builders. © X axis: Can be used to -1.5 | o
1916 Yale University Press : compensate for straightness 2.0 -
errors in the Y axis. Trial #
Assembly Bolts
y *-1', _ T
. : ) > Bedplate
Crank Bore .
: Halves k!
) * Block
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Sensitive Directions & Reference Features

» In addition to accuracy, repeatability, and resolution, we have to ask
ourselves, “when is an error really important anyway?”’
— Put a lot of effort into accuracy for the directions in which you need it
 The Sensitive Directions
» Always be careful to think about where you need precision!

«—
>
!
>
| «—>

Non-sensitive
direction ‘\

Workpiece in a lathe

!
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Structural Loops
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» The Structural Loop is the path that a load takes as it travels from the tool through the
structure and to the work

— It contains joints and structural elements that locate the tool with respect to the workpiece
— It can be represented as a stick-figure to enable a design engineer to create a concept

— Subtle differences can have a HUGE effect on the performance of a machine

— The structural loop gives an indication of machine stiffness and accuracy

» The product of the length of the structural loop and the characteristic manufacturing and
component accuracy (e.g., parts per million) is indicative of machine accuracy (ppm)

» Long-open structural loops have less stiffness and less accuracy

o

[T\ A
Structurda
loop

\
\
\
\
.

.~ Spindle
~" ~Tool

\

N

<
/
C

; ; . . "Structural loop”
Constant stiffness design M aximum stiffness design
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« Components that move relative to one another generally have tolerances that leave clearances
between their mating features

— These clearances result in backlash or wobble which is difficult to control

* An example is the Lego roller coaster on page 3-10

» Because machine elements often have such small compliance, and to account for wear, backlash is
often removed with the use of preload
— Preload involves using a spring, or compliance in the mechanism itself, to force components together so
there is no clearance between elements

* However, the compliance in the preload method itself must be chosen such that it locally can deform
to accommodate component errors without causing large increases in the forces between components

— Linear and rotary bearings, gears, leadscrews, and ballscrews are often preloaded

» One must be careful when preloading to not too over constrain the system!

— Structural joints are also often preloaded by bolts

N\

|_ N\

/ \ W&
Internal clearance Fern clearanis Some thoust load "ﬁ":lh preload

_

T e fngs e clamped ot . . Carige Rl
Hﬂ No preload Preloaded Preloaded with | ‘ w |
force applied i /—\—ﬁ

3-25 . Senb@S0005

Manufacturing error in rail Preload disc spring washers



Centers-of-Action | Ve

The Centers-of-Action are points at which when a

force is applied, no moments are created: Double Vee
— Center-of-Mass —
— Center-of-Stiffness e |
— Center-of-Friction o e
~  Center-of-Thermal Expansion = Vo
7 Carriage
) ) Bearing blocks
A system is most robust when forces are applied @ 2|/ Bearing rails
as near as possible to the Centers-of-Action —F T \
— w
L o ' Center of stiffness (ideal location
- i ‘i ‘ for attaching actuator)
-
| \,f
! ! g
= (©) =
- Y
Iyt ] o da— o A
ohotographer ot aredted woutd | 3726 1/25/2005
like to, email slocum@mit.edu




impaired be it by assembly, fastener tightening, thermal expansion, or external loads

Make sure you have constrained what you want to constrain!

— For a body to have N degrees of freedom free to move, there must be
6-N bearing reaction points!

To resist translation, a force is required.
— To resist rotation, a moment, or two forces acting as a couple, is required!

 Saint-Venant rules! Do not constrain a shaft with more than 2 bearings,
unless it is very long...

Utliies Window Applications  Mapkeys Hel

8| Ola|a|ms e mlela o) =] ] =l




\ Elastically Averaged Design

» Applying Reciprocity to Exact Constraint Design implies that instead of
having an exact number of constraints, have an “infinite” number of
constraints, so the error in any one will be averaged out!

— Legos™, five legged chairs, windshield wipers, and Geckos are the most common
examples, and many machine components achieve accuracy by elastic averaging 4

Bulkhead

Stepper
motor\

Sleeve K. Autumn, Y.
bearing E: Liang, W.P. Chan, T.
AA Hsieh, R. Fearing,
(MYhm | = W T.W. Kenny, and R.
— Full, Dry Adhesive
= Force of a Single
W = Gecko Foot-Hair,
/ Piston Nature. 405 681-685
Disk . (2000)
. Turret index gear
spring
Curvic coupling washers

Position Lego experiment chrome plated hlock

2 " SR e o
g m oo m S S o P e T
.
1 = T
o * W i
q + 3 LI | A
Su L L) * &
~ * . ® X" . &
"5 7 “s * mrhE W
L ] L5
= g, Al gt me mm e e e o
-1 L
w
- ' u
A -
K n
3

Cycle



Stick Figures

Use of fundamental principles allows a
designer to sketch a machine and error I
motions and coordinate systems just in terms
of a stick figure: Aol 4 i 8
: o g
/ i .

— The sticks join at centers of stiffness, mass, )
friction, and help to:

» Define the sensitive directions in a g
machine

* Locate coordinate systems

* Set the stage for error budgeting "é y

—  The designer is no longer encumbered by cross ', 7 : —

. . . . - .?f-"-'-'-.- n i
section size or bearing size e :

It helps to prevent the designer from
locking in too early

Error budget and preliminary load analysis
can then indicate the required stiffness/load wae
capacity required for each “stick” and “joint” . ;... | o <
—  Appropriate cross sections and bearings can P W, i ‘*\:
then be deterministically selected J
It 1s a “backwards tasking” solution method s

that is very very powerful!
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