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( ; Outline (1/3) S
1 Intro. to mental Principles 4$(bd
3 Fundamen ﬁjh&iples
# Occam’s R%ISS & Mlssxzy
\
/# Abbe’s Princip Jﬁgxs ension
~ Min {Deformation}
~ Comparative Mea rinciple

/#-Reading Averq% i
~# Shortest Mea g Chain/ h@ze the Metrology
Loop &\ o ¢
~# Unify t ordinate Systems
J
Z NextQhde...
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( ; Outline (2/3) S
ot >

1 Fundam

rinciples 4$
Z Precisibnﬁ@c'hing Principle
~ Economy P@ @.
~ Saint-Venant’s

e
zfn(c' le .

¢~ Exact Constraint Dé

< Elastic Averaging

A Centers—of—Ac%

~ The Golden,R% gle

/2 Compens \;r inciple ¢ @

~ Separ ﬁ Metrology and Struct (I?oops
Za = t@g ration Techniques
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tro. to Fundamental Principles

m, iﬁiﬂﬁ P )
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R 25T M) ZEA JR
Dﬁaﬁ%%&ﬁﬁﬁ%

~ Occam’s Razor: K

Z~ Abbe’s Prlncmle ensjon

~ Min {Deforma ?
~ Comparati surement Prinei
4 Readl raqlnq

c?
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~ Shorte I\@s’uring Chain/Minimize the Metrology
S

Loop 6O~ %
< Unify the Coor e

~ Precision Matchin

~~ Economy Principl
<~ Saint-Venant’s Pinciyple ’
~ Exact Constraignyesign &

~ Elastic Av ag. 4
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J
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( ;tro. to Fundamental Principless
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~ The Go Sctangle

/2 Compensat mcnole %
~ Separation of Structural Loops

~ Error Separation T&g
X\ .
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Q
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Occam’s Razor: KISS & MISS

3 William of Occ%‘b‘ckham)

(1284-1347) was nglish
60» philosoph@.theologian
é Ockham Stressed the
é& % élian principle that

dtitles must not be multiplied

William of Ockham, X .
born in the village of % &
Ockham in Surrey '\% .
(England) about % ttp://wotug.ukc.ac.uk/@gl/www/occam/
occam-bio.html
R
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C ;Occam’s Razor: KISS & MISS S

3 William am (or Ockham) (1284@ as an
Engllsh P r and theologian

~ “Ockham w rvently aga‘%he papacy in a
series of tre | apal power and civil
sovereignty. The ' fe of parsimony, or

principle of econom gflently used by Ockham

came to be known'&?) 's Razor. The rule,
which said th ality s

uldpnot be assumed
without neqe% or, in mod€ryEnglish, keep it
simple, st as used to elimin many pseudo-

explana QBS ntities”
&N %,
frag.é% e eden 6O~

Yo 2
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C ;Occam’s Razor: KISS & MISS S
A William q@am (or Ockham) (1284@ as an
English ph r and theologian

Z A problem be stated ! baS|c and simplest
terms

~# The simplest theor tﬁe facts of a problem is
the one that should

~ Limit analysis |s le way to identify and
check S|mpI|c °

&\QO .
&
P|Lah H#ewBicEte e e 60
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C ;Occam’s Razor: KISS & MISS S
1 Use fun@gal principles as catalys@‘bélp you
~ Keep | L@Simple (KISS)

Z~ Make It Sup%ele (MISS)?-
~ Because “Silic than cast iron...” (Don

lsgwe
Blomquist)

Se @of complexity but make it %@
PILab *ég‘agnam telligen '%L b’?am,y dhwang@cqu.edu.cn §
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Co ative Measurement Principle: Q«tline

O Introduc{%? 4§%
[ Displacem ichronized ComparatiV® Measurement

Principle(DS% X}-
[ Differential Compargive Measurenrent Principle

1 Zero-State Comparati asuyement Principle

O
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C ; Introduction S
O Basic C@ 4$%
O Types /}'
~ Displacem chronized %araﬂve
measurement peFEIp CM

~ Differential compa surement principle
¢~ Zero-state compargt urement principle

O
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( ; DSCMP S
1 Motion a@combination &‘b‘

= @ﬁm ( 5] e

C/(l’cualfh? 5' Ud/ej
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DSCMP

J Motion a@seperation

Involutes

=

/4

Revolving base ¢f ,the beam and base circle

without sli Q
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Q DSCMP S
0w S

1 Definiti 4§
NEREART EEE S WHBOEREEDE
- H AL BRI ENZ EF
B TIEH LB LN &

T\/Ieasuring Machine
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Univefa;Whole Tooth Error Measuring gchine
m Theoreti@ | &(b‘

| rd / |
N NV %.: 0@ = ro(‘9i +¢i—1)
I T T

¢’r1 gf wa ¢16 3 .-c. o °
‘ﬁ 2 - :
: .3.;'. ) L——e)l‘l ) gf
“. LR T, % e v ln |
B 7B o - LPi = b —ro(ei "‘(Di—l)

S c Qe f j

N
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1-Gear; 2- Tangenh% way; 3- Length gratlng 4-
Radial slide w Vertical slide way; 6-Servo motor,

7-Pick Upé i n¥grating.
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Univefa;Whole Tooth Error Measuring gchine
¢0 l - @5001
| - Universal

j =74 ° Whole
AR | Tooth Error
s Measuring
4 Machine
R

. Q - 17
Q 1200 é 0
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Univefa;Whole Tooth Error Measuring gchine

[ Mathem ﬂodel of the profile err@

n n Lo ical Involute Profile }
1@ i
= -]
%
i 3 heoretical Involute Profile }
| Affs i
2 Aff,
ot
9, = ol ?2e 105 IRy 2
¢, |83 /¥

- 40
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Univefa;Whole Tooth Error Measuring &Chine

[ Mathem ﬂodel of the pitch erro@

1 22 33 2z
,=0 6,]| 0, 1
g; |t @ J
e ] 38
- .\ ° .
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UnivepSal Whole Tooth Error Measuring Machine

m Mathem@odel of the whole too@%‘
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Differ#ntyal Comparative Measurement Pdnciple

B DifferenqAQ mparative measuremer@ le for
electronicqp ifres %

/|

'

é@. \\-'":—T o ?
O ‘ o
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Differ#ntyal Comparative Measurement Pdnciple

B DifferenqAQ mparative measuremer@ le for

electronic @res
o ZaT\

EEZFH

| = o

FAS

v

]
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Differ#ntyal Comparative Measurement Pdnciple

B DifferenqAQ mparative measuremer@ le for

electronic @res
JR. ﬁ%\
Z“t-'\'—'*r——— 3
51=6~ Ab~ - 52% lse+ ALY — (L — AL,)

w? 1S . w’ ppS
(6 — Ad) 2(0 + Ad)

l?f:" . Q i iﬂ_‘_@]

4 ANEEE
s wise %m Ad
AL = 55— A% "*"L( a]
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Differ#ntyal Comparative Measurement Pdnciple

B DifferenqAQ mparative measuremer@ le for
electronic @res

- 5 Io+ AL) — (L — AL,)
}L ’/ w’ oS _ w’ (oS
3/, (0 — Ad)  2(8 + Ad)
| L1 .
2:/ Q L é.@]
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Differ#ntyal Comparative Measurement Pdnciple

B DifferenqAQ mparative measuremer@ le for

optical quanTti °
7 B RS é «2»
e/

‘@ Zd _Ts)
Q
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Zero- e Comparative Measurement PrHnciple

W leferen mparative measuremer@ le for

optical qu P?

2
k{j\z 1

0= KSQ@@ 6,) &
?® ”

252 ak
*F; SR
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( ; Shortest Metrological Loop S
7 R Ee} ,$%
3 HURAVS @@i‘t
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( ; Shortest Metrological Loop S

T HUBRSRV ST R ,$
K‘ o

b -
3 (4
B A
6 1=0%
— | |
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C ; Shortest Metrological Loop S
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Q;ify Coordinate Systems: Outlins

iaintd 7% Q
A B ‘
O THEsse éo‘é/ &2»

53
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( ; Unify Coordinate Systems S
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( ; Unify Coordinate Systems S

1 Measuri ‘ﬁpmobile Body-in-White

AX' +B)Y' +C,Z'4+D,=0
.............. B o A,X'+B,Y' +C,Z' +D,=0

////
1P @
PILab *%52 Q%ﬁg dhwang@cqu.edu.cn
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( ;Precision Matching Principle S

- %ﬁ%@%ﬁﬁwﬁ | ,$

http://www. tale son.com
gsé
lll
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Precision Matching Principle

Vertical Performance

L. .
PGl Plus PGl Standard

&l 10.3%in [2.36in]]

Nominal measuring range [£] 10m :
Amm [1 lus arm] [0.7%in [4.72in]]
[ Z5mm [150my stylus army] [0.98in [5.50in]]
Resolution [Z] * JEnm g e ) 12.8nm ([d10mm range

ange (0.5pin @ 0.3%n] range

Range to resolution ratio

780,000 :1

Stylus arm length, tip size, force

radius conisphere diamond stylus, TmMN force
@, 0.5mm radius ball, 20mN force - optional

11pm [3 + 30 Z [inches]] pin - after calibration *

£ axis non-linearity, | = gauge displacerment] x N Rk,
Repeatability of £ axis indication Q surface - typical®0.050 inl§ — Curved surface - typically 0.10pm [4pin] 7

PIL *%-’):J&E’ﬁ‘i Sk %ﬁg E-mail: dhwang@cqu.edu.cn
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( ; Economy Principle S
v, >
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( ; Economy Principle S
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C?int-Venant’s Principle: Outlines
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¢ 2 1 Saint-Venant d tensive
g research in the fheory of

elasticity many times he
/qelled on thg,assumption that

&cts of loading do not

41

( ; Saint-Venant’s Principle S

root,of antilever are not

http://www-gap.dcs.st- % influe y the local

afigh ac.uk/-history/M deformationspf a point load
maticians/Saint- _

Venant.htm| ‘% applied to t of a

Q cantilever (?0

PILab *%525,.‘3 St u% dhwang@cqu.edu.cn §
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Saint-Venant’s Principle

O The follayﬂwas stated by Barré de&ﬂu‘b‘enant in
Mém. sav &ngers, vol. 14, 1855.

~ If the force

Pl Lab *%?S%Qu%ﬁg dhwang@cqu.edu.cn §
Preci

sio

s@i on a smal{(%;éon of the surface
of an elastic @ér replaced¥y another statically
equivalent system 8 % atting on the same

portion of the surfagegthisyredistribution of loading

produces substan @ In the stresses locally

but has a negligld¥e, effect gn the stresses at
distances whi e large in €o#parison with the

linear dim of the surface orwh the forces

are cha

n and Intelligence Laboratory
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( ; Saint-Venant’s Principle S
[ The engi ’/n g applications of his gt%‘lb‘
observati profound for the development of

conceptual ide§@q initial Iayo%.designs:
~# To NOT be a by local dedermations of a force,

be several charactqg i énsions away

& j%%@

PILab *%?Léfp‘i SE "%ﬁg dhwang@cqu.edu.cn §
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( ; Saint-Venant’s Principle S
g A‘Pj m Saint-VenanI%J;: \N% Bearings
hat hl f}' <~ LID>1, 1.6:T\very good, 3:1
usmmg % Su I
bearing in . .
o fljéSal en&nt: Rotary Bearings

Whecl >3 if you are to have the
rings “build the shaft

' ' () a wall”
J‘H]iding N
L e '\Q Z II'—'L&BE careful that
Optimalt! ° Qo slopedrom ghaft bending
does not @;he bearing!

EEOW! Q - %
PILab #%%‘fﬁég—é%ﬁi —— &
re

cision and Intelligence Laboratory
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( ; Saint-Venant’s Principle S
[ Bolting Q?GLQS In pace: beware the}ﬁ%der a bolt
that defor g?to bolt pressure!
"4

Ay
&

> '
§ z,
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Eznt-Venant’s Principle: Structur;g

1 To NOT methlng s effects, be 9@
characterl ensions away!

Z If aplateis hICk and asses through it,
you should be thlcknes s away from the
bolt force to not c arping of the plate!

~ Many bearing syste ecause bolts are too
closeto the bearln

\% .
& %,?
PlLah #es? gﬁé%ﬁg T———— 60

and Intelligence Laboratory
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( ; Saint-Venant’s Principle S

[ To doml nd control something, ¢ everal
characterl ensions

O Ifacolumnist tllevered anchor region
should be 3 tlme mn bas

1 Most machines that s 1awn furniture
syndrome” have made choring

@

E 5o ok
PILab *F‘ s—‘idl telligence Laboratory
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g&g n%:op)

1 Every ri ‘}dy has 6 Degrees-of-Fr@
07
By >
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( ; Exact Constraint Design S

1 Make su have constrained wha nt to
constralnl
~ For a body%e N degree reedom free to
move, there -N bearl reaction points!
~ To resist translatlo is required.
~ To resist rotatlon , or two forces acting as

a couple, is requ
[ Saint-Venant rules ot const&a shaft with more
than 2 bearlngé ss it is very
SR

AR
*ﬂ gna
PILab and Intelligence La b oratory
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( ; Exact Constraint Design S

O Make su@have constrained wha ntto
constrain!

[ Saint-Venant r 0 not cons%&shaﬂ with more
than 2 bearings, u itis very long...

Owerconstraine d Properly constrained

PILab *%‘mg"‘igﬁ dhwang@cqu.edu.cn §
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Elastic Averaging

1 Elastic Ing: Error Managemen5$%

[ “Random res are the result of random procedures”

[ How is somethi de from p turateto 5
microns, accurate 533 bly to 0.05 microns?

Rotary Table wi Oyanometer radial error motiot desjgned by Prof.
Slocum’sg@ students Nathan Kane and Joach%.ler

PIL *%-’):J&fﬁ‘i SE %ﬁg E-mail: dhwang@cqu.edu.cn
a Precision and Intelligence Laboratory URL: http://www.pilab.coe.cqu.edu.cn/
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c ; Elastic Averaging S

3 Any on mp:an be averaged out by INg many
similar fea °

~ As In gathe[l ta with ran%errors, the
accuracy of ding is propwrtional to the square
root of the numberg :

1 The term elastic averaging™c ribes a condition where
two objects are conneﬁ@ gh many points of

contact in a highly@e-constr«ai@anner.

N [%’%O
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C ; EX. S
B Indexing@ often use a curvic coyﬁw wo face
gears meshé?'}gether) to achieve a high degree of
elastic averagi &@ uracy), stiffness, and load
capacity /

o
Turret Bulkhead Stepper é ‘
? nmmt'\
' Sleeve - 1‘
/ bearing
o Sl AR

M B ‘2 v
B %‘e‘*ﬂ\ AR

/ tston
. () o
Disk
. ex gear
spring
Curvic coupling W’*’Q
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B Windshlqﬁ@oer blades and surfaceﬁcb’large
mirror sup rstribute the loads usig wiffle trees
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Elascc;veraging vs Exact Constraint Egsign

1 Elastic INg seems so contrary t -Constraint
Design th People may argue on llosophy

over the other pthan embra@f.heir
complementary n@v

1 Many kinematic desigré Q Bearing systems that
function by elastic averagig.

3 Applying Reciprocity t5®< : onstraint Design implies
that instead of hawn exact nupther of constraints,
have an “infinite” ber of conStpaints, so the error in

any one will b a\se ged out! °

[ Overconst IS NOT Elastic Averagin

PILab *%%IJ&EA% R %ﬁg dhwang@cqu.edu.cn §
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Elascc;veraging vs Exact Constraint gsign
%g one path

1 Ex: Ofte component wants to m
and anoth Wanother, but they arévattached to
each other %.
# Thus they wi egch other,%nd high forces can
result which accel o\ epl

~ Either more accurateLamponents and assembly is
required, or com I%@ learance (pin in

oversized hol% t be prm@between the parts
Y

=
ke
-.'-
] -

—— M [ ¢

0 |
PILab *%-’?L& NEE. g %ﬁg dhwang@cqu.edu.cn - g: :;
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(; Centers-of-Action: Outline S
B Centers-@?‘ﬂon &‘b‘
 Center-of- as!)'

7 Center-of-Stiff é &2»
1 Center-of-Friction fé .
[ Center-of-Thermal Exp “@
1 Robust Design \Q
> A
N />

Q Q

S %
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( ; Introduction S
| (0 1 The Centers- X&bn are
By A points at WhIC when a force is

applie moments are
4 Created
é ter-of-Mass

nter-of-Stiffness

\Q ter-of-Friction

2 - l % Ce@f -Thermal
'\ Expa
s %

PILab *FEEI)L St ,% E-mail: dhwang@cqu.edu.cn
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1 A system is t ®0bust when
forces are appMed as near as

possib the Centers-of-
Action.

C ; Introduction S

PILab *F%)L gt "% E-mail: dhwang@cqu.edu.cn
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( ; Center-of-Mass S

1 The concept enter-of-
Mass (or centérof-gravity, cq)
Is well n to most people

4 The conter-of-mass of a
é tem of particles moves
liXe a single particle of
s M=Zmi under the

m.flue e of the resultant
\Q ext orce acting on the
\% syste a‘
&7
N 7

PILab #%5‘85,3 Ae "% dhwang@cqu.edu.cn
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( ; Center-of-Mass S

1 The concept enter-of-
Mass (or centérof-gravity, cq)
Is well n to most people

v The conter-of-mass is the
é nt at which when a force
applied, an object
ergoes only linear

accel tion and thus has
\Q ar acceleration
Qo compone hich would
otherms%to Abbe
errors!) (?0
PILab *%)’*Cﬁl_‘adl :Itg '%L S dhwang@cqu.edu.cn §
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( ; Center-of-Stiffness S
((‘}9 1 A body support g& rings,
°* behaves as if all thésbearings are
60» ncentrate the center of
éo fness

| / @ f at which when a force
R — — fappjled to a locked-in-place
|

\@l @ angular motion of the

ccntct'nfs;:iffncssaxis. % Struc Ure o) urs (WhICh WOUId

v . otherwi d to Abbe errors!)
ZX;K; QO | | |

X ocoror or e =% \ ~ Itis also thé pojhpabout which
~ angular motio urs when

Q'Q forces are applie where on

. the bod
PILab *F‘)Lgna(“ RER ,%Lb . dhwanq@cqu.edu.x §
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( ; Center-of-Stiffness S

. EXTREWGEOWERFUL PHILOSOPHICALSTOOL, AS IT

ALLOWS NER TO CREATE A HINE AS A

STICK FIGUREéOs X\u
[ Structure and bea ?Saie added during embodiment

phase so as to maket 0 @ of-stiffness at the stick
figure nodes 2l

N
R é}ga
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Center-of-Friction

1 A body g@ﬁrted by bearings, has frieg %rces In

proportion weight distribution antkthe number
and position o arings %.
1 The center-of-frict the point abwhich when a force

% to which no other
g,.angular motion of the

a therwise lead to Abbe

IS applied to a moving s
external forces are applied

structure occurs (whidb@
errors!)

b EYREE. ° P ES S
PILab *Fifﬁfr\i ’ dhwang@cqu.edu.cn §
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Center-of-Friction

3 Found u@rce and moment balan &tions that

consider t
center-of-gravi

s of friction, bearing'geometry, and

located at the cent

®
~# The center-o V@én;':s sometibnes, but not always,

~ If aload is applied tQ 1§
and-Flat and a Do@. Fupported carriage, how
do the center- tion and thgcenter-of-stiffness

b EYREE. ° P ES S
PILab *}E}fﬁgna ' dhwang@cqu.edu.cn
Precision and Intelligence Laboratory
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C ;Center-of-Thermal Expansion S
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( ; Robust Design S
3 If the pri@/ork zone is near the c -6f-mass,
stiffness tfion, errors will be mi 1zed
O If the actuators achine a eir forces near the
center-of-mass, and frlct n, errors will be
minimized

It is often dlfflcultt eamll three coincide, but get
them as close as y}@

Er\agﬁ dhwang@cqu.edu.cn
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Robust Design

O Ifa maclqi@ ement (e.g., a leadscre % located at

the center ;ness then error moti of one
machine elem bIe of the gC W) will not cause

pitch errors (Ab fgm anoth element (carriage)

g blocks
Btd]‘lﬂ g r.;uh

PILab #%5‘&5,‘3 Ae "% dhwang@cqu.edu.cn

and Intelligence La boratory



mailto:dhwang@cqu.edu.cn

PlL *%-’a,& 73 RBSE e E-mail: dhwang@cqu.edu.cn
a Precision and Intelligence Laboratory URL: http://www.pilab.coe.cqu.edu.cn/



mailto:dhwang@cqu.edu.cn

( ;he Golden Rectangle: Outline S

1 Definiti

o b, Q
e, R

%@ .
S
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C ‘é Definition S
[ Golden @gle: A rectangle where@&square IS
cut from t 9& ngle, the remaining réstangle has the
same proporti he originalgégtangle

s :

|68

[ The proportio e Golden Recian

glg are a natural
starting pointfor preliminary sizing of ures and

element o
(e %
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Ex. Bearings

3 The grea@gﬁe ratio of the longitudin fb’ftudinal

(length to /s‘pacrng
~# The smoot motion wi nd the less the
chance of w error)

[ First try to design the the ratio of the
longitudinal to Iatrtudrn g of bearing elements is
about 2:1

1 For the space co S, the Feapihg elements can lie
on the perrmete golden rect Ie (ratio about

1.618:1) »& ¢
1 Next Sllde® (?0
PlLab # *%@fr?gﬁéﬁ 60
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( ; The Golden Rectangle S
[ The mini@ength to width ratio is&n‘bﬁnimize
yaw error j‘ .
 The higher the@ the higheu@ength to width

ratio should be /é

S
R C?%O
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(gmpensating Principle: Outlines
1 Basic caﬁ 4$%
1 Key probl
P Compensat% %’
~ Compensating .
~ Compensating req

1 Ex: Q
~ Compensatin Ké e eTor

s CompensaUn%nthe force mation

~ Microm A&(&Bp al adjust prmhp%

~ Collim

PILab *%)L Q%ﬁg dhwang@cqu.edu.cn @
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‘% a=—
sin(0.87¢,) <
#%?Sfﬁag.éQQ e 060

E 2> AN
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Qgimal Adjust Principle: Collimatfg
B ColIimal@its working principle &‘b‘

&, O

/A Y :
TP S
5
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Imal Adjust Principle: Collimat

3 Optimal ment principle &(b,

f tan0.87¢,

O h =087,

PI Lab 252 g%ﬁg dhwang@cqu.edu.cn @
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( ; Summary S
Vo, S
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