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1 Causes 60‘ @*
~ Force induced ti
~ Stress induced defleg

<~ Measuring force ind epsction
~ Wear Q

~# Clearance and sh indu&e@r

~# Thermal ind( Q@rror .

4 Vibration4§

4 Interf%Qe nd environment condition (?
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Due to Force Deflections

Rotating-arm C

axb=50m@w | =3000mm W = 200N (?O
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( ; Load Induced Errors S
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Load Induced Errors
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Load Induced Errors
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Ee;suring Force Induced Deflectio;@‘
[ Deforma a}ror In contact measure@%‘b“

~ Deform¥ti the contacting bodies

~ Deflection d &end
IS ereE. .
SIS %%%
An elasti misphere on an q

lat plate %ﬂ

PI Lab *% = H%ﬁg dhwang@cqu.edu.cn §
Precision and Intelligence Laboratory

an elastic flat
plate



mailto:dhwang@cqu.edu.cn

Hertz Contact Theory

3 The theopn@;peloped by Hertz in 188 cbﬁs the

foundatio r«?ost contact problems ountered In
engineering

1 It applies to nor§3@ﬁ ct betw%wo elastic solids

that are smooth and 08) ‘Q fibed locally with
orthogonal radii of curyatére Such as a toroid.

gntact area must be
small compared t@% mensi»o@each body and to
the radii of curva

1 Purpose ’ a‘

3 "Exact" s s for point contact

<
3 Applica Q?Y Hertz theory @
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( ; Hertz Contact Theory S

[ Purpos

1 Describé? gfs methods for %ﬁhe stress and

deformation ur when thgreMs point or line contact
between two

[ "Exact" solutions fo(p(é@nbt
1 Application of Hertz theo
&
T %
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Hertz Contact Theory

3 "Exact" pons for point contact %‘b‘
~ Hertz t OMC A be used to accurately Betermine the

stress and d{fl nin the cou%egion.
W

~ Contact bet ed surfacesyesults in an elliptical

contact region. é
minor
SCIMAXIS

{oftact #one

& T)g %ent modulus of elasticity of th%tem
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( ; Hertz Contact Theory S
 "Exact” %ns for point contact %‘b‘
~ The eqh a@ﬁ‘r Modulus of elasticity of e system
= Based o stic moduli'«%l?oisson's ratio n of
the two m In_contact

~ The equivalent 4@0 or cur\ﬁat@found
R, - —@Q 1
+ T W
R I minor Rzma_iur Rzminm'
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( ; Hertz Contact Theory S
W Applica@Hertz theory 4§%
~# For co ’single mterface( .g. armrelastic
hemisphere &n lastic flat p he distance of
approach of eé teld pomts | e bodies is:

é

h

2F‘i * "
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Hertz Contact Theory
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( ; Hertz Contact Theory S
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dgsuring Force Induced Deflectiig
O Deflectio@to the rod bending &%‘

o
S %
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suring Force Induced Deflecti

54@ A Ex: &R iﬁﬁ(tﬁﬂ
j}' MJ% R KA 70 mm,

= - ly _]/§ %omm’ Mjﬂ% ’/féj]
| 56 4 mm, SHF AR B A bR
%\ I fé > WEH F=0.2N
2 3K -55 48 W0~ 1D 2 TR )k AR
20.41 um

NN AR M 2E T H0.54 um
| n:%ﬁm%%mﬁm%z@%ﬁ
%

ST LEMWERE - EEENY

4

PILab @g@g%ﬁg dhwang@cqu.edu.cn §

eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee



mailto:dhwang@cqu.edu.cn

suring Force Induced Deflecti
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( ; Wear S
[ Types o &(b.
e AdheS|

~ Abrasive we é\o hard parh%o
~ Abrasive, har ateriats

~ Pitting of gear tooth

i.nly by rolling contact
1 Three stages of wear

Break-in. | L -
€~ wear 3 Linear mblhzodwu%\

Fr ear in Boundary-
L ed Bearings,”

Machiﬁ)esign, May
16,1972%

Wear

Pl

Journal travel —>»
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Clearance and Backlash

1 Backlas rs only when gears are | c@'ﬁ
~# The gerter pose of backlash js to vent gears from

jamming toggS@& .
~# Backlash als0=C Zén ate for m Ining errors and heat

expansion. @ .
oy - A
-
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( ; Clearance and Backlash S

} ' 1 Clearancw OCCUurs
a  “a o when the f ISt.

3 The vantages of
== cleara e will be discussed
é fail in Section titled

rfor Analysis and
mulation of Vertical
PrQJec n Optimeter.
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( ; Clearance and Backlash S
B Backlasly@' ly exists in Servo Mec%ﬁk
cklash are common sourtes of

nonlinearity in mechani .
1 Backlash is usuall re.serio’s problem

associated with geare sions and lead screws.
[ Friction and backlash eaehto

Z limit cycling for sygte utput position feedback

~ unacceptable p Kﬁ errors for ems with motor

position fee&@@7
#-uneven fo/ '&g g error ¢
/ possiblg% mic instability problems

ulation is a convenient way%the

N Com%u:egl
PlLalefféctSietmBnlinearity in‘a‘dyriamic system.
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Cgi-Backlash Transmission Desi;g

1 Preload ling-Element Bearings &
3 Preloaded rains

1 Dual-Motor Dri\@
1 Commercial Differen#ial PBriv,
~ Cycloidal Drive (%?é,

~ Harmonic Drive (G&j

# Epicyclic Drive (4’3% i
& 7
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I-Backlash Transmission Desi

(a)

A common way to p;%} a ball screw (a)isto load o gainst the other.
0

The preload diag represents the forces and displ&Cenments that take
place betwe nf@ uts. (?
--Reproduged catalog courtesy of THK. 0
Pllab et e &
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I-Backlash Transmission Desi

B Preloadgoé‘ﬁ/rjr.ains &‘b‘
pY SN ) -

I
1=

I ._1?;4 ‘ é 1 . L |
| :»—.ln.lll ,-ﬁ...q\g I

|
-

'§\§ &

A Type 1 anti-backlas In has one stiff path'and path that
includes a complia elEment (Item 12). Part (b) has tric paths and

requires less spy means of a preload adjustment devi€g (Iltem 13), the

paths can s@ Qppose one another to eliminate all ba @
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I-Backlash Transmission Desi

‘ 7 Preloade ‘b‘Trains
———. y  (from U.S™Ratent 3,665,482)

e 2 design for a
|aNg € tracking antenna
pCresswell, 1972].

A Type 2 design has two
stiff paths between the

| I InQut and the output.

e : &Iiance IS introduced

.\% ‘aprejoad device

’& usuall%ted at the
11—a differential; %compliant commo ut to the two
spring; ZOQ@Q gears paths. O

P".ab il = dhwang@cqu.edu.cn 60‘ frxs
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I-Backlash Transmission Desi

O How to Qo@?er the anti-backlash tr@&fon design
in 0.001 m J&I}'ndicator ?

) — Zy <« T ‘ °
S v o /

f
Cd

N

Y

| AQ 03-01
Q 0.001 mm dial indicator %
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I-Backlash Transmission Desi

<z } S50
The coordination of %e motors canzgy ple Motor
torques (solid lin o give a net output torq ter line).
In (a), each mo PRlies an opposite unidirection gue.
In (b), the Mo ave a constant bias torque betwe m (from U.S.
Patent 3,833,
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I-Backlash Transmission Desi

Motor 1

_Jr....o..'.; Encoder
p
— Kp Motor 2 1
o
[
The two transmisgl 'nipaths are preloaded throu ontrol system

rather than a m% jcal preload device. A disadv t&e is the

additionalic@ ating to generate the preload. 0
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I-Backlash Transmission Desi

3 The prinqa f differential motion 4§%
~# Using iﬁﬁ gears arranged differentfally, the device
outputs th ce between skghtly different gear
meshes oper @Ihe speed oN\jhe input shaft. Since
the gears also opfatgdinger §uéput-sized loads, losses
can be overwhelmm

~ A transmission rati
but the efficiency | O\%a

stage device im \ble to back(?e
~ The dlfferenfl yes achieve hiher efficiency through
clever wa % uce friction. Backla trol for these

devme;q‘ lly comes through control (?Ierances and
ting.

p|BbQ%;§£ kdifferential drives.... %O;

d Intelligen L borator ory URL: http://www.pilab.coe.cqu.edu.cn/

N 50:1 is easy to achieve
elow 50% making a single-
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Cgi-Backlash Transmission Desi;g
[ The prin f differential motion 4$(bd
. Commeru entlal drives

~ Cycloidal dr| é
~ Harmonic drive /
~ Epicyclic drive é‘@

@
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I-Backlash Transmission Desi

1 Commerp@ Ifferential Drives $%

~ The Cy g&r rive
N=15, e=1, R=24, r= The poift e the two pitch

circles co ct is an instantaneous

o ° °° 5 meaning that all points on

. Instantaneously rotate
-abouf this center. In addition, each
‘- 2 In contact with aroller is
g tangentially about the
@ instaht cgfiter. The normal force at

5 each contagt acts through the
5’ instant cenger. Thtat point on the
\o cam is instantﬁaly

«’0 constrained ag

anslations;

OV only rotation is all &
#%)"Cfnig—é

Y P E5I RO E G EL 25
PILab 25 "%Qgg dhwang@cqu.edu.cn
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Cgti-Backlash Transmission Desi;g

1 Commer Mﬁijferential Drives &
~ The Ha o@[}rive
()

.

SO ,

4‘.‘. .'.*}»\ fiad gene

: 9

. SN _

% ~'/ A The three fasic components of

.,“' a harmefiicdrive are the circular

) ( 1.“?‘~‘ spline, th Ilexy‘e and the

wave generator,
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Cgti-Backlash Transmission Desi;g

1 Commer E}ijferential Drives $
# The Epi cﬁf}?ive

The circle resent the operating
it lameters of the various

he planet gears have two
ng pitch diameters because
h simultaneously with two
t sized internal gears. One
internal g Is fixed and the other
IS the outpuyShaft. The sun gear is

the input s aft.a‘
PILab i%gﬁgﬂ%ﬁg dhwang@cqu.edu.cn @
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In Real Life
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Thermal Growth Errors

O By far th@ common cause of no@%bility IS
temperatu j‘ .

~ More specifi{  Jhe cause is %ﬁng temperature

with time, wh es thermal Oystortion of the
structural loop (ngz6 s of all the mechanical
elements involved in e tool and work in a given
relative position).

Z Interestingly, tempRrat™fe lems also seem to be the
least widely appNsated erroFs&in machine tools.
[Donaldson,:&& a‘

PILab *%”):J&Erﬁ\a gt %ﬁg E-mail: dhwang@cqu.edu.cn
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( ; Thermal Growth Errors S

3 The inte aI standard temperatur hefe a solid
object has size, is 20° C (68°
# This implies temperat i¥ibution must be
constant an through& workpiece.
Z By |nternat|onal agre tYology at any other
temperature contains y induced errors, although
the systematic com be reduced through

compensation.
~# The thermally | d errors | easuring machine

or machlne usually more Jgnlf ant because of
its size a p exity. é;

PILab *F;ix Q% E-mail: dhwang@cqu.edu.cn §
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eat sources and paths (After Bry

A

Heat ) d or removed by coolant systems reAted Mathe machine Heat
source! Room Coolants People Elex stabilization e | created
sinks | SRVIFORMENL | placty fame  {utting ubricating and otors, transducers e | by the
syslems tabilizing | fluid oil electronic [ Amplifiers, control cabnets | |€Utting
- 2 e Ll | PIOCESS
4 * rctign Spindle bearings
. Other Bl
aulic i
iscellanecus ]
| — | ! -
1
i i } R |
[ Conduction| Convection [Radiation | Radiation | | Conduction| Convection [ Radiation |
1
T .1 L T .1 .
4o 7,
ure gradiants Temperature variations : '
static effects or dynamic effects . :
I L
) =l 1
\» ¥
¥ L . ¥
Temperature Uniform temperature onuniform temperatures | | Memaory of previots _.:
field other than 20 desrees environment )
1
il — ;
. L X )
.f.‘rfer:ted Part [ Master | ;
Structure - o e o — ] Stationchange | _
¥ effect

Form error SLFE QIror

Total thermal error '
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The€rmal Growth Errors: Linear Expangjon

3 Simple t ate %(b.
~ Axial e of tools, spindles and ¢®lumns, caused

by bulk te change A often a significant
error

~ At least it does no g O'Abbe errors

temperature, Whll%&other end c ges)
ol T —T,
%&\ N

PILab *FEE})L = ,% dhwang@cqu.edu.cn
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The€rmal Growth Errors: Linear Expangjon

J Foram I cast Iron structure m@% gradient,

o= 55um
~ This is ave @ rvative esti pecause the column
will diffuse th Iessen thewradient

»g\
N 3
PlLah ¥es? gﬁé% c-mai: dhwang@sau.edusn %Os
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Thé€rmal Growth Errors: Thermal Gragsent

1 One of t a}t common and insidio exmal errors
~ Beam | Qf‘ ®, height = h, section |, dient AT,

strmghtnessg@r Q.
éf é -

PILab *F%)L St ,% E-mail: dhwang@cqu.edu.cn
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Thé€rmal Growth Errors: Thermal Gragsent

1 One of t tcommon and insidio exmal errors
~ Foral Qé‘ cast iron surface plate With DT=1/3 Co (1
Co/m), d = 1 d 6T =6. de

= This is a servative estymate, because the
plate will dlffus t @ fessen the gradient

t{t on the bed, thermal
ANt

~ In a machine tool with
warping errors can

= Angular errqrs ampll ied he height of
componentq\a%ched to the&

PILab *FEE])L = ,% dhwang@cqu.edu.cn

and Intelligence La b oratory
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Thé€rmal Growth Errors: Thermal Gragsent

1 Causes Q@ mal gradients %‘b‘

~ The be q?ésubjected to aflood mperature
controlled fl .

iz Evaporatlve C mmon on rge grinders)
~ Room temperature iltly during the day
~ Overhead lights can dients in sensitive
structures
= Plastic PVC s are extre ly effective at
reducmg,ln heat tran 1on

2 é&\ %

PILab *F%)L St "% E-mail: dhwang@cqu.edu.cn
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Thé€rmal Growth Errors: Thermal Gragsent

B Causes maI gradients &‘b‘
A .

Z A Iarge mac a deep fou (relies on the
concrete for an have pMblems:

= Several meters u dund, the concrete is at
constant temperatur
= The top of the m%@t the concrete are at room

temperature
~ Internal heats S (motors s&es ballscrews,

process) &\
Q_,S@ %/;
e 60

/25 73 RBSE e E-mail: dhwang@cqu.edu.cn
a Precision and Intelligence Laboratory URL: http://www.pilab.coe.cqu.edu.cn/
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Th al Growth Errors: Design Strategies
O Very tro@me because &‘b‘
Z they ar x@'changing
s components& ransfer coe@! vary from
machine to m Z(

1 Design strategies to m| fects
~ Reduce sensitivity

~ Manage heat SOUN‘%EQ
~ Control machin wonment
Zd Compensaté& asured deviat@ns

PILab if%!)’;& ] = %ﬁg E-mail: dhwang@cqu.edu.cn
reci

cision and Intelligence Laboratory URL: http://www.pilab.coe.cqu.edu.cn/
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Th al Growth Errors: Design Strategies
J Reduce @vity 4$%
2 Structu Qé n
= Obtain s IC temperat%ributions In
symmetric res to reduc®-distortions.

~ Low-expansion mateg
= Use low CTE mateyi oxeduce variations in
geometry due toﬁ@a in temperature.

SO

Q

PILab ilf%!a‘& ] sk %ﬁg E-mail: dhwang@cqu.edu.cn
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Th al Growth Errors: Design Strat

1 Manage urces (1/2) 4$%
Z4 Ellmlna?eﬁ
= Place ne:@ heat sourc%side the controlled
environ eliminate unfecessary heat sources.

~ Reduce: Use compoé
= Maximize conductjVigg

~ lsolate \Q
= Capture the&% ear thesougCe or prevent it from
spreading i% e structures,
# Avoid cascNi ° ¢
7 Keep Q,sources constant (?O

PIL b*ﬁ% dhwang@cqu.edu.cn
a and Intelligen L b atory
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Th al Growth Errors: Design Strat

1 Manage urces (2/2) &‘b
4 Ellmlna?eﬁ
~ Reduce 60‘
/ Isolate é/

~# Avoid cascading é ’
= Fluids that remov m an isolated source
should return dl@ temperature control
system rath flowing ovgkother sensitive parts
of the syst%
~ Keep heat M constant ° 5!:
= Nec heat sources within th rolled
e ent such as lights should re@&constant.

PILab *%)Lg,‘ig% .@ dhwang@cqu.edu.cn §
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Th al Growth Errors: Design Strategies

1 Control @e environment (1/2) &‘b
~ Control oqﬁ‘ it temperature
= Reduce t%ture variati@the machine by
controllin ?itgmperatur round it.
/~ |solate machine roo ‘ °

= Prevent heat leakqgg4(itoyor out of the machine room
to reduce variati@@ oom air temperature.

~ Isolate machinags ture o
= Control the% erature of the etroléf loop.

~_Control wo?@z temperature  °

= anns
e Y
tReS o R wan cqu.edu.cn
PILab iﬁe‘c'i:ui?n and Intelligenctﬁ%%g%ory dhwang@cqu.ed §
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Th al Growth Errors: Design Strategies

1 Control @e environment (2/2) $
~ Control oqﬁ‘ it temperature
~ Isolate mach m
# Isolate machine tuye
~ Control workpiece t$ ,
= Use a temperaturecaptroped fluid flowing over the
workpiece to cor%@i ' perature. Consider the

effect of vis eating i high-speed fluid flows.
~ Isolate machin rator

= The hu ma y represents a Hea’-t&ice of about

100 .Precision applications equire the use

ofa afing clothing such as gloves.(?O
PILab iﬁg@gﬂ%ﬁg dhwang@cqu.edu.cn §
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Th al Growth Errors: Design Strat

W Compe r measured dewaﬂons&‘bU

~ Spindlé qaﬁr ‘compensation

= Use a suli |splacemen eor such as a
capacitan cer to measure the axial spindle
o p . L

growth and

’

~ Metrology frame tempeg
= Measure the tem t the metrology loop in

sufficient d compute theerror and compensate
the sllde.po% &

PILab *FEE})L = ,% dhwang@cqu.edu.cn
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Th al Growth Errors: Design Strategies

m Conduc%

~ Use thé
~ Keep the te re the same%?building all year!
~# Channel heat-carg fJuidg (cool®int coming off the
process) away g ‘ °
1 Convection

2 Use sheet metal or@c a ings

[ Radiation ‘
MmsS (used in su Tmarkets too!) are very

2~ Plastic PVC q%k
effective at:&g ng infrared radiation
t

~ Use iIny Ighting outside the curtairfS, &never turn
theNi g Spff 0
PIL b*%-’)';& ) S %ﬁg E-mail: dhwang@cqu.edu.cn § YL t
a Precision and Intelligence Laboratory URL: http://www.pilab.coe.cqu.edu.cn/ “c»%“\ﬁ
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Th al Growth Errors: Design Strategies

3 Always Q@/ urself if symmetry can&% to
minimize @xs %

4
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Summary of Lectures 2 and 3

O Principle Iﬁg (b‘
~ How to r(iinethe principle errorsin t esign stage and

evaluating s

®
~ How to simpli&ée hanism to aXguPe the instrument’s
h @%p

precision throug sai fo.rt e principle error?
3 Manufacturing Errors
[ Running Errors

Force/Stress induceq mc

Measuringforceh% deflectton
Wear °

Clearance a Bc ash induced error®
Thermal } ed error

pecy Y
uigpance and environment condition §

*%!)E& E-mail: dhwang@cqu.edu.cn
a Precision and Intelligence Laboratory URL: http://www.pilab.coe.cqu.edu.cn/
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( ; The End S
v,

[ Thank ‘};iy.much for your a@%‘n!
e R

%@ .
s
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