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Outline of presentation

- Why high precision?

- Basic terminology in high precision positioning

- Sliding and rolling devices

- Compliant devices

- Theoretical analysis of mechanisms based on
Spring-strips

- Experimental assessment of the behavior of
spring-strip mechanisms

- Flexural hinges

- Examples of application of compliant mechanisms

- Conclusions
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GE Synchrotron
New York State

Applications of synchrotron radiation (from “Synchrotron Radiation”, HASYLAB).
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-
'm 1 X04S (MS
X06S (PX) It mono crysta mono
Y, — translation along the beam ,
Bragg angle range 2.5° ~50°
: : : .5° o 1)
Actuator Stepping motor Mechamca‘lly possible angles . 5_0 ‘
Motion ranee 0200 C Guidance method precision bearings
=] — . .
Ideal resolution ﬂZ um (full Stem Drive mechanism worm & worm wheel )
Resolution \ lum Actuator vomotor L

Velocity 2.5mm/s Ideal resolution 0.1"/step

Absolute accuracy J1mm” Resolution 1"

Repeatability 2 um ili i
Backlash 6um Absolute accuracy
Yawing 5" Radial runout : 5um
Pitching 10" Rotation axis wobble 3"
1"/5mm” Rotation axis stiffness : 0.05"/kg-cm ®

Rolling 10" Maximum velocity 0.3°%s 7
Encoder Linear motion sensor Position reading incremental encoder

0, — fine Bragg angle adjustment

Actuator Stepping motor
Drive mechanism Sine bar pushed by
translation stage
Motion range -1°-22°70
Ideal resolution 0.1 " (full step)
Velocity 0.15°/s
Resolution

Accuracy for 0.5 ° scan

0057 >
7~ +01"Y

Accuracy for 6 ° scan

i1/’ )

Crystal yawing

(
N—01" ~

Axial wobble and surface runout

1 um

Encoder

optional ¥

Vacuum sealing
Other features

HEIDENHAIN ERO725, 1" reading
together with 1° scale plate
magnetic fluid seal

cooling tubes led through the hollow
principal axis shaft;

momentum load cancel mechanism
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ELETTRA

OPTICAL LAYOUT OF BEAMLINE ENEA

Required stability of mirror S1 settings. R« E\
Ax Ay Az Ay’ AZ’
1 um 10 um 2 um 3.6" 3.6"

Stability requirements for the refocusing mirror.

Ay Az Ax' Ay’ AZ'
10 um 2 um 0.7" - 1.8" 3.6"
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— The alignment, stability and repeatability
requirements for the the optical elements of
31 generation SR optics manipulation
devices are 1n the 100 nm and 0.5 prad
range, while new developments such as the
micro focusing of the beams, the
(straight trajectory in an undulator < 10 um
over 100 m),... make these requirements
even more stringent — the adopted
solutions are very similar to those
employed 1n micro- and nano-technologies
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ISO References - keyword "Precision”
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Year
cf. EUSPEN & 6t FP — EU; ASME, ASPE — USA; JSPE - J;

Precision Engineering, J. Micromech. & Microeng.;
ME Dept. @ MIT, EPFL — CH, ...
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Write Protect |
Notch

<1987.: 5.25” floppy with < 1.2 vt P St

MB — 3.5” floppy: < 1.44 MB — || |
CD: <700 MB — DVD: <5 GB 01

3¥-inch 5%-inch

"MILLIPEDE"

Highly parallel, very dense AFM data storage system

Multiplex driver

2D cantilever array chip ——

Storage medium
(thin organic film)

“MILLIPEDE” [IBM Ziirich]: 64 x 64 0. 3 m thlck and

70 um long cantilevers = 1 Tbit/in? ‘stamp’ — several
movies on a ‘disk’
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Miniature robot for machining and quality control of
surfaces with nm resolution

Miniature walking machine on S—-curved surface.

PLT for fine feed

Hanipulator
Obgect

(a) Fine machining

(b) Precision Delivery
Vacuume tube

Electro magnet and
Piezo element

Feed device
Plame

Waste articles

(c) Trash clearing

Fig.9 Instances of precision working

Fig.10 Miniature robot for surface roughness measurement.

[Aoyama et al., IP Prec. Eng., 1993]
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ACHIEVABLE ‘MACHINING’ ACCURACY

Machining Tools & Equipment

Turning and Miliing Machines

0,001 in

10

Micron 1

Machining
Accuracy

m 0.1

Grinding Machines

Normal Machining

CNC Machines

Lapping and Honing Machines
Jig Boring Machines

Jig Grinding Machines

Step and Repeat Cameras

Precision Machining

Optical Lens Grinding Machines
Precision Grinding Machines
Super Flnishing Machines
Diamond Grinding Machines
_Diamond Tuming Machines

1pnin
0.01

0.001

0.3nm

0.0001
(1A%)

\

[TJTtra Precision Machining

g_n m)

High Precision Mask Aligners

UNra Precision Diamond
Turning Machines

Diffraction Grating Ruiing Engines

Atomic Lattice Separation

oy -

Free Abrasive Machining

Electron Beam

Soft X-ray } Lithography

lon Beam Machining
Molecular Beam Epitaxy

] 1

STM AFM Molecular Manipulation

1940 1960

[McKeown, EUSPEN, 2000]

McKeown [5] after Taniguchi [1]
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ME Problemsby High Precision Manufacturing and by
Handling and Assembly of Micro-components

— Compensation of environmental effects (e.g. therm. dilatations)

—> Active vibration control

—> Precision positioning and 3D compensation of positioning
errors of machining tools with respect to pieces, of measuring
and optical devices, of I'T peripheral devices, ...

—> Design of machines with highly precise and reproducible
(predictable) position, velocity and acceleration profiles

2 : : e e
R e e

S. Zelenika MEDSI04.ppt 23.05.2004.




e l«—{ Accuracy =.05 mm

error

108

Ideal (Theoretical) Motion
Average Actual Motion

repeatability

Precision = + .08 mm

NUMBER OF MEASUREMENTS

[Slocum, Prec. Machine Design,
Prentice Hall, 1992]

0.8 0.9 1.0 1.1 1.2 1.3
MICROMETER READING (mm)

BASIC TERMS:

Resolution: value of smallest resolvable displacement (step) of the
component; 1t differs from the resolution of the measurement
Accuracy (error): difference between the (mean) actual motion and the
1deal displacement of the device

Repeatability (precision): range of deviations of the actual
displacement for the same nominal (imposed) displacement

\_
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SLIDING AND ROLLING MECHANISM S
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Random error motions of linear rolling guides

s(a,b,c.d)
a-b=Tum
c,d=1..3 um
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Motion 1n 1 direction creates 5 parasitic motions

s
Y S W

A

[Courtesy T. Noll, BESSY, Berlin]

\_ J
S. Zelenika MEDSI04.ppt 23.05.2004.




Friction in Mechanical Systems

steady-state errors, ‘hunting’ (limit cycles

around reference position), wear, ...

Tracking: stand-still errors, stick-slip (intermittent motion —
e.g. chalk on black board, violin, earthquake)

Negative Viscous Friction 20 B \
Friction Force  (The Stribeck Effect) \—d

'}

\_‘j/ °r
E _
- 0
g

Velocity > -10 |-
/‘\, 20 ] [
-2 -1 0 ! 2
Position error {mm)

[Armstrong-Helouvry et al., Appl. Mech. Rev. ASME, 1994]

[Yang & Tomizuka, ASME J. Dyn. Sys. Meas. & Contr., 1988 |

J

\
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Compensating such and other non-linearities (e.g. micro-
displacements for forces smaller than those needed to
overcome stiction) 1s possible only by using complex
control typologies (impulsive control, dual control,
vibration (dither), adaptive control, ...) and measurement
techniques (1.e. feedback systems) '

PULSE WIDTH
CONTROL

””””” system
I A Ny r— -7 T
sw3 Lz—1 '| \swz I l - (_l I
| !
+

Xrart+ | € + W - v !

_h kp il % T-a- Z0H _%WI ms+c g |

I B _
ky . —

[Yang & Tomizuka, ASME J. Dyn. Sys.
Meas. & Contr., 1988 ]

: _\l . W A ¥ 'e
- AR et

[ctf. ZS, Poli Torino, 1996]

J
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COMPLIANT MECHANISM S
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NI

Commercial product
(free-flex)
[www.lucasutica.com]

[Slocum, Prec. Machine Design, Prentice Hall, 1992] [Howell, Compliant Mech., Wiley, 2001]
[Smith et al., Found. of Ultraprecision Mech. Des., Gordon & Breach, 1992]
\ [Smith, Flexures, Gordon & Breach, 2000] [Kim, Korea Inst. Tech, 2000] [Henein, EPFL, 2000] )
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Advantages: Drawbacks:

* high precision  limited stroke
 only slight hysteresis losses * limited load carrying
* no friction (stiction) capacity

* no wear & backlash e complex analytical

* no need for lubrication formulation

 can be used at high & cryo

temperatures, in aggressive
(radiation), dirty and clean
(UHV) conditions — SR
monolithic manufacturing
(““‘design for no assembly”) —
no tolerances

errors are systematic = use of
simple control laws

simple and reliable design —
simple maintenance

limited costs (no feedthroughs)

J
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MECHANISM S BASED ON SPRING-STRIPS

Precision positioning: it 1s necessary to characterize not

only the main DOF, but also the non-linear “parasitic”
displacements

- 1
1 1
b4 rfo-- -
/ | | /
// | | / X;
| l /Nl LT
a b /
/’ A | | / -
/ R S e
/ Y 0, b e A A
X / 0] C
/ 7 0 / j

y
4

Collaboration (also in frame of EU projects): U. Udine (I),
U. Brasov (R), Poli Torino (I), Elettra Trieste (I), PSI (CH), ...
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Theoretical analysis: reduces to general problem of
cantilever beams loaded at the free end with forces and
moments — can be addressed with analytical approaches of
different degrees of approximation — limits of applicability
depending on required degrees of accuracy and experimental

o ‘.
validation o “ o
S 7,24
B21 By B1

\ J
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“Elastica” Method (EM)

M . Exact expression for beam
curvature 1n range of large
(geometrically non-linear)

detlections
d’y
ST R GRSV V I g

ds 2%
gE
The original “Elastica”
formulation (straight
cantilevers loaded axially)

was recently extended to
the general loading case

¢~ [Timoshenko & Gere, Th. El Stab., 1961]
[Frisch-Fay, 1961]
[De Bona + Z8S, J. ME Science, 1997] |

MEDSI04.ppt 23.05. 2004.




CL=2ZK
2 k cos sin T
a _Po s ¢—(2E—1)cos(l)
L K

2 k cos @ cos(j)_(ZE 1‘)sin¢
= —

K(k), F(k,qo - complete and incomplete elliptic integral of
the first kind:

N3

K (k) f o
; J1 - k? sin?Q

Po
_ _ d(p
F e Qo) _f N1 - k2 sin?@
0

E(k), E(k,9,) - complete and incomplete elliptic integral of
the second kind:

z
E (k) f J1 - k? sin’p do
0

k = sin 60/2

c - ./ R _ [P T
E J P.r L cos O
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/ F,BMEILLr/

[—>| k, @o, @s -> Equations (6, 7) |
!

0o = o+ Abo
-> method of (ﬁ::_n(;c j}; P
successive -
approximations n=0,1/21,3/2, ..
A

Discretization of the
beam in m sections

As=Llm

| @a = arcsin {sin (60/2) / k), s =0 |
le

Evaluation of the elliptic
integrals of the first kind
K(k) -> arithmetic-geometric mean

F(k, @) = 2nK(k) £ F(k, @)
+ special cases (k=0, k=1, ¢i=0)

F(k, @i) -> Landen's ascending transf.

CL - {F(k, Qo) - F(k, @)} < &

Evaluation of the elliptic
integrals of the second kind
E(k) -> arithmetic-geometric mean
E(k, ©i) -> numerical integration
E(k, @) = 2nE(k) + E(k, @)

+ special cases (k=0,k=1, i=0)

Evaluation of the coordinates
of the free end of the beam

Xo, Yo, fo, ao >
Equations (13, 15, 19, 20)

Evaluation of the elliptic
integrals of the first kind
K(k) -> arithmetic-geometric mean
F(k, @i) -> Landen's ascending transf.
F(k, @) = 2nK(k) £ F(k, @i)
+ special cases (k=0,k=1, @i=0)

Cs - {F(k, Qo) - F(k, @a)} <

Evaluation of the elliptic
integrals of the second kind
E(k) -> arithmetic-geometric mean
E(k, @) -> numerical integration
E(k, ¢i) = 2nE(k) = E(k, @i)

+ special cases (k=0,k=1, @i=0)

!

XA, yA,fA, aa ->
Equations (12, 14, 19, 20)
I

Pa=Qa+ AQa — :
-> method of @i=nnt @i —
successive i=0,A §=s : s
approximations n=0, 1/211, 3/2, ...
A

[De Bona + ZS, J. ME Science — Proc. Inst. ME, 1997]
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g/ Influence of axial load on

Approximated Curvature Method (APM)

AY

flexural behavior 1s taken
into account, but square
of derivative in curvature
formula 1s neglected

-

f/2

X

[Timoshenko & Gere, Theory Elast. Stability, 1961]
[Plainevaux, Nuovo cimento, 1954]

J
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, Geometric Model (GM)

— \\;:——"____—_11_\—:\“_’;1
I R e : : :
/ + Approximation with a
) K // rigid pinned quadrilateral
/
/ /
/ /
/ /
/ /
*/’777’777777777*/777///////////////////////7777/////////// 117777777 ///7%7777-

Bending of beam and
influence of axial loads
are not taken into account

\
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Experimental techniques of
limited accuracy were used
for the experimental
characterization of
compliant mechanisms:
- pointers, styluses,
toolmakers’ microscopes, ...

[Young, J. Appl. Mech., ASME, 1944]
[Wittrick, Austral. J. Sci. Res., 1948]
- [Nickols et al., Eng., 1951]
[Wuest, Feinwerktech., 1950]
[Siddall, U. Aberdeen, 1970]

ot

ot Vgt

\ . ' _ il J
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Michelson-type Laser Doppler Interferometry

LASER HEAD REFERENCE
CUBE-CORNER
BEAM ,
> FREQUENCY | spLmTER | f1, f2 4;;} (, RETROREFLECTOR
> r ----- o1 1 >
LASER SOURCE ! ; Y Ny
M4 PLATE | « - :A -
POLARIZING POLARIZING +
FLTER v || BEAMSPLITTER
PHOTODETECTOR () RECEIVER
! T f1 - fo+ A f1
! Sl
| MEASSIL(J;F,*\;'\CENT DIFFERENTIAL
'|_ f1 - fo COUNTER
_____ b ]
f1 = MEASURING BEAM REFERENCE I
SIGNAL DISPLACEMENT X
-------- fo = REFERENCE BEAM
X =k j Af dt

max.resolution=1(0.25) nm; max. velocity: 1 m/s; BW: 1 kHz
f,,f,=4.810“Hz(He:Nelaser) f,—f,=2MHz v,=1m/s
[cf. ZS, Poli Torino, 1996]

= Af/(f, - f)) = 1.6

J
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Measurement tech. Resolution Range Range/res.

Capacitive sensors 0.1-05nm| 5-15um |3-5x10"

Fibre optic 0.5 nm 30 um 6x 10
STM 0.01 nm 20 um 2 x 10°
?rfti?flllri f;{g 0.03 nm 200um | 6.67 x 107
Laser mterferometry 0.25 nm 80 m 32x10"
Linear optical scale 10 nm 1 m 1x10°

[cf. McKeown, Annals CIRP, 1987]

Laser interferometry: resolutions and accuracies are
practically independent on the measurement range, intervals
of uncertainty are limited (usage in metrology, aeronautics,
robotics, calibration of machine tools, ...) — such an optical
(non-contact) approach to displacement measurements was
used for the experimental validation of the analytical results |

S. Zelenika MEDSI04.ppt 23.05.2004.
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Trandation M echanisms Based on Spring-strips

Goal: determination of the limits of applicability of the
analytical approaches for the calculation of the parasitic

displacement a = f(f)

Parallel spring =

translator

Ve

V4

i
a4

S. Zelenika

MEDSI04.ppt
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_

MEASUREMENT SYSTEM

DISPLACEMENT a f— — — 1\1:/)IIIJI§RNOER AUI\"};S%SRLLI

|
WOLLASTON -
PRISM I -
PLANE N I LASER HEAD
MIRRORS 1 H | T WITH RECEIVER
ST ADJUSTABLE
- | [ MOUNT
STRAIGHTNESS l l
RETROREFLECTOR | | v
—
] | LASER
HEAD |
l CUBE I LI.T_r/
ICORNER| ' _
MEASUREMENT SYSTEM | 7E -
_L ~ fRECEIVER
TRAVEL f , | r - I
| | 1 SINGLE BEAM
| w4 INTERFEROMETER

MEASUREMENT SYSTEM | D: ljJATES
e R A@

PLANE | AUTOCOLLIMATOR
MIRROR |

[ J—-f

| e

<L WIRE PARALLEL SPRING
TRANSLATOR

PITCH ANGLE ¢

P

OPTICAL BENCH

Simultaneous
measurement of linear
horizontal
displacements f,
parasitic vertical
displacements a and,
to assess mounting
accuracy, rotations @

Resolution of angular
meas.: 500 nrad (~0.1”)

, l [De Bona + ZS, IP Prec. Eng., 1993]

J
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DO e 1100 2,0""""'-“100\
4 ] P/Pcr = 0,6 LA a | p/Pcr = 0,15 LA
mm] 1 - sperim. - m [mm] | -~ - Sperim. - [pm]
o] oIl RS B 0 B o T
i P di compressionell,:"' [ 1 P di compressione T
1,0 1, 0 —-eepebeaciadindg = T g I S
i a(Elastica, P=0) \\\f\\;-\n_,__ E a(Elastica, P=0) — _
0,57 \ “‘_’,;:;;LZ;,/ . trazion:\jﬁo 0,5—_ \ L :—-50
o Jee T algeometrico) " 100 o d a(geometzico) [ o
0 5 £ [mm] 10 15 0 5 f [mm] 10 15
Spring-strips: L =70 mm, t= 0.3 mm, b =40.3 mm
GM: errors of ~ 20%
ACM: neglecting the square of the derivative causes errors that
grow with increasing axial loads and primary displacements
EM: results are always within meas. intervals of uncertainty
Measurement accuracies of + 10-* have to be achieved to
emphasize the non-linear effects in the curvature formula
Axial loads of different sign cause parasitic displacements of
different entity [De Bona + ZS, IP Prec. Eng., 1993]
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Compensated Trandation M echanisms

FIXED PLATFORM

\_

-
] T {
MUWWEF%HHQMW
S i
\ f ©
\. F (I
\ / -
N | / PW
~J l: =
Y MﬂﬁﬁMﬂWﬁﬂEflﬁﬂ?WW
x
0 L £
Z

(Mm]

400

350

300

250

200

150

100

50

0

-50

{ . L 2 " 1

- experimental /éL
approximated curvature a

Elastica

geometric model

standard compensated
elastic suspension

.

Al modified compensated
elastic suspension

5 f [mm] 10 15

Spring-strips: L =70 mm, t=0.3 mm, b=38 mm, P/2=49 N, P/2=9.1 N
(L, =70.6 mm, t=0.25 mm, P/2 = 9.9 N)

straight displacements

Standard compensated mechanism: double the stroke, but there 1s
still a parasitic displacement because of different axial loads
By ‘tuning’ the design parameters, it 1s possible to minimize the

parasitic displacement and thus to achieve ultra-high precision
[De Bona + ZS, IP Prec. Eng., 1993]

J
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Rotation M echanisms Based on Spring-strips

Goal: analysis of the variation of the amplitude d and of the
phase @ of the parasitic displacement OO’ as function of
rotation ¢} for various values of the loads V and H

Cross-spring pivot

Spring-strips: L =115 mm,
t=0.5mm, b=15mm, o= m/4

S. Zelenika MEDSI04.ppt 23.05.2004.




Tracking of a point (geometric
center of mechanism) in 2D
space = 2 beams under a
precisely calibrated angle ¥

“Cube-corner” reflects the
beam Il to the incoming beam

\_
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Simultaneous meas. of 2 components of parasitic displ. and |
of angle ¢ resolution of linear displacement meas.: 10 nm;
resol. of angular meas.: 200 nrad (~ 0.04”)

| RETROREFLECTOR
CROSS-SPRING | | | - S ~ |
PIVOT \ g
DIFFERENTIAL | = |/
INTERFEROMETER
| \\
o -
-}
S N
N : —
OB ~ \S i > ;21
Q 1 l I : - ..'
ia SINGLE-BEAM IR ]
5 INTERFEROMETER ||| i1 (| L H
£ i C iy '
< A T —
S ~— ol >
M ! P
(D]
a
_|_
09
N,

LASER HEAD } | Ej [j
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0.03 | v 10.003
dL L AdL
E ”f/'ffff;
0.0154 -0 H=V=0
0 — 10,003 /18
0 /12 /6 0 /12 /6
¥ [rad] U [rad]
— Elastica (Haringx) ~ —— exp. (Hildebrand) —>— geometric model
---- geom. (Troeger) —e— exp. (Young) —— proposed method
—o— kinem. (Wuest) —— exp. (Nickols) t interferometric meas.

---------- kinem. (Hasselmeier)

Only the interferometric method allows the limits of applicability
of the analytical approaches to be established (errors to EM <2%)
Geometric & kinematic methods don’t provide appropriate results
EM 1s easily applicable only 1n the case of loading with pure

moments (symmetric configuration)
ACM generalized for this case gives satisfactory results

J

[ZS + De Bona, Prec. Eng., 2002]
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o/ & 4 11 variables:

7
)‘ //& /?/).
B2

B1 .
Mg, Mgy 19
S

Q'\z
Mg2

Y% single leaf springs

: 1
461(2)(4 T ‘92)(52(1) cosh Bz(l) —sinh Bz(l))tg(v th)- 4512(2)} t 55(1)51(2) '
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Equations: equilibrium of
forces and torques for the
mechanism, equilibrium of
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This new analytical method allows the influence of the variation

of the axial load on the behavior of the mechanism to be clearly

established

In the limit cases of large rotations or external loads approaching
the stability limits, the approximations of the curvature formula

cause significant errors
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