Adjustments and flexures

Optical instruments and systems often require the ability to make small mechanical adjustments.

The design must be carefully considered to
e Provide resolution for the adjustment in the desired degree of freedom
e Fully constrain all other degrees of freedom

Other important considerations
e Total range of adjustment
0 Sometimes, you require both coarse and fine adjustments
e How often the adjustment must be made
e Required stability for all degrees of freedom
e Required stiffness (from static or dynamic requirement)

Constraints
e All degrees of freedom must be constrained
e As one degree of freedom is moving, the others must remain constrained
o Kinematics (balls on hard plane, V, or cone)
o0 Pivot (suffers from friction)
o Flexures

= No friction

= Limited range

= Use geometry, materials to provide compliance in adjustment DoF, and stiffness
in others

Classes of adjustments
e Shims and spacers
0 Most stable
0 Used for one-time adjustment

o
o

Need to have a good way to determine the necessary spacer thickness
Details of the hardware are critical (follow the load path)

e Push-pull screws

o
(0}
o

Not as stable as shims(can add locking jam nuts.)
Resolution limited by thread pitch, friction
For one time adjustments, use potting epoxy to make it permanent

e Push against a spring load
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Can be kinematic

Most common for small tilt stages for fold mirrors

Details of point loads must be considered

Preload must not be exceeded in dynamic environment

For one time adjustments, use potting epoxy to make it permanent

University of Arizona 1



Shims and Shim Stock

1420 products match your selections

Shim Type
Shoulder Shoulder
] = i
Standard Shortening Shims for Shoulder Screws Lengthening Shims for Shoulder Screws
Specially designed precision washers that ~ These shims fit the shoulder diameter to These tight-fitting shims thread onto the
align, level and adjust parts in a wide shorten screw length. screw to extend shoulder length.

variety of applications.

Gear Gear
Bearing Bearing

Motor Motor

Shaft Shaft

Shaft Bearing Die Punch Shims

Also known as inner-race shaft spacers or ~ These shims are also called outer rim Place these shims under resharpened dies
washers, they fit snug to shafts and are spacers or washers and are designed for to restore their original height and extend
used for spacing between bearings and spacing between motors and bearings. the life of the dies.
gears.

Laminated Peel-Away Slotted Color-Coded Shims with Holes
Custom fit the shim right on your job site. ~ All have an extra-wide bearing surface. Designed for use with housings and cases
Just peel off the extraordinarily thin for bearings, gears, and pumps, these
laminated layers to get the thickness you shims adjust clearance on rotating
need. equipment. Holes allow you to fasten the

shim to a housing or flange.

Leveling wedges
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http://www.mcmaster.com/param/asp/psearch.asp?FAM=shim&FT_158=24426&FT_324=9354&session=desc=Shims;shim;158=24426;324=9354
http://www.mcmaster.com/param/asp/psearch.asp?FAM=shim&FT_158=24426&FT_324=9354&session=desc=Shims;shim;158=24426;324=9354
http://www.mcmaster.com/param/asp/psearch.asp?FAM=shim&FT_158=24426&FT_324=24432&session=desc=Shims;shim;158=24426;324=24432
http://www.mcmaster.com/param/asp/psearch.asp?FAM=shim&FT_158=24426&FT_324=24432&session=desc=Shims;shim;158=24426;324=24432
http://www.mcmaster.com/param/asp/psearch.asp?FAM=shim&FT_158=24426&FT_324=24433&session=desc=Shims;shim;158=24426;324=24433
http://www.mcmaster.com/param/asp/psearch.asp?FAM=shim&FT_158=24426&FT_324=24433&session=desc=Shims;shim;158=24426;324=24433
http://www.mcmaster.com/param/asp/psearch.asp?FAM=shim&FT_158=24426&FT_324=172464&session=desc=Shims;shim;158=24426;324=172464
http://www.mcmaster.com/param/asp/psearch.asp?FAM=shim&FT_158=24426&FT_324=172464&session=desc=Shims;shim;158=24426;324=172464
http://www.mcmaster.com/param/asp/psearch.asp?FAM=shim&FT_158=24426&FT_324=172465&session=desc=Shims;shim;158=24426;324=172465
http://www.mcmaster.com/param/asp/psearch.asp?FAM=shim&FT_158=24426&FT_324=172465&session=desc=Shims;shim;158=24426;324=172465
http://www.mcmaster.com/param/asp/psearch.asp?FAM=shim&FT_158=24426&FT_324=79056&session=desc=Shims;shim;158=24426;324=79056
http://www.mcmaster.com/param/asp/psearch.asp?FAM=shim&FT_158=24426&FT_324=79056&session=desc=Shims;shim;158=24426;324=79056
http://www.mcmaster.com/param/asp/psearch.asp?FAM=shim&FT_158=24426&FT_324=172618&session=desc=Shims;shim;158=24426;324=172618
http://www.mcmaster.com/param/asp/psearch.asp?FAM=shim&FT_158=24426&FT_324=172618&session=desc=Shims;shim;158=24426;324=172618
http://www.mcmaster.com/param/asp/psearch.asp?FAM=shim&FT_158=24426&FT_324=172421&session=desc=Shims;shim;158=24426;324=172421
http://www.mcmaster.com/param/asp/psearch.asp?FAM=shim&FT_158=24426&FT_324=172421&session=desc=Shims;shim;158=24426;324=172421
http://www.mcmaster.com/param/asp/psearch.asp?FAM=shim&FT_158=24426&FT_324=172482&session=desc=Shims;shim;158=24426;324=172482
http://www.mcmaster.com/param/asp/psearch.asp?FAM=shim&FT_158=24426&FT_324=172482&session=desc=Shims;shim;158=24426;324=172482

ADJUSTMENT

LOCKNUT
Push-pull screws SCREW ya
. Provide large range of motion RS A
I : TNNVENNS
. Can achieve fine resolution .
Limited by thread pitch, interface details MOVING SLLLTAZLS
o Self locking — jam nuts or epoxy PLATE \MD
. Can causes stress, distortion BASEPLATE
STACKED ADJUSTMENT
Danger WASHERS SCREV
This provides only 1 degree of freedom controlled
constraint. JACK
It weakly constrains the lateral dimensions mn_/ SCREW
BASEPLATE

MOVING
PART

FIGURE 7.15 Two commonly used locking methods. (a) Locknut; (b) jack screw.

Quiality of adjustment with screws
Thread pitch: 80 pitch screw (0.3 mm/thread) gives about 1 um resolution IF
- quality of threads is good

- preload is appropriate (< 5 Ib) :
- end is screw is well defined (ideal is a ball)
- surface being pushed on is hard and flat - “

Resolution scales approximately with thread spacing
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CLAMP
SCREW
ADJUSTMENT r_u_/
BUSHING

N
CLAMP
N NUT
N
N N
MOVING NN
PART
FIXED PART
FIGURE7.22 A linear mechanism with a threaded bushing and clamp screw suitable for applications requiring
disassembly.
CLAMP
’_v_/_ SCREW
FINE = VOVING
ADTU NT PLATE
COARSE
ADJUSTMENT DIFFERENTIAL
THREADS

FIXED
BASEPLATE

FIGURE 7.23 A linear mechanism with a bushing using differential threads for finer resolution.

Micposi
http://www.harbingerengineering.com/
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One revolution advances the screw 1/18 of an

Differential screw ) . ! .
12 PITCH THREAD  inch with respect to the traveling piece

1& PITCH THREAD

%,-_,,:;? One revolution advances the
s screw 1/16 of an inch

Net motion per rotation is
I 1/16 — 1/18 = 0.007” or 1/144

1 1 1

TRAVELING _
TPlgee TPI, TPI,

FRIEEE

Newport product:

DM-13 Series Differential Micrometer
13 mm coarse travel with 0.07 um sensitivity
Graduated increments of 0.5 um

Accuracy better than 1%

Direct upgrade for SM Series Micrometers

Focus adjustment using differential threads

FOCUSING RING

Centration, rotation of A wrt
B must be constrained

= NN
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http://www.newport.com/DM-13-Series-Differential-Micrometer/144595/1033/catalog.aspx##

FLEXURE (2)

COMPRESSION
SPRING (2) %/
ADJUSTMENT
SCREW (2)

FIXED
PART

FIGURE 7.19 A two-axis linear mechanism using flexures and screw actuators.

RADIAL FILL SPACE WITH
ADJUSTMENT EPOXY AFTER
- ADJUSTMENT
DOWEL
PINS (3) I
REMOVEABLE '
CENTERING
SCREWS (3) &
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Y Adjustment
FIXED
MOUNT

FIXED —
P1N

X Adjustment

Leaf
Spring
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Tapped holes for post

adjsstment,

%.

-
- Y
Eall Bearing Pivot Point

Mirror mounts here

Mirmor Locking Screw

Kinematic tip/tilt mounts

ACTUATOR
TIP

FLAT
SURFACE

(a) (b) SURFACE

FIGURE 7.11 Two types of common interfaces for the round tip of an actuator. (a) Point contact with a flat
surface; (b) line contact with a cone.
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http://en.wikipedia.org/wiki/Image:Mirrormount1.jpg

/ MIRROR

SPRING
ASSEMBLY

\ DIFFERENTIAL

MICROMETER

INVAR
BUTTON

FIGURE 7.41 A tilt mechanism suitable for high resonance adjustable mirror mounts.
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Flexures
]
Flexures provide a means of precise adjustment using
the elastic deflection of materials due to an applied force;
they can provide very rigid constraints in certain
directions while still maintaining compliance in others.
Flexures have low hysteresis, low friction, and are
suitable for small rotations (< ~5 deg) and translations (<
~2 mm). They can also provide mechanical and thermal
1solation of an optical element from its housing. Flexures
typically cannot tolerate large loads, and there must be
low residual stress in the flexure from fabrication. Large
tensile loads may be tolerated in one direction, based on
the geometry of the flexure.

The most simple
and common tvpe
of flexure 1is the
single-strip or
leaf type, which
1s useful for small
rotations.

We define the blade length L, Young’s modulus FE,
thickness ¢, and width b; the moment of inertia [ is:

1= Lpp
12
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Stiffness Relations

For simple loading, the stiffness relations are:

M, EI F, 3EI F.  Ebt
Ky = =—  k=""=— R =—=—Ho
* 0, L “dy L dx L
F, 2EI M, 3EI
0. L dy L

The maximum stress in the flexure is:

6 M 6FL
or
bt? bt*

The stiffness relations change in the presence of a tensile
(T) or compressive (C) force Fy, which is positive for T and
negative for C:

ﬂ ocothe (T)

M, |L _EI(, EI
Ky = = =— |1+
-0 EI L 3EI
z —ocote  (0)
L
Fo
. B L[o—tanh(0)] =~ 3EI(1+2F;L2J
YT dy F L\ s EL

L[tan(o) - o]

o— |EL  Critical buckling limit is o = /2.
\l EI

As a rule of thumb, limit the compressive force to
20% of critical.

For small deflections, consider the end motion as a

rotation around a virtual pivot at distance s from the end:
d 2
s= Y Z L
tan6, 3

J. H. Burge University of Arizona
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Parallel Leaf Strips

Two parallel leaf strips can be used for small
translational motions in a rectilinear or parallel
spring guide. The stiffness relations for simple loading:

. M, _ Ebtd’ ,
Y o7 ky—ﬂ—‘z‘]-fﬂ—ZEb(i)
e F. :% oy L L
*dx L

L

The motion due to the bending of the blades is not purely
parallel; the resulting axial motion is

3L
The part will rotate if the flexures have different length
AL or if the flexures are not parallel, with separation
varying by Ad over the length.

Plexures $ir in longthsf2n 0

5 d

Flexures not parallel: 6 = ATd-Sl

J. H. Burge University of Arizona
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More on Stiffness Relations

The stiffness relations change in the presence of a
tensile (T) or compressive (C) force F., which 1s positive
for T and negative for C:

(F 1
i (T)
L(l_tanhy]

F, Y 2Ebt (. 3F.L
k. =—=A =—1+= -
T8y |F. 1 L 5 Ebt

—~— (O
L[tany_l}
T
[FL
" \RET

Cross-strip pivots allow rotation with two or more flat
strips that attach between a fixed base and a moving
platform. These are commercially available and are useful
for applications that require larger angular deflections.

For small deflections, the axis of rotation i1s located at the
intersection of the blades. The stiffness of the two-blade
system under simple loading is given by:

M. 2EI
Ky = =—

) L

4

The stiffness is increased proportionally with additional
blades; a three-blade design 1s common.

J. H. Burge University of Arizona
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Notch Hinges

The notch hinge is also a common geometry for flexures.
These provide added stiffness over a leaf hinge and have a
better-defined center of rotation. Examples include the
leaf (a), circular/elliptical (b), and toroidal hinges (c).

(a) (b)

(c)

The bending stiffness kg = (M:/ 0:), axial stiffness kx = (Fx/
dx), and maximum bending stress o, are given below,
assuming t << a.

Leaf Circular Toroidal
K, Ebt? 2Ebt: Et”
24a 9:r|:cr,}é 20(1%
-1
3
; Ebt Eb . [ JE _l} Et%
Rx ca 12na t 4 205%
oM 6M 30M
o bt bt £

Hinge flexures are frequently used to control the line of

action for a support member. If properly designed, the line
of action of the force

. . S S
will go thlough the .
center of the hinges.

J. H. Burge University of Arizona
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Flexure Materials

The material choice for a flexure will depend on a variety
of factors, including the material’'s compliance, fracture
toughness, thermal properties, corrosion resistance, and
stability over time. The greatest compliance, given the
same length flexure, 1s achieved by the material with the
greatest reduced tensile modulus, defined as the ratio
of the yield strength of the material to Young’s modulus.
The higher the reduced tensile modulus is, the more
desirable the material for use as a flexure.

Flexure material E (Gpa) ous/E (10-3)
Stainless steel 17-4 193 4.39
Titanium 6AL-4V 108 7.27
Invar 36 148 4.75
Beryllium copper 115 7.14
Aluminum 6061-T6 68 3.85

(
Opux — Mymax — M L
1 I \2
pg ML 1200, Cun L
El F t E t

Elastic limit for omax is yield stress.

L/t is the aspect ratio(ratio of length to thickness of the flexure)
o ys L

E 1

An aluminum flexure with aspect 10:1 allows rotation of 2*3.85E-3*10 = 0.077 radians or 4.4°.
The same geometry using titanium allows 8.3°

Total angular change for blade flexure simply AG =2

J. H. Burge University of Arizona
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Flexure stages
Tilt stage

o

Translation stage

&

J. H. Burge

Capacitive sensors
(proprietary)

High-
performance
(Thor Labs) PZT actuators (PI
University of Arizona 15



Special Issues with flexures

Simple Flexure

* rotational movement, r
+ orthogenal displacement, A

AN

Double Flexure
* no rotational movement, »
* orthogonal displacement, 4

Adding complexity to improve performance

= In-plane rotation
= Parasitic motion not di-coupled

= As soon as the stage moved, Fx
developed some “local” y
component

J. H. Burge

= In-plane rotaion minimized
= Parasitic motion reduced or

cancelled

m Less cross-talk

(from James Wu 2007)

University of Arizona

Compound Flexure
* no rotational movement
* no orthogonal displacement

In-plane rotation constrained
Parasitic motion reduced

As soon as the stage moved, Fx
developed some “local” y
component

16



Micro Flexures

Tip-tilt mirrors

discrete vs analog

J. H. Burge University of Arizona 17



Applications of flexures in optical systems

Housing

Reciprocator

J. H. Burge University of Arizona

Diaphragm
Flexures

18
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Flexure Analysis

* Stiffness

— Axial stiffness: 384K Ib/in
— Bending stiffness (x-dir): 139 Ib/in

— Bending stiffness (z-dir): 58 Ib/in

— Torsional compliance: 809 in-Ib/rad

* Force & moment analysis
— 0.010" displacement of rod end

* Shear force: 1.391b

* Moment: 3.1in-lb
— 1 deg. displacement of rod end

« My: 8.83in-1b

e Mz: 7.42in-1b

— 0.01radian torsion
e 8.1in-lb moment

J. H. Burge University of Arizona 20



Use mechanical advantage to get finer resolution

LOCKNUT

TILTING
PLATE

COARSE
ADJUSTMENT

r‘——-

R BASEPLATE

FIGURE 7.39 A tilt mechanism with coarse and fine adjustments using single blade flexures.

U.S. Patent Mar, 28, 1995 Sheet 4 of 5 5,400,523
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