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Optimizing Piezoelectric Stack Preload Bolts in
Ultrasonic Transducers

Dominick A. DeAngelis, Gary W. Schulze and K.S. Wong
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* Langevin Type “Sandwich” Transducers Used in Wire Bonding
* Motivation for the Research

* Pros and Cons of Common Piezo Stack Preload Bolt Configurations
Common Transducer Failure Modes Caused by Preload Bolts
Selection of Bolt Material Based on Strength and E-Mech Coupling
Sizing of Preload Bolts Based on Prestress Uniformity and Yield Stress
Determining Minimum Thread Engagement to the Mating Horn

First Pass (Non FEA) Prediction of Parasitic Bolt Resonances
** Conclusions

** Questions?
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SHCS Bolt ; o
(Counterbore)] =n'( ‘ { ‘ - ‘ N

Horn
(Threaded)

End Mass
(Clearance

Front Mass
(Clearance
Hole)
K&S 60kHz Large Wire
(1 Wave)

End Mass
(Clearance

K&S 80kHz High Power
Ribbon (1.5 Waves)

[

Horn
(Threaded)

All Piezo
Rings Have

End Mass
(Clearance

Front Mass

(Clearance Clearance

Hole for
Preload Bolt

K&S 80kHz Large Wire or

Wedge
Tool
Ribbon (1 Wave)
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End Mass
(Clearance

SHCS Bolt
(Shallow
Counterbore)

End Mass
(Clearance

(Threaded)

K&S 120kHz Fine Wire
(1 Wave)

All Piezo Rings Have
Clearance Hole for

K&S 40kHz Large Wire
Preload Bolt

(Half Wave)

SHCS Bolt
(Counterbore)

Capillary -'
Tool .
K&S 60kHz Wire (Ball Bonder) Horn Front Mass End Mass

(1.5 Waves) (Threaded) | | (Threaded) (Clearance |
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¢ Selection of the preload bolt is often an afterthought in the design of
Langevin type “sandwich” transducers

“* Even within transducer design companies (such as K&S), there is no
consistent methodology for design or configuration of preload bolts

“* Quite often the preload bolt is the root cause of failure for power
ultrasonic transducers (yield/breakage, preload loss, parasitic mode...)

“* Main role of preload bolt is to provide a “prestress” in the piezo stack to
prevent interface “gapping” or tension in glue joints (delamination)

*¢* Preload bolts are an integral part of the highly tuned dynamic system

“* Resulting parasitic resonances in preload bolts such as bending or
longitudinal modes are often difficult to predict and control

*** Some rule-of-thumb design and configuration guidelines for preload
bolts are needed
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Free Length of Bolt

Full Wave
Langevin
Type
Transducer

Counterbore Bolt Head

Piezoceramics Stress Pros:
Here Less interaction with
parasitic bolt modes

(shorter free length)

Cons:
Less uniform stress in
piezos (45° stress cone)

Worse e-mech coupling
(shorter bolt stiffer, more
stress variation)

Free length of bolt not
symmetric to piezo stack
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Bolt Head

Threaded Front Mass

Stress Pros:

Here Less interaction with
parasitic bolt modes
(shorter free length)

cons:
Less uniform stress in
piezos (thread on PZT)

Worse e-mech coupling
(shorter bolt stiffer, more
stress variation)

Free length of bolt not
symmetric to piezo stack
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Free Length of Bolt | ———

Counterbore Front Mass

Pros:
Counterbore J| More uniform stress in
piezos

Better e-mech (k)
coupling (longer bolt less
stiff, uniform stress)

Cons:
More interaction with

parasitic bolt modes

(longer free length of bolt)

Free length of bolt not

symmetric to piezo stack
Free Length of Bolt

(Symmetrlc w/ C’bores) -8- _v/: Kulicke & Soffa




LOTELLELTS

Threaded End Mass

Pros:

Less interaction with
Stress Here parasitic bolt modes

(shorter free length)

Counterbore

Cons:

Less uniform stress in

piezos

Worse elec-mech (k)
coupling (shorter bolt
stiffer, stress variation)

Free length of bolt not
symmetric to piezo stack

Rotational rubbing against
piezos with assembly

Symmetric w/ C’bores
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Free Length of Bolt .
____________ Displacement
------- (Half Wave)

Bolt Head

Half Wave Transducer Design

Same configurations with pros/cons from
previous full wave transducers also apply to
this one.

Pros:

No nodal planes in piezos so operating stress
is lower in PZT (piezo material usually has
lowest strength) and current gain is higher

L
-
-

«{ Free Length of Bolt Counterbore

Smaller transducer size for lower frequencies

Cons:
T o Threaded regions lie in nodal plane where
highest stress occurs

...... I No nodal planes in piezos so driver is less
efficient (higher impedance, lower e-mech
coupling)
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7 20 / \\ —|Max Impedence (ohms) 405677.6[ 50
10 Min Impedence (ohms) 12.968|- -100
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Frequency (kHz)

Observations

- = Preload screw is fairly well
behaved at operating mode

= No parasitic resonances in the
preload screw near operating
mode for this transducer

= Location of parasitic screw
modes can be inconsistent with
glued piezo stack designs
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Example Transducer — Preload Screw Resonance Analy5|s

Comparison of laser viborometer and finite element evaluation of K&S 80kHz transducer

(Threaded)

Finite Element Analysis (FEA)

Front Mass
Model

(Clearance (Clearance
Hole) Hole)

Wedge
Tool

K&S 80kHz Large Wire
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Example: Transducer — Preload Screw Resonance Analysis

Known good transducer (operating mode)
“ No nearby parasitic modes seen
% Stable, low impedance
% Boundary conditions on screw modeled with full contact area under head

Domain Ll - Bandd ELAMITS kbl
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Example: Transducer — Preload Screw Resonance Analysis

Known bad transducer (operating mode)

% Low preload due to screw yielding (modeled as reduced
contact area with screw)

% Nearby parasitic mode
% Unstable, high impedance

42th UIA Symposium, Orlando, FL, USA 22-Apr-13 -16- .VKKulicke&Soﬁa®
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Example: Transducer — Preload Screw Resonance Analysis

Known bad transducer (longitudinal screw mode)

% Low preload due to screw yielding (FEA modeled as
reduced contact area under screw head)

* Nearby parasitic mode
% Unstable, high impedance

42th UIA Symposium, Orlando, FL, USA 22-Apr-13 -17- .VKKulicke&Soﬁa®
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Example: Transducer — Preload Screw Resonance Analysis

Closer look via section views: What is the motion of the screw?
The screw resonance mode here may be described as “slinky-like” (i.e., longitudinal mode)
Screw mode has “one end” out of phase with the natural driver motion
This situation has the potential to exert very high loads at preload screw threads

Alternate axis-symmetric FEA models would have predicted this slinky mode, but will have missed
all the bending modes in screw (common mistake)

) ) ) )
0’0 0’0 0’0 0’0

Screw Resonance
Mode

Transducer Operating Mode &=
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) /| Screw Bonded to ID of Piezo Ring (Front
st Dottt “l  Ring) Via Uncontrolled Glue Bridge
o st [Modal FEA Results of 80kHz Transducer with Glue

Magnified
View 2X | 4
WM hdbddd MITTE
Aot Bridging to Screw (Display of Piezo Stack Hidden) W 11 ‘ | L

] CURE B TEARAR == i M
26.113Max LR \ y e pes &
23,211 TR W % P LR N £ E T e ] \
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E MODES OF PRELOADIB

crew Failed in Resonance Due to
Boundary Condition Change Caused
by Uncontrolled Glue Bridge

Glue
Bridge to
Screw

Max Stress
with Screw
Resonance

0.01 0.02{m}

Static FEA of
Piezo Stack
Under
Prestress

Ductile Failure

(After Loosening to
Remove)

Screw
Head Too
Small
Relative
to End
Mass

Evidence of
Beech Marks
(i.e., Fatigue)

Max/Min Stress Ratio is 6 at this Interface. Bad
Initiation Since Tension in Glue Joint Can Lead to

Point at Delamination. Lower E-Mech Coupling (k) Too in
Rust Spot PZT. This design does not work without a glued
stack (i.e., massive gapping with dry stack).
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¢ Optimizing for Strength (Always Use Yield Stress, Not Tensile Strength!)

X Higher strength materials allow the smallest diameter screw, which maximizes volume
of piezo material for a given stack diameter (lower impedance, higher e-mech coupling)

¢ Higher strength materials allow for less thread engagement, which minimizes frictional
losses (threads can be lossey with higher impedance)

+* Optimizing for Transducer Electromechanical Coupling Factor (k)

X Coupling k is proportional to the transducer “phase window” difference of the
antiresonance (fa) and resonance (fr) from Bode plot (i.e. k o«c(fa-fr)/fr).

*¢* The phase window or coupling (k) is maximized when the bolt stiffness is minimized
relative to piezo stack (i.e., least amount of stack energy absorbed by preload screw)

*¢* For example, if preload bolt stiffness is the same as stack stiffness, then (k) will be
reduced by at least 50% from the max possible kg5 for the piezo material

*¢* The best bolt material is the one with the highest yield strength (0,) and the lowest
stiffness or elastic modulus (E), i.e., maximize the ratio o, /E
¢ Highest yield stress material allows the use of the smallest diameter screw (less stiff)
** Lowest modulus results in the lowest stiffness for a given diameter

*¢* For example, beryllium copper (BeCu, C17300) screws are better than alloy steel screws for
maximizing k (i.e., 160/18.5 = 9 versus 170/30 = 6)

*¢* Coupling k is maximized when stress in piezo stack is most uniform

** Custom screws can be advantageous with necking down in unthreaded areas (reduces
stiffness) and flared heads for more uniform stress in piezos (especially with end masses that
have poor length/diameter (i.e., L/D) ratios in an attempt to maximize piezo volume)

** Wave speed (c=sqrt(E/p)) is also a consideration for screw design (phasing, node
placement, etc.). Steel, Ti and Al are about the same, where as BeCu is 20% less

42th UIA Symposium, Orlando, FL, USA 22-Apr-13 -20- KKulicke&Soffam



¢ Uniformity of piezo stress is very important when sizing preload bolts

X Nonunifom piezo prestress ultimately results in two simultaneous problems

% Some volume of the piezo material is insufficiently loaded (i.e., outer diameter
of stack) resulting in either tension/delamination in glue joints (for glued stacks)
or dynamic gapping at interfaces for dry stacks

¢ Some volume of the piezo material will be overloaded (i.e., inner diameter of
stack) resulting in severe depoling (i.e., little or no output)

*** For example, with near uniform prestress in piezo stack (i.e., max/min
stress ratio = 1.0) PZT8 materials can withstand 90 MPa prestress

** However, with max/min stress ratios in the 1.5-3 range, prestress for PZT8
materials should be reduced to the 30-60 MPa range

“* For sizing common alloy steel bolts under static prestress, the catalog
recommended seating stress of 120 ksi (e.g. Unbrako) is a good guideline

+* Allows sufficient margin for torquing & dynamic loading up to 170 ksi yield
¢ Dynamic loading in bolt typically <10% of prestress levels without resonances
** Use yield stress, not tensile strength when sizing bolts (yield = preload loss)

+* Can use 150 ksi for more aggressive designs with a compression load fixture

O piros A
piezos  “piezos
Gseatmg(bolt) ——— =120 ksi

42th UIA Symposium, Orlando, FL, USA 22-Apr-13 Aresse bolt) -21- KKulicke&Soffam



BRELOAD BOLT THREAD ENG/

Goal: To ensure the length of thread engagement is sufficient to carry the full load
necessary to yield the screw without the internal or external threads stripping*

0.9743 2 fCommon design mistake is to\
n use tensile strength for

1 P,-D determining minimum thread
¢ Shear Area of External Thread per Unit Length: Ag = nan[%+ d m] engagement.

** Tensile Stressed Area of Screw: A = (D—

Failure for a transducer must be
defined by the yielding of threads
where preload is lost.

¢ Shear Area of Internal Thread per Unit Length: A =71D, %+T

where D = major diameter, n = number of threads per inch, D, = max minor diameter of internal thread,
D, = max pitch diameter of internal thread, Py = min pitch diameter of external thread,
and Dy = min major diameter of external thread

Goal: Bolt Breaks
Before Thread
Strips

vvvvvv

+¢* To Determine Minimum Thread Engagement Length, E:

vvvvvv

“As
A
Se

+¢ B. For different materials for internal and external threads, first determine Relative Strength (R), R=-3¢ €

+%* A. For same materials for both internal and external threads use: EL =

where S, = yield strength of external thread material, S; = yield strength of internal thread material

2
if R <1, use the same equation as A: E =i

Se

2 2A S
ifR>1,use: E, = AISRz As%e
LA A S.

se SI 1
42t UIA Symposium, Orlando, FL, USA 22-Apr-13 *Ref. Walsh or FED-STD-H28/2B -22- K Kulicke & Soffa,



**For example,

with S, = 170 ksi yield tensile strength for alloy steel screw (class 3A), and S; = 30 ksi yield tensile strength
for annealed 316 stainless steel horn (class 2B), the thread engagement of 8 common UNC screws are:

ﬁensile strength for annealed 31}
stainless is 80 ksi, but yield

strength is only 30 ksi. Elongation
at failure is a whopping 40%, so if
tensile strength is used for the
thread engagement length
the preload will be long gone

ﬂDIot of Tensile Stress in
Bolt vs Minimum Thread

Engagement for:

316 Stainless Steel

(annealed), 7075-T6

Aluminum Alloy, and
Titanium 6-4 (annealed)

(Class 3A Bolt Threaded

k in Class 2B Horn) /

b
(=]
o

e
=4
wn

150

Stress in Tensile Stress Area (ksi)

~
w

o

125 -

=5
wm

0.5

- |

1.5

2 2.5

D n A, A R A E, E.(D)

#2 | 0.086 | 56| 0.109 0.168 3.683 0.004 0.250 2.9
#4 | 0.112 | 40| 0.147 0.228 3.659 0.006 0.299 2.7
#6 | 0.138 | 32| 0.190 0.289 3.724 0.009 0.357 2.6
#8 | 0.164 | 32| 0.239 0.344 3.924 0.014 0.461 2.8
#10 | 0.19 |24| 0.275 0.411 3.788 0.018 0.483 2.5
1/4" | 0.25 | 20| 0.383 0.552 3.932 0.032 0.653 2.6
5/16"|0.3125| 18| 0.489 0.696 3.978 0.052 0.853 2.7
3/8"| 0.375 16| 0.598 0.845 4.013 0.077 1.040 2.8
Avg 2.7

3

Thread Engagement (Multiple of Major Diameter)

——55316, 30 ksi YTS ——AI 7075, 65 ksi YTS —Ti6-4, 128 ksi YTS

-~- 55316, 80 ksi UTS -~ Al 7075, 75 ksi UTS~ - Ti6-4, 138 ksi, UTS

42t UIA Symposium, Orlando, FL, USA 22-Apr-13

before the material can work

\ hardened /

YTS = Yield Stress
UTS = Tensile Strength

3.5
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PARASITFIC BOLET

u(x)t One-Dimensional Piezo Stack Model for Predicting 1-D Wave Equation
X Longitudinal Mode Screw Resonances | i
0 du_12du f (t)= f,exp(ict
ox?  c? at? (t)= foexp(iot)
E , Pe, A Add another rod )
s# st S L segment here for ] Solution to Forced Response
Screw shanked screws @ E
— — U (x,t)=u(x)exp(iat) B=— C=\/:
9 :--_® ©_---".0 a0
¥ 0> TS < = v u(x)=C;,sin(Bx)+C,cos(/x)
0 \\fl \N‘LO lce” 01 Ie2 ..
T T E: Modulus of Elasticity
| : p: Mass Density |
: I A: Area or Thread Pitch Area
Ee1,Pr1 A 1 BrasPraAr S Ee1/Pe1Ae11 EepsPerAer c: Bar Velocity [Use Short Circuit E,
Front 1 Front Ceramics End | End I: Length for Resonance and
I I Open Circuit E, for
Mass | Mass Mass | Mass f: Force Antiresonance
I I u: Displacement
0 I 0 I w: Angular Frequency
f2 »f(t) t: Time m: Mass (Screw head)
Boundary Conditions (Case @, Screw Attached to Ends of Stack) Continuity of Force...&...Displacement
: du I fo=-1u Us(0) = uy (0)
— s I r= EA& : fs < fu =T Uz (111) = Ug(0)
: I fo =1 Uo(l 1) = uc(0)
ff1<_|_> fo frp ———fc fo == fes fer e fe2 — fn fo=fc-fer  Ucll) = Ugy(0)
I I fel = fe2 uel(l.el) = ueZ(O)
— ff1 : f,= mazL‘zlS =—ma)2us(ls) : er<_ fs =- fe2 - fm uez(l.ez) = US(O)
o |, — f,
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Boundary Conditions Assembled in Matrix Q(w) for Case @ to solve for constants C in Mathcad ([Q]*[C] = [B])

Qe =

Forcing Function Matrix

1 0 0 0 0 0
0 0 0 0 0 0
(Ba(1n) sin(Be(e) 1g ) 1 0 0 0
0 0 (ﬁ,z(m) |'2) sm(ﬁm(@vm) -1 0
0 0 0 0 (B 1) (B 1)
0 0 0 0 0 0
0 Ep Ag Bu(®) 0 0 0 0
0 0 0 0 “E¢ AP sin(Bo(e) 1g) Eg-A B cos(B(e 1)
0 0 0 0 0 0
~EnAn Ba(@ sin(Ba (@ 1n) EnAnBa(e) cos(By () 1n) 0 “EpAp (@ 0 0
0 0 ~E-Ap Bp() sin(Bp(e) 1p) EpAp Bp(e) <os(Bp(a) 1p) 0 “EcAB(@
0 0 0 0 0 0

0 0 0 0
0 0 -c05(Bea(©) ep) =sin( Bp(e) 1ep) cos(By(e) 1) sin(By(e) 1)
0 0 0 0 0 0
0 0 0 0 0 0
1 0 0 0 0 0
0By () 1 ) sin(Bea (0 1gq) 1 0 0 0
0 0 0 0 0 EgAs By(©)
0 ~Eg1 A1 Per(® 0 0 0
0 “Eeo Ac Bea(® 5in(Bea() 1gp) EgpAeo ﬁeztu» os(Bea() 1) M1(e) M2(c)
0
0

Invert Q to Solve for C

0
0 0
0 0
’Eel'AEI'BEI(m)'Sin(Bel(uj"el) Eel'Ael'ﬁel(“j'CUS(Bel((”)'Iel) 0 “EgpAgy Bea(®)
ML(@) := -Eg-AgBy() ‘sin(ﬁs((;)) | -m- 0) oos BS(O)) |

0
0 ((D fo) Q(CO) ( ) M2(e) 1= Eg Ag By(e) cos(By(e) 1) - m- o sin(By(e 1)
g Assemble Equations for Displacement Mode Shapes Using Constants
01 up(x, o) = C(eT)1-cos( Bry(@) x) + C( e, ) 2-sin( Beg(e) ) Ugg (X @.T9) = C( e, T)7-c08(Beg (@) x) + (0, )8-sin( By (@) )
0
=10 ufz(x,oa, fo) = C((o, f0)3~cos(Bf2((D) x) + C((D,fo)4-sin([3f2((x)) -x) uez(x,(o,fo) = c(m, f0)9~cos([362((0) x) + c(m, fo) 1o-sin(Bez(m) -x)
fg uc(x,m, fo) = C((D,fo)5-cos([3c(co) x) + C(OO, f0)6-sin([30(oo) -x) us(x,oo, fo) = C(O),fo)11-cos([33(0)) x) + C(oo,fo)]_z-sin(BS(oo) -x)
0 f [ For Spring-Mass Boundary Condition ]
0 Compute Transfer Functions Versus Frequency s
0
Tfl(m) = Low’fo) TC(@) = M Tel(c‘)) = M — fm fm
0,m,f le, ®,f 0,m,f 2
Tel®) = #OO) To(®) := % Tep() := #00) feo ] 1, =u, (I, )[k X _kmwz J — M1() . M2(e)

42t UIA Symposium, Orlando, FL, USA 22-Apr-13
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40kHz Half Wave

Transfer Function Versus Frequency
Langevin Stack

|Ta()| 0.011 Operating Screw = Example
LR Resonance Resonance
_( ' (40.2kHz) A, (46.4kHz)
3 " Good guideline is )

>10% frequency

separation for dry

stacks and >20%
frequency separation

\ for glued stacks /

Displacement/f0

1x10
* 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
o 1
2. 1000 du :
o = E—| Stress ( Increases with Slope)
Frequency (kHz) dx
7 Displacement Vs. Position , / Displacement Vs. Position ( Large Screw
) - Stack / | — Displacement
410 . = /
( ) Operatlng \ ] B A (i1,0.4) 4407 g P
ug 1, . - up (26, W. -
g Q"Z.-Wv'o) 2074 ResonanCe //: /_l N g Eﬂ.,w_b) / ( SCI’eW \1 -
g i(;c.wm) (40.2kHz) L Screw E “ATW‘O)] . Resonance
g lalenwh e E et W-p)
g g .gj o) ¢ [Stackj L (46.4kHz) J
(5 W) 240 e U ;. W. o) ’ “
! u 07/L “ vV I — |
407" et e \ T T
76X107A° 021 042 063 084 105 126 147 168 189 21 210 \€.21 042 063 084 1.05 1.26 147 1.68 1.89 21
w1 L1302 (1 i) (g gl (I Hlp ey xe ) xs;

o1 (1082, (I g ) (I g Hgen,). (g Hprlerleg xe2 ) x;

Position (in)

42t UIA Symposium, Orlando, FL, USA 22-Apr-13

High Dynamic Stress in Positon (in)
Screw. Failure Eminent
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y(x)T [ One-Dimensional Model for Predicting Bending Mode Screw Resonances ] 1-D Flexural Wave Equation
> X
uf(f)
| dy_1du f(t)= fyexp(iot)
0 e ox*  c? ot
Assume Solution
Er |y Py Af Ee/ les Pes Ac Y (x,t) = y(x)exp(iet) f ,B—Q
Screw Thread Screw Shank a
0 | : -
f E: Modulus of Elasticity
Solution to Forced Response y(x)=C;sin(Sx)+C,cos(Sx)+C,sinh(Bx)+C,cosh(px) | p: Mass Density
Common Boundary Conditions (@ & ) | ArAreaor Thread Pitch Area
. _ I: Inertia
y;(0)=0 Displacement y.(l.)=0 2 Beam Constant
(1] (1 ' ,m
dy; -0 Slope ay. -0 |: Length
dx |, o | V: Shear
M: Moment
y;(0)=0 Displacement Ye(le)=0 y: Displacement
D dzyzf 0 Moment dz);e 0 e w: Angular Frequency
e | dx” |, t: Time
r(t)
o M, M. Shear Force Continuity Moment Continuity
Slope Continuity : /'
1 fOZVe_Vf M; =M,
dyf _dye V ! V
x|, dxlg Ii - i A B 1 R 1] B
f 0 e'e dX3 o frf dX3 . frf dXZ . e'e dxz i

M\\ )/M
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Boundary Conditions Assembled in Matrix Q(w) for Case @ to solve for constants C in Mathcad ([Q]*[C] = [B])
0
sin(Br(w)-k)
0
B(w)
Qo) = 0
Bi(®) cos(B(w)-k)

1
cos(B(w)-)
0
0
0

-Br() sin(B(o)-I)

0
sinh(Bg() k)
0
Br(w)

0

B(w) cosh(B(w)-k)

1
cosh(Be(w)-k)
0
0
0

Br(w) sinh(Br() k)

ErleBi() >-cos(Br() ) —ErleBr(e) sin(Bo)-k) —ErleBre)>-cosh(Bw)l) —ErlBw)>sinh(Bw)-k)

—EpleBre)>sin(Bo)l) —ErleBre)>-cos(Brw)k) ErleBro) sinn(Ble) k)  ErleBw)>cosh(Brw)-k)

0
0
sin(Be(®)-le)
0

cos(Be()-le)
0

sinh(Be(w)-le)
0

cosh(Be(w)-le)
0

Be(®) cos(Be(®) k) —Be() sin(Be(w)-le) Be(w) cosh(Be():le) Be(e) sinh(Be(w)-le)

_Be(m)
I Be()

0

Invert Q to Solve for C

Forcing Function Matrix

0

0

EeleBo(0)

_Be(m)
EeleBe(®)°

0

0

0

EleBe(0)’

0 -1
. C(o.f) = A® ~B(f)
0
o(t) 0 Assemble Equations for Displacement Mode Shapes Using Constants

7o yf(x,m,fo) = c(oa,fo)l-sin([}f(m)-x) + C((D,fO)Z'COS(Bf((D)‘X) + c(m,f0)3-sinh([3f(o)) x) + c(m,fo)4-cosh(Bf(o>)-x)
0 ye(x,oa,fo) = c(m,fo)5-sin(Be(m)-x) + c(m,f0)6~cos(ﬁe(m)-x) + c(m,f0)7-sinh(Be(m) x) + c(m,fo)gcosh(ﬁe(m)-x)
fo
0

Compute Transfer Functions Versus Frequency

TH(w) =
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ydlr. 0. %)

Warning!: Solution above ignores shear deformations
and rotary inertia effects making it less accurate for
higher order modes. See Graff reference for solution to
equations below to include these effects:

ye(O,m,fo)

2 2 2 2
fo GAcl 229V |, JA9Y _aixt GAK'(@— j+EI6_¢= Je
[ax a ) e a0xt). x 7 T

To(w) =
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Transfer Function Versus Frequency

0.1

Bending Mode
Screw Resonance

40kHz Half Wave

~
I

Langevin Stack

Example

- 103 (41.0kHz)
B |Tdo)] (" Good guideline is )
§ — 1x10~° >10% frequency
= |Te)| ion for d
8 |7 o separation for dry
@ ---- i tacks and >20%
a Lo~ Operating stac 0
x10 Resonance frequency separation
(40.2kHz) kforglued stack3/
1)(10_9 | | | I I I | | | | | | | | | | | | |
Shear Force 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 Moment
3 3 ot M) = Erlroycof)  Mdxouf) = —Evle-Layi(xo.fy)
Vf(x,(o,fo) = —Ef.lf.d_gyf(x,(o,fo) Ve(x,u),fo) = —Ee‘le.d_ﬂ3ye(x,m,f0) 2.7 1000 o dzf o anmor R o
Frequency (kHz d de
quency (kHz) o(0.10) = Mk 0. fo) - a0, o) = Ml 0, o)~
Displacement Versus Position 2l 2l
0.008 Stress
0.0064 =
_ 0.0048 .
= 00032/ \\ ; L,Shank]
5 yi{xfi,0.%) 0.0016 7\ / N
3 (vej. 0 fl 0 Thread .
< -)ie"‘p »10) 0.0016 \ / Mode Shape “.\ K
a —0.0032 . / of Screw
—0.0048 N | (41.0kHz)
—0.0064 ‘ -
—0.008
0.21 0.42 0.63 0.84 1.05 1.26 1.47 1.68 1.89 2.1
XFi, le+Xej
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X Comparlson of 1-D 40kHz Langevm Solution to FEA Model

=N

Preload
Bolt in
Clearance
Hole

Ej -nvaluwuthdl Md 15, 4,0252+004 Hz

ST enant ™™ esa, Operating Mode
40.3kHz (1D 40.2kHz)

Subcose © Eigenval ethod |, Mode 1B, 4.387e+004 Hz

Displocement -nﬁoogtl' Magnitu de- - -
Screw Longitudinal Mode}

43.9kHz (1D 46.4kHz)

) e Operating Mod
s FEA Predicted Mode Shapes Spera :gd_o ¢
(Nearly identical to 1D Model crewsending
e Screw Axial
1
...... 7 \
E 05 ...m \ \ guhc?se - E'l:g(_en;ncliuf M;thodrlé Mode 14, 3.B72e+004 Hz N
g " \ o d ’ / \} B Screw Bending Mode
2 [\ 38.7kHz (1D 41.0kHz)
'6 0 \ e . 'y Vi
K \ 0.5/ 1\ 1§ 2\
E"-o.s \ / \ / AN
$ \ y, \ /. >
1 A ~  tteeeaa....
-1.5
Position Along Driver Axis, in

42t UIA Symposium, Orlando, FL, USA 22-Apr-13 -30- E# Kulicke & Soffa_



CONCLUSIONS™

*** The preload screw configuration and design requires a detailed trade-off analysis

+*** Need to optimize stress uniformity, e-mech coupling and stack symmetry, while
minimizing interaction of parasitic screw modes

*** Screw resonances can manifest as both longitudinal and bending modes
¢ Actual boundary conditions can be tricky to model in FEA making prediction difficult
** Commonly used axis-symmetric FEA models can not predict screw bending modes

+** Screw boundary conditions can especially vary with glued piezo stack designs, so
greater separation with parasitic screw modes is required compared to dry stacks

¢ Uncontrolled screw resonances often lead to preload loss and screw failure, but at the
very least they can negatively effect transducer performance

** The best bolt material is the one with the highest yield strength (og,) and the
lowest stiffness or elastic modulus (E), i.e., maximize the ratio o, IE

** The phase window or coupling (K) is maximized when the bolt stlffness IS minimized
relative to piezo stack

¢ The sizing of preload screws and determination of minimum thread engagement
should always be done based on yield strength (yielding = preload loss)

** Adequate thread engagement length based on yield stress is critical for both the
preload screw and internal threads of horn to prevent preload loss under dynamics

** Uniformity of prestress effects both bolt sizing and e-mech coupling

“* Simple 1-D wave equation models can be a fast and effective way to identify
Iocatlons of parasitic screw resonance for many piezo stack configurations

* Use 10% frequency separation for dry stacks and 20% for glued stacks
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