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Outline 
× Specific Transducer Application 

× Motivation for the Research 

× Definition of Mechanical Quality Factor (Qm) 

× Definition of Displacement Gain 

× Methods for Measuring Qm 

× Equivalent Circuit Analysis for ŭ (Log Dec) 

× Numerical Data Analysis for ŭ (Log Dec) 

× Displacement Gain Vs. Qm Derivation 

× Experimental Results 

× Conclusions 

× Questions? 
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× K&S is the leading MFG of semiconductor wire bonding equipment 

× The transducer delivers energy to a capillary tool for welding tiny wires 

× Patented single piece ñUnibodyò design is ideal for research studies 

× Portability across 100ôs of machines required for same customer device 
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Motivation for the Research 
× The displacement gain is the most important performance parameter for power 

ultrasonic transducers typically used for welding or cutting 
× It controls the proportional relationship between the displacement of the tool and the voltage or 

current input to the transducer, a key process parameter 

× Due to aging effects of the PZT8 piezoceramics typically used in these 
transducers, and other variables such as gradual preload loss or tool clamp 
wear, the displacement gain can drift over time causing a shift in process and 
loss of machine-to-machine portability in mass production environments 

× The ñre-calibrationò of the displacement gain usually involves a time consuming 
procedure of standardized controlled tests, and/or measurements using an 
expensive device such as a laser vibrometer 
× However, elementary engineering vibrations theory suggests that the displacement gain should be 
proportional to the static displacement (i.e., 0 Hz or DC) and the mechanical quality factor ñQmò at 
resonance derived from a simple Bode plot, which is already familiar to most transducer designers 

× This research investigates the methods for obtaining the mechanical quality 
factor from Bode plots (e.g., constant current or constant voltage sweeps), and 
ring-down techniques using logarithmic decrement, based on their predictability 
for determining the displacement gain 
× The investigation focuses solely on welding transducers for semiconductor wire bonding which 

employ common hard PZT8 piezoelectric materials 

× Several other metrics are investigated such as impedance, capacitance and electro-mechanical 
coupling factor 

× The experimental and theoretical research methods include equivalent circuits, 
Bode plots, mechanical analogies and laser vibrometry 
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Definition of Qm (Mechanical Quality Factor) 

× Based on damped single DOF spring mass (SM) system 
× For forced response F(t) at static xs (F0 /Ks, ɤ = 0) and resonant xr (ɤ = ɤr) displacements: Qm =  xr /xs 

× For logarithmic decrement ŭ of free response ring-down of successive amplitudes: Qm = 1/2ɕ = ɤrm/cd 

× Based on energy balance of a damped vibrating system at resonance fr 
× Qm = 2́   x energy stored  in each cycle / energy dissipated in each cycle 

× Qm = 2 f́r x energy stored  /  power loss 

× Based on Bode plot near resonance at half-power -3dB bandwidth for transducer 
× Qm = fr / ȹf = fr / ( f2 ï f1 )   (Also called QA based on IEEE standard 176-1987) 

× Based on the admittance loop of equivalent RLC circuit of ultrasonic transducer 
× Qm = ɤsI

2X / I2R  = ɤsL / R = 1 / ɤsCR  (For reactance X, ZC = -1/jɤC, ZL= jɤL, at ɤs ZC = -ZL, ɤs = 2́ fs ) 

× Qm = VL / VR = VC / VR   (voltage drops at ɤs) 
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Definition of Displacement Gain 
× The displacement gain is the linear relationship between the displacement of 

the tool (e.g., via laser vibrometer) and the voltage or current input to the 
transducer at the resonant operating mode 
× Expressed as either Voltage Gain (VG) or Current Gain (CG), these are the most important 

performance parameters for power ultrasonic transducers used in welding or cutting 

× Most resonant phase-lock-loop (PLL) control systems work in either constant 
current (via CG) or constant voltage (via VG) mode (with C0 compensation) 
× Constant current (CC) has the advantage of being insensitive to transducer impedance 

× Constant current mode maintains a constant tool displacement (i.e., velocity) during resonant 
operation resulting in more tool force being applied to the work as stiffness increases 

× Constant voltage (CV) mode maintains a constant force between the tool and the work during 
resonant operation, resulting in less tool displacement as stiffness increases 

× Both the CG and VG can drift over time due loss of preload, or aging effects (via 
heating, stress, time, etc.) of the piezoelectric stack requiring re-calibration 
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Methods for Measuring Qm 
× Constant voltage (CV) sweep Bode plot using network analyzer with 10X amplifier 

× Pros: The fastest and easiest way to measure Qm using the built-in network analyzer (NA) equivalent 
circuit functions, or by measuring Qm directly from admittance functions (a.k.a. QA via IEEE) 

× Cons: Current highly variable during sweep and suffers from ñsoftening effectsò at higher 
current/velocities causing non-symmetric admittance peak between f1 and f2 (w/ parasitic modes too) 

× Variables: Sweep voltage, sweep width and sweep time 

× Ratio between quasi-static us (at 1kHz) and PLL resonant ur displacements at 
constant voltage (can not drive high current for 1kHz off-resonance us) 
× Pros: The most consistent and repeatable measurements for Qm 

× Cons: Difficult to implement in-process due to expensive equipment (e.g., laser vibrometer), and 
measurement must be made at constant voltage PLL making it sensitive to transducer impedance 

× Variables: Voltage level and PLL fire or burst time 

 

-150

-100

-50

0

50

100

150

200

0

5

10

15

20

25

30

35

40

120 120.5 121 121.5 122 122.5 123 123.5 124 124.5 125

P
h

a
se

 (
d

e
g

)

A
d

m
itt

a
n

ce
 (

m
S

)

Frequency (kHz)

Constant Voltage Bode 031614-14 120kHz (3.6V)

Admittance (mS)

Phase (deg)

Network 

Analyzer 

(NA) 

10X Amp 
-20dB 

Attenuator 

(Reference) 

f1 f2 

fr 

-3dB 

Laser Vibrometer 2

2

1s s
m

s

I X L
Q

I R R CR

w w

w
= = =

2 1

r
m A

f
Q Q

f f
= =

-

From Built-in 

Equivalent 

Circuit Function 

From Built-in 

QA Function 



8 44th UIA Symposium, Washington, DC, USA 20-Apr-15 

-80

-60

-40

-20

0

20

40

60

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

121300 121350 121400 121450 121500 121550 121600 121650 121700 121750 121800 121850

P
h

a
s
e
 (

d
e

g
)

A
d

m
itt

a
n

c
e

 (
m

S
)

Frequency (Hz)

Constant Current Bode 031614-15 120kHz at 100mA (1 Avg)

Admittance (Siemans)

Phase
-80

-60

-40

-20

0

20

40

60

80

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

121300 121350 121400 121450 121500 121550 121600 121650 121700 121750 121800 121850

P
h

a
se

 (
d

e
g
)

A
d

m
itt

a
n

ce
 (

m
S

)

Frequency (Hz)

Constant Current Bode 031614-15 120kHz at 50mA (1 Avg)

Admittance (Siemans)

Phase

Methods for Measuring Qm (Conôt) 

× Constant current sweep Bode near fr using phase offsets with PLL control system 
× Pros: Data taken at real operational conditions with actual current levels at fr,  f1 and f2 

× Cons: Data can be very noisy due to off-resonance heating at f1 and f2 (especially with higher 
impedance transducers) and random scatter from on/off PLL fires, which may require averaging 
from slight drifts in fr.  Can only be done in close vicinity of resonance fr, since it will require higher 
voltage headroom for PLL at  f1 and f2 for a given current.  Motional current adjustment vs frequency 
may be required due parasitic loss through C0 (usually small) 

× Variables: PLL fire or burst time, sweep width and current level.  Re-establish fr @ 0 phase after 
every sweep point plotting ȹfr  with each phase offset (e.g., fr - f1 or f2 - fr), or use the same fr @ 0 
phase for all sweep points plotting actual frequency f  at each phase offset (former used below) 
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Methods for Measuring Qm (Conôt) 

× Logarithmic decrement ŭ of ring-down after fr resonant PLL drive via relay switch 
× Pros: Very flexible in-situ method that can be easily implemented at operating voltage or current, 

but also works with velocity via laser vibrometer.  Can be implemented in three configurations, i.e., 
open circuit (OS), short circuit (SC) or load resistor (LR), allowing for different analytical models and 
analysis methods  

× Cons: Data can be noisy and difficult to analyze since Qm is not constant during measurement as 
voltage or current decays in piezo stack (Qm typically increases with decreasing current).  Relay 
triggering can cause frequency beating type artifacts due to slow or misaligned open and close 
times, creating burst ring-down transitions of both open and closed circuit modes at the same time,  
and DC shifts 

× Variables: PLL current or voltage level, PLL time, relay trigger and ring-down range (e.g. Istart, Iend) 
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Methods for Measuring Qm (Conôt) 

Details: Logarithmic decrement ŭ in short circuit using replay switch & current probe 
× Relay Ports: Transducer�W��IN, PLL�W��2 and Short to Isolated Ground with Current Probe�W��1 

× Frequency generator TTL input to Mode Select at 0.1Hz frequency (5V-Port 1, Ground-Port 2) 

× Potentiometer (1000ɋ) for each PhotoMOS adjusted to align PLL turn-off time with SC turn-on time 

× PLL current set to 100mA with SC ring-down recorded over 70-50mA  range (i.e., Istart ï Iend) 
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