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Abstract
Extensive research was conducted to improve a motor force isolation system for
Kulicke and Soffa Industries, Inc. Kulicke and Soffa designs and manufactures assembly
equipment for semiconductor microchips. One of their products is a wire bonder, which
bonds gold or copper wire from the semiconductor to the plastic package. The motor
produces accelerations up to 20gs and is accurate to a micron. The 20g forces create
reaction forces that are transmitted throughout the machine, and if these transmitted
forces were reduced the accuracy would improve.
Over the summer of 2011 a MATLAB positioning model was created for a motor
force isolation system. This system isolates the motor mass such that a reaction force
upon the motor creates motor displacement rather than transmitted forces. A problem
arose when the experimental results from the proof-of-concept system in the lab were not
matching the results of the simulated model on MATLAB. It was decided that the
inaccuracy was due to friction that existed in the experimental system that was not taken
into account in simulation, and the system parameters may not be accurate.
The research conducted for this thesis is the improvement of the simulated
system. First, fiction was added to the model since friction is present in the proof of
concept experimental system. Input parameters were found by system characterization
by creating frequency response functions using experimental data. Certain parameters
were found by locating the input parameter values where simulated to theoretical error is
minimized. Once the model was corrected a design for an improved isolation system was
proposed, where friction is eliminated and isolation frequency is minimized while staying
in the limits of the allowable space in the system.
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I. Introduction
Kulicke & Soffa Industries, Inc. designs wire bonding machines that bond gold
and copper wires as part of the
microchip assembly process.

Mass driven
by x-y table
and holds
tool tip

A

picture of the bonding area of a wire
bonder is displayed in Figure 1.
The wire, ranging from 15 to 30μm

Tool tip

in diameter, is drawn through the
tool tip and bonded at both the

Microchip

bonding pads of a semiconductor
and the substrate. This enables the

Fig. 1 – Wire Bonder

chip to be used in the integrated circuit of an electronic device, such as a motherboard.
Figure 2 provides a diagram of the full bonding
process.
Wire bonding involves the competing
objectives of high acceleration motions and low
vibrations to enable sub-micron positioning in short
time intervals.

More specifically, the tool tip

vibrations are at most +/-2μm for a 4mm move in 11
milliseconds, where the peak acceleration is 17gs.
This is no easy task and forces induced by motors
driving the x-y table at high speeds create vibrations
Fig. 2 – Bonding Process
Diagram

transmitted to all components of the wire bonding
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machines that may be harmful for bonding quality and accuracy.
In attempts to decrease the forces translated throughout the machine and increase
the bonding accuracy work was conducted during the summer of 2011 to isolate motor
motion. To perform MATLAB simulations to predict the displacements of elements of
the machine, the mass-spring-damper system shown in Figure 3 was used.

f1=10Hz
ζ1=.25
f2=166
ζ2=.05
f3=>variable
ζ3=>variable

Fig. 3 – Mass-Spring-Damper System for Simulation
Mass 1, the machine, is a lump mass of all wire-bonder elements that are not of interest
when analyzing. Mass 2, the heatblock, is the element that holds the heatblock slider,
which holds the sheet of semiconductor chips with integrated circuit patterns already
applied. Mass 3, the motor isolation system, is the isolated motor, and motor force is
transmitted through the spring and damper attaching it to the machine. In this system the
heatblock acts as a prey mass to the forces transmitted from the motor, and the goal of the
isolation is to decrease the displacements of the heatblock relative to the machine without
increasing the amplitude of the machine’s global displacement. This isolation objective
minimizes the error of bonds without increasing the vibrations in other elements of the
machine.
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To compare the MATLAB simulation results to real-life isolation, a proof of
concept test fixture was designed and assembled in July 2011. A modified y-axis motor
was placed on linear bearings to achieve motor isolation, and springs where attached to
either side of the motor. The test fixture is designed such that the isolation frequency and
damping ratios are customizable using various springs and adjustable dampers. The test
fixture is shown in Figure 4.
Heatblock
Motor head
Isolated Motor
Mass

Adjustable Spring
Machine
Base/Table
Fig. 4 – Labeled Proof-of-Concept Experimental System
The initial MATLAB model was able to show optimal isolation frequencies, thus
guiding the design process, but the proof-of-concept fixture experimental data reveals
that improvements need to be made to more accurately predict real life behavior.

The

theoretical and experimental heatblock displacement comparison is displayed in Figure 5.
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Fig. 5 – Isolated (Unlocked) and Non-Isolated (Locked) Acceleration Overlay
There is a discrepancy between the theoretical acceleration and that of the test
fixture, which shows that improvements need to be made to the simple MATLAB model.
The overall acceleration amplitude of the theoretical displacements is too small by a
factor of about 4, and the theoretical isolation ratio (isolated amplitude to non-isolated
amplitude) is much larger than the text fixture results. This inaccuracy of the theoretical
model sets the basis of this thesis work. The goal of this research is to improve the
accuracy of the model, and to design an updated model that is able to accommodate an
isolation system that is an improvement from the linear bearings, such as nonlinear
springs or flexures.
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II. Literary Review
The use of mass spring damper systems is a tradition way to analyze dynamic
systems and mechanical vibrations. They are governed by the following equations for a
2. GOVERNING EQUATIONS
simplestcoming
system used
for this
analysis issecond
system with
connected to a spring and damper, with
one degree-of-freedomThe
system,
from
Newton’s
lawmass
of motion:
or without friction.

∑

FigureF1. =
Mass-spring-damper
system and mass-spring-dry friction system
ma

( )

Differencial equation
could be written as [1]:
mx˙˙ +ofcfree
x˙ +damped
kx = foscilations
x

Mass-Spring-Damper System and Equations of Motion - Taken from [4]
c – damping
k – spring constant,
m – mass.
The result is awhere
second
order constant,
linear ordinary
differential
equation, which can be
The€
same system with squared velocity have differential equation in following form [1]:
solved by various methods. A problem arises when there is translational motion between
This differential equation could not be solved with exact methods. Solution for this equation would be
two bodies with surface
contact. This equation of motion governing the moving mass
found with fourth-order Runge-Kutta numerical method.
Third type of damping is system with dry friction. In differential equation of this damped system,

member which
representsterm
damping
replaced with
friction [4]:
now must take into account
a nonlinear
to isrepresent
friction,
which eliminates the

option of using linear solving methods.
Coulomb Friction

This differential equation has exact solution, which is compatible only when spring force and inertia
force are larger than friction force. For this case, RK method would be used for solution.
Model
Logarithmic decrement is natural logarithm of amplitude divided with following amplitude [5].

The simplest way to express friction is the coulomb friction model. In this model,
there is a constant friction value applied whenever velocity is non-zero, and the direction
where T stands for period between two amplitudes.

of the friction force is determined by the direction of the velocity [1]. The equation and
3. ANALYSIS OF RESULTS

graphical representation
the classical
coulomb
friction model is shown in the following
3.1 of
Analysis
of three types
of damping
Figure:

First analyzed type of damping is linear damping. Linear damping has exact solution for critical
damping in following form [1]:
Where A and B stands for:
and represents initial condition of damped system. We used
and
as initial
conditions, what is shown on the Fig. 2. This linear damping system is critical when condition
is satisfied.

782
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F = FC sign (v )
20

$ {1} if v > 0
&
Friction Models, Computational
sign (v ) ∈ %Methods,
0 Analytical Tools
[ −1,1] if v =and
&
' {−1} if v < 0
Fc

€
Fv
v

v
−Fc

Equation and Plot for Classical Coulomb Friction - Taken from [4]
(a)

(b)

Coulomb Friction Model with Static Friction
Fs
s
The Fcoulomb
friction model is very
simple, but with simplicity comes problems
Fc

Fc

with real-life application. A more realistic model is the coulomb friction model with
v friction when velocity is zero,
static friction. Mechanical
v systems typically have static

and coulomb, or
kinetic, friction once static friction
−Fc is overcome and velocity is non-zero
−F
c

−Fs

−Fs

[3]. However, the frictional force applied to a stationary mass is not equal to the full
(c) force. Instead, the applied (d)
static frictional
frictional force is equal to the external forces

applied
to of
thestatic
massfriction
until the
external
forcesfriction,
equal the
static friction,
Figure 2.1: Friction
curves
models:
(a) viscous
(b) maximum
Coulomb friction,
(c)
Coulomb plus static friction and (d) Stribeck friction

at which

point the mass's acceleration is non-zero, and it is no longer stationary [4]. The equation
The linear viscous friction model is given by

and graphical representation of this model is shown below:
(2.1)

F = Fv v

#%
FC sign (v )
if v ≠ 0
F =$
where Fv is the viscous friction damping, v is the%velocity
is the
friction
,FS Fsign
(Fexcorresponding
) if v = 0
&min Fexand

{

force. The classical Coulomb friction model is described by

}

# {1} if v > 0
%
F = Fsign
c sign(v)
(v ) ∈ $[ −1,1] if v = 0
%
& {−1} if v < 0
with Fc the Coulomb friction level and



1 if v > 0
0 if v = 0.
sign(v) =

€
−1 if v < 0

(2.2)

(2.3)

The classical Coulomb friction model (2.2) with the sign function (2.3) does not describe the
friction force at zero velocity properly because at zero velocity the friction force can only be
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c

(a)

(b)

Fs
Fc

Fs
Fc

v

v
−Fc
−Fs

−Fc
−Fs

Equation and Plot for Coulomb Friction Model with Static Friction - Taken from [4]
(c)

(d)

Stribeck Friction

Figure 2.1: Friction curves of static friction models: (a) viscous friction, (b) Coulomb friction, (

Coulomb
plus static
friction
(d) Stribeck
The coulomb
friction
model
withand
static
friction friction
is adequate for most mechanical

systems. However,
has been
observed
forislower
the transition from
Theit linear
viscous
frictionthat,
model
given velocities,
by
static to coulomb friction is not a nonlinear step, but instead
F = Fv va continuous decrease as
20

(2.1
Friction Models, Computational Methods, and Analytical Tools
velocity increases
[4].
decrease
in friction
is velocity
called the
where
Fv The
is thecontinuous
viscous friction
damping,
v is the
andStribeck
F is theeffect
corresponding frictio
force. The classical Coulomb friction model is described by

[4]. There are multiple hypotheses regarding parameterization to represent the Stribeck
F = Fc sign(v)

Fc representation are shown below, where the
effect, but a general equation and graphical

(2.2

with Fc the Coulomb friction level and

v
function g(v) is the Fparameterization:


v

v

1 if v > 0

(2.3
=if v ≠ 00 if v = 0.
#%
g(v ) sign (sign(v)
v)

−1 if v < 0
F =$
−Fc ( Fex ) if v = 0
%&min Fex ,FS sign
The classical Coulomb #friction model (2.2) with the sign function (2.3) does not describe th
if v > 0
{1} properly
friction force at zero velocity
because at zero velocity the friction force can only b
%
sign (v ) ∈ $[ −1,1](b)
if v = 0
(a)
%
& {−1} if v < 0

{

}

Fs
Fc

Fs
Fc

€
v

v
−Fc
−Fs

−Fc
−Fs

Equation and Plot for Stribeck Friction - Taken from [4]
(c)

(d)

Figure 2.1: Friction curves of static friction models: (a) viscous friction, (b) Coulomb friction, (c)
Coulomb plus static friction and (d) Stribeck friction

The linear viscous friction model is given by
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The Stribeck effect parameterization function, g(v), is found by fitting a function
to the experimental data, the most common of which is shown below:

g(v) = FC + ( FS − FC )e − v / v s

δ

Most Common Stribeck Effect Parameterization Function - Taken from [4]
where vc is Stribeck velocity, and δ is a shaping parameter, given various values from 0.5

€

to 2 by researchers. This Stribeck friction model, along with viscous friction, has been
found to sufficiently fit experimental data [4]. An alternative parameterization function
is shown below:

g(v) = FC + ( FS − FC )

1
1+ v /v s

δ

Alternative Stribeck Effect Parameterization Function - Taken from [4]
These parameterizations can be used in the Stribeck friction model to adequately

€

model mechanical systems with friction present at low velocities [4].
Models Without Discontinuities
There is one major issue these friction models.

In all cases, there exists a

discontinuity at zero velocity, which can complicate numerical analysis and severely slow
down simulation [2]. Two options to avoid these discontinuities, and therefore reduce the
required computing power, are the smooth friction model and the Karnopp friction model
[4].
The smooth friction model uses the arctangent function to smooth the transition at
zero velocity, creating a continuous function that is advantageous [4]. The graphical
representation of the smooth friction model is shown in the following Figure:
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discontinuous models. If those models are used in simulations, a zero velocity detection
needed and this can be very expensive in terms of the required computational power. On
way to circumvent this problem is by using approximated models such as a smoothed frictio
model or the Karnopp friction model as depicted in Figure 2.2.

Fs
Fc

Fs
Fc

v

η

−η

−Fc
−Fs

v

−Fc
−Fs

Plot for Smooth Friction Model - Taken from [4]
(a)

(b)

The general equation for this model, in which the slope about zero velocity can be

Figure 2.2: Approximated Friction curves: (a) smooth friction model and (b) Karnopp friction mod

varied using the steepness parameter ε, is shown below:
2
F = g(v ) arctan(εv )
π

Friction Function about Zero-Velocity for Smooth Friction Model - Taken from [4]
€ this model is that the steepness determines its accuracy and
The main issue with

simulation speed.

A steeper slope is more accurate, but creates a stiff differential

equation, thus hindering computation speed [4]. This means that one must choose which
is more important, accuracy or efficiency, and possibly sacrifice the other.
The Karnopp friction model, also known as the switch friction model, gets rid of
the discontinuity at zero velocity by setting a zero velocity interval, where any velocity
within this interval is considered zero velocity [4]. The zero velocity interval is given by
the following inequality:
v <η
1 >> η > Tol
Zero Velocity Interval Inequality for the Karnop Friction Model - Taken from [4]

where “Tol” represents the tolerance of the integration method. The Karnopp friction
€
model equation and corresponding graphical representation is displayed in the following
Figure:
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parameters and it is called Armstrong’s seven parameters model.
The main disadvantage of those static friction models is that they are discontinuous at
zero velocity. The discontinuity makes analysis and numerical simulation difficult. Generally,
the available tools that are developed for continuous systems are not applicable to those
discontinuous models. If those models are used in simulations, a zero velocity detection is
needed and this can be very expensive in terms of the required computational power. One
$&
g(v ) sign
(v ) such asifa smoothed
v > η friction
way to circumvent this problem is by using
models
%
F =approximated
,FS sign
&'min inFexFigure
model or the Karnopp friction model as depicted
2.2.( Fex ) + αv otherwise

{

}

α >0
Fs
Fc

Fs
Fc

€
v

η

−η

−Fc
−Fs

v

−Fc
−Fs

Equation and Plot for Karnop Friction Model - Taken from [4]
(a)

(b)

This model takes into account coulomb friction and static friction, while
Figure 2.2: Approximated Friction curves: (a) smooth friction model and (b) Karnopp friction model

implementing the Stribeck parameterization function and eliminating discontinuities
about zero velocity, thus making it the best choice for implementing friction into
mechanical systems [4].
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III. Methods/Theories
Friction Model
The main source of error in the original MATLAB model is that friction is not
included. Not including friction will cause the force transmitted from the isolated motor
mass to the table to be too low. Thus, once friction is included more force will be
transmitted into the system, and the heatblock and table will have larger displacements.
This will reduce the level of isolation, creating an improved isolation ratio estimate.
Various ways to implement friction into a mechanical system were discussed in the
literary review, and for the best simulation accuracy and efficiency the Karnopp friction
model was used. However, the isolation system works at very high speeds, so the
Stribeck parameterization function will not be used. Also, since the input force rapidly
exceeds the likely friction value, static friction will not be taken into account and only
Coulomb will be included.
Rather than directly apply the Karnopp friction model to the system, a gradual
implementation will be used. The friction model is first applied to a one mass massspring-damper system with made-up system parameters, and once the results are deemed
correct the two mass, three mass, and the isolated motor models can be evaluated.
The one mass mass-spring-damper model with friction is shown below:
mx˙˙ = F − cx˙ − kx − fr
f=5Hz
ζ=.25
€

Fnet = F − cx˙ − kx
IF abs(xdot)>10-6
fr=frmax*sign(xdot)
ELSEIF abs(Fnet) < frmax
fr=Fnet
ELSE
fr=frmax*sign(Fnet)
END

Fig. 6 - One Mass Mass-Spring Damper Model with Friction
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There are three different cases represented in these conditional expressions. The
first case is when the mass’s velocity is greater than zero. In this case the friction is equal
to the maximum coulomb friction value, and the velocity is used to determine the
direction in which the force is applied. The second case is when velocity is zero and the
sum of all forces except friction on the mass is less than the maximum coulomb friction
value. In this case the friction is applied such that the net force is zero, and the mass
should therefore have an acceleration of zero. In the final case the sum of all forces
except friction is large enough to overcome friction, but the velocity cannot be used to
determine the direction of friction since it is zero. Thus, the applied friction is equal to
the maximum friction force and the sign of the sum of all forces except friction is used to
determine the direction of the friction. These three cases cover all possible friction
scenarios.
In the original model the linspace matlab solver was used, which takes state-space
matrices and outputs the vector of state variables, which are the three displacements in
this model. Linspace only solves linear systems, and implementing friction creates a
nonlinear model, therefore a numerical integrator must be used.

Thus, the ODE45

solving function was implemented into the model, which uses the Runge-Kutta method to
solve systems of differential equations.
To see if the code works properly, the coulomb friction was set greater than the
reactive force of the spring. The input force was the first (positive) half of a sine wave of
amplitude 500N. With an input force of this magnitude, the maximum coulomb friction
force is 200N. The expected outcome is for the mass to move due to the applied force,
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but not return since the spring does not apply a force great enough to overcome friction.
The simulated output is shown in Figure 7.

Fig. 7 – Output of One Mass Mass-Spring-Damper System with Friction, 500N Friction
The force causes a displacement of the moving mass, and coulomb friction is applied
while the mass is in motion. Once the applied force returns to zero, the frictional force is
countered by the force applied by the spring, causing a net force of zero and the mass
remains at its maximum displacement. Overall, these outcomes are as expected. There
are some stray points in the friction, force transmitted, and total force plots, but this is
because the data for these plots is extracted as a global variable from each iteration of the
ODE45 solving function, and there is code internal to ODE45 that is not used when data
is extracted.

Thus, these discontinuities and stray data points can be ignored with

confidence. Now that the model has been confirmed, lower frictional values can be
evaluated. In the next simulation, the same input and system parameters were used, but
the max coulomb friction is reduced to 20N. The output plots are shown in Figure 8.
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Fig. 8 - Output of One Mass Mass-Spring-Damper System with Friction, 20N Friction
With a lower maximum Coulomb friction value, we see that the mass oscillates
for a few tenths of a second before coming to rest. More discontinuities and erroneous
points exist from extracting data from each ODE45 iteration, but, ignoring these points,
all plots are still as expected and a second mass can now be added to the friction model,
which is the next step toward eventually implementing friction into the isolated motor
system simulation. The two mass mass-spring-damper model with friction between two
masses is shown below.

(300kg)

(15kg)

f1=10Hz
ζ1=.25
f2=5Hz
ζ2=.25
FC=20N

Fig. 9 - Two Mass Mass-Spring-Damper System with Friction
14

The following equations of motion and conditional statement were used to simulate to
motion of the mass.
m1 x˙˙1 = c 2 ( x˙ 2 − x˙1 ) + k 2 (x 2 − x1 ) + fr − c1 x˙1 − k1 x1
m2 x˙˙2 = F − c 2 ( x˙ 2 − x˙1 ) − k 2 (x 2 − x1 ) − fr
Fnet = F − c 2 ( x˙ 2 − x˙1 ) − k 2 (x 2 − x1 )
x˙ rel = x˙ 2 − x˙1

€

IF abs(xdot_rel)>10-6
fr=frmax*sign(xdot_rel)
ELSEIF abs(Fnet) < frmax
fr=Fnet
ELSE
fr=frmax*sign(Fnet)
END

Equation 2
The main difference between the one mass and two mass models is that friction is
now between two moving surfaces, rather than a moving surface and a datum. Thus, the
relative velocity is used rather than global velocity in conditional expressions to find the
friction. The relative velocity and displacements was also used to find the net force,
which is a change from the one mass model. The simulated output is shown in Figure 10.

Fig. 10 - Output of Two Mass Mass-Spring-Damper System with Friction
15

The four plots on the left are the various force plots, while the plots on the right
are displacement and velocity plots. As force is applied to the mass there is a frictional
force opposing motion. Once the applied force reaches zero, the spring forces cause the
two masses to oscillate. The dampers and friction forces both dampen motion until
relative velocity and global velocities both reach zero. The analysis of the two mass
simulation results show that this model is correct, so three mass model can now be
analyzed. The graphical representation of this model is shown below in Figure 11.

(300kg)

(15kg)

f1=10Hz
ζ1=.25
f2=166Hz
ζ2=.05
f3=5Hz
ζ3=.25
FC=20N

(300kg)

Fig. 11 - Three Mass Mass-Spring-Damper System with Friction

The following equations of motion and if statement were used to simulate to motion of
the mass.

m1 x˙˙1 = c 3 ( x˙ 3 − x˙1 ) + k 3 (x 3 − x1 ) + c 2 ( x˙ 2 − x˙1 ) + k 2 (x 2 − x1 ) + fr − c1 x˙1 − k1 x1
m2 x˙˙2 = F − c 2 ( x˙ 2 − x˙1 ) − k 2 (x 2 − x1 )
m3 x˙˙3 = F − c 3 ( x˙ 3 − x˙1 ) − k 3 (x 3 − x1 ) − fr
Fnet = F − c 3 ( x˙ 3 − x˙1 ) − k 3 (x 3 − x1 )
x˙ rel = x˙ 2 − x˙1

€
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IF abs(xdot_rel)>10-6
fr=frmax*sign(xdot_rel)
ELSEIF abs(Fnet) < frmax
fr=Fnet
ELSE
fr=frmax*sign(Fnet)
END
Equation 3
The equations used to apply friction are the same as the two-mass model, since the
additional mass is simply a victim mass. However, friction is now between mass 3 and
mass 1, rather than mass 2 and mass 1. The simulation output of this three mass massspring-damper system is displayed in Figure 12.

Fig. 12 - Output of Three Mass Mass-Spring-Damper System with Friction with
Convergence Problems
Upon analysis of the plots, the displacement appear to be as anticipated. All three
masses have positive displacement while positive force is applied, with oscillations once
the force returns to zero. When comparing relative velocity to friction, positive friction is
applied when velocity is positive, and negative when velocity is negative. However,
there is clearly a problem with this output, shown in the force plots. As the relative
17

velocity approaches the zero velocity interval the friction rapidly fluctuates between the
positive and negative of the max frictional force. This causes the simulation to be
severely slowed down. Thus, while the output is correct, improvements need to be made
so that this model can be used with efficiency on the motor isolation system.
Since the friction application process is the same between the two mass and the
three mass systems, the root of the problem lies in the additional mass. It is probable that
the oscillations of the additional mass, not restricted by friction, is keeping the other
masses out of the zero velocity interval. A proposed solution is to use the mass three
global velocity as the reference velocity when determining friction, rather the mass 3
velocity with respect to mass 1. The mass of mass 1 is much greater than mass 3, so the
displacements and velocities of mass 3 are greater due to the large mass ratio, making this
approximation applicable. The simulation output of this three mass mass-spring-damper
system using mass 3 global velocity rather than relative velocity is shown in Figure 13.

Fig. 13 - Output of Three Mass Mass-Spring-Damper System with Friction
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This approximation was a major runtime improvement without hurting simulation
accuracy. The displacement and velocity plots are practically identical, while the dense
oscillations in the force plots are no longer present. This three mass model with the
relative velocity approximation can now be used on the actual motor force isolation
system.
Now that the friction implementation method as been verified using the three
mass mass-spring-damper model, the max Coulomb friction value to use in the model
must be found. To find this value the isolated motor mass was pushed with a force gauge
until static friction was overcome and the mass began to displace. The reading on force
gauge was approximately 20N, so this is the value that will be used in the model.
However, if it is determined that the error could be improved using a different friction
value, it may have to be verified and improved by other means.
System Characterization
The next step to further improve the accuracy of the model is to verify the model
input parameters by system characterization. The parameters that are known to be correct
are the motor’s mass and frequency, but all others need to be measured. In order find the
natural frequencies a frequency response function (FRF) can be used, which is a
measurement of an output per unit of input. The ratio of vibration amplitude per unit of
input can be plotted to find the location of peaks, and the peaks will be located at the
natural frequencies of each mass. Using these peaks, the damping ratio can be found
using the half power bandwidth method. This method is shown in Equation 3, where f0 is
the frequency of the peak, A is the amplitude of the amplitude of the peak, Abandwidth is the
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amplitude at half power, and flow and fhigh are the frequencies of the two half power
amplitudes:

Abandwidth =

A
2

( )

A( f low ) = A f high = Abandwidth
f high − f low
2 f0
Equation 3

ζ=

€

There are assumptions that are made when using the half power bandwidth method. For
example, the system must be highly underdamped, and the frequencies of peaks must be
sufficiently separated. If these assumptions are found to be false in the experimental
output, then the damping ratio must be found a different way.
The only system parameter left is the effective mass, which cannot be measured in
the lab. The actual masses of all system elements are known, but since the table and
heatblock motion is an angular rocking rather than linear displacement the effective mass
is the mass moment of inertia, typically denoted as “J.” In order to determine the
effective mass, the effective mass will be varied and the value at which the error between
the theoretical and experimental FRFs are minimized can be found.

This will be

discussed in more detail once the effective masses are the only remaining unknowns.
System Characterization - Heatblock
The heatblock has been studied in other projects at KnS, and the effective mass
and frequency are known values. While they are known values, it is not certain that the
heatblock used in the test fixture will reflect these values. The test fixture uses an older
heatblock model, and the heatblock insert, which is the rectangular plate that is clamped
onto the heatblock, upon which the substrate sits, can vary between the bonding patterns
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and chip size. Also, to eliminate unwanted and unexplained vibration feedback from the
heatblock to the motor a damping element was added to the heatblock slider, which will
likely change the heatblock’s input parameters.
In order to find the natural frequency of the heatblock a digital signal analyzer
was used to create an experimental frequency response function of the heatblock. Two
accelerometers were used, one was placed on the heatblock slider and the other was
placed on the machine base. A diagram showing how this experiment relates to the three
degree-of-freedom model is shown below:

Fig. 14 - Machine to Heatblock FRF Experimental Setup
There is a new mass present in the model, which is the motor head. The motor
head is what the isolated motor applied force to in order to drive it forward, and this mass
will be used in future FRFs. However, in this experiment the accelerometers were used
to find the magnitude of acceleration of the heatblock per unit of acceleration of the
machine base. This FRF will be used to find the heatblock’s natural frequency and
damping ratio, which can then be used in to the model to find the input parameters k2 and
c2. The FRF plot is displayed in Figure 15.
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Fig. 15 – Motor to Heatblock FRF
Using the above plot the heatblock’s natural frequency is found to be 164.5Hz and the
damping ratio is about 0.009, or 0.9%. The damping ratio is very low and the 164.5Hz
peak is far enough away from other peaks, so the half-power method is applicable. The
effective mass will be taken as correct, but verified or adjusted as needed later in the
experiment process. A table of all input parameters is shown below to keep track of what
is known, what has been found, and what is still unknown that will be used throughout
the system characterization process:
m1

f1

ζ1

m2

f2

ζ2

m3

f3

ζ3

?

?

?

6kg

164.5Hz

0.009

16.4kg

?

?

Table 1
System Characterization – Isolated Motor
The next element of the model that will be analyzed is the isolated motor. The
effective mass is simply the actual mass of the isolated motor since displacement is
translational. To find the other two input parameters of the isolated motor another FRF
was created, but this time the accelerometers were placed on the isolated motor and the
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motor head. The purpose of the motor is to drive the motor head, and the force on the
motor head causes the reaction force onto the isolated motor mass that the isolation
system is trying to isolate. Thus, to find the natural frequency of the motor the FRF must
be the magnitude of acceleration of the isolated motor per unit of acceleration of the
motor head. A photo of the experimental setup from the lab and the corresponding mass
model with accelerometers is shown below:

A1

A2

Fig. 16 - Motor to Isolated Motor Mass FRF In-Lab Experimental Setup Photo

Fig. 17 - Motor to Isolated Motor Mass FRF Experimental Setup
This setup was used to create the desired motor to heatblock FRF, shown in Figure 18.
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Fig. 18 - Motor to Isolated Motor Mass FRF
Using this plot it can be determined that the isolated motor’s natural frequency is
about 5 Hz. This natural frequency is as expected since the data was collected using the 5
Hz springs. The damping ratio was previously an unknown value, and using the half
power bandwidth method it was determined to be 0.073, or 7.3%. The damping ratio is
still low enough to be highly underdamped, and there is only one peak visible, so the
half-power method can be used. The updated table of known input parameters is shown
below.
m1

f1

ζ1

m2

f2

?

?

?

6 kg

164.5 Hz

ζ2

m3

f3

ζ3

0.009

16.4kg

5.06 Hz

0.073

Table 2
System Characterization – Machine Base
This leaves the table as the only mass left to characterize in the model. Unlike the
first two characterized masses, this mass has three unknowns. The mass of the table base
is known to be about 250kg, but since the mass is rocking, causing an angular
displacement rather than translational, the effective mass is not equal to the actual mass.
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Unfortunately, there is not way to collect data to directly measure the effective mass.
Thus, the plan is to find the natural frequency and damping ratio of the table using an
FRF, the same way the input parameters of the other masses were already found, and then
find the effective mass value where the error is minimized.

The FRF will be the

amplitude of machine base acceleration per unit of acceleration of the motor head. A
picture of the experimental setup and the mass diagram with accelerometers is shown
below:
A1

A2

Fig. 19 - Motor to Table FRF In-Lab Experimental Setup Photo

Fig. 20 - Motor to Table FRF Experimental Setup
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That setup is used to create the desired motor to table FRF, shown in Figure 21.

Fig. 21 - Motor to Table FRF
There are two peaks present in this FRF, one around 5Hz and another around
11Hz. When the motor mass has an applied force at its natural frequency it creates large
displacements. These large displacements cause large spring forces, since spring force is
equal to the product of the spring rate and displacement.

The spring forces are

transmitted upon the machine base, thus causing a peak at this frequency in the base’s
FRF plot. Thus, the first peak is the natural frequency of the isolated motor, and the
second peak is the natural frequency of the table. The table’s natural frequency is found
to be 10.8Hz and the damping ratio is 0.067. The updated input parameter table is shown
below, now with only one unknown input parameter:
m1

f1

ζ1

m2

f2

ζ2

m3

f3

ζ3

?

10.8 Hz

0.067

6 kg

164.5 Hz

0.009

16.4kg

5.06 Hz

0.073

Table 3
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To analyze the accuracy of the model so far a simulated FRF will be created using
the actual mass of the machine base as the effective mass. The model is not expected to
be very accurate, but it would be beneficial to have an idea of what the effective mass
should be, and if any other input parameters seem to be inaccurate. For example, if the
theoretical peaks are larger than the experimental then the mass is likely too small, if the
peaks do not line up the natural frequencies are likely not correct, and if the peaks are too
wide or not wide enough the damping ratio is not correct. The theoretical simulated FRF
plot overlaid on the experimental is shown below:

Fig. 22 - Motor to Table FRF – Simulated and Experimental Overlay
The simulated results show peaks at the correct natural frequencies. However, the
peaks are much smaller in magnitude, so the effective mass of the machine base is much
smaller than the actual mass. Also, it is unclear if the peak width is accurate or not, since
the two peaks have a significant different in magnitude. Also, the table’s peak may be
too close to the isolated motor mass’s peak, so the half-power method may not be
accurate when finding the table’s damping ratio. Thus, the two input parameters that will
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be optimized by finding the minimal error will be the machine base’s effective mass and
damping ratio.

At each input frequency the relative error can be found using the

following formula:
relative _ error =

M exp ( f ) − M sim ( f )
M exp ( f )

M=magnitude, exp=experimental, sim=simulated, f=input frequency
Equation 5
€

Next, take the mean of the error at each input frequency to get an overall error for each
FRF plot, and therefore each set of input parameters. The mean error can then be plotted
against the two varying inputs on a surface plot, shown below:

Fig. 23 – Average FRF Error Plot – Varying Table Effective Mass and Damping Ratio
According to this input parameter optimization the best value of effective mass is
80kg, which is about a third of the actual mass. As previously stated, this is because the
effective mass is actually the table’s mass moment of inertia, and the mass is not evenly
distributed throughout the table. Also, the optimal damping ratio value is 0.015, rather
than the 0.067 damping ratio found using the half power bandwidth method.
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Now that the system characterization to find all input parameters is fulfilled, the
completed table of input parameters is shown below:
m1

f1

ζ1

m2

f2

ζ2

m3

f3

ζ3

80 kg

10.8 Hz

0.015

6 kg

164.5 Hz

0.009

16.4kg

5.06 Hz

0.073

Table 4
The simulated FRF of the table base acceleration amplitude per unit of acceleration of the
motor head overlaid upon the experimental FRF can now be created. Using this plot the
extent of improvement with these new table input parameters can be seen, and the plot
can be evaluated to see if any other improvements are needed. The new FRF is shown
below:

Fig. 24 - Updated Motor to Table FRF – Simulated and Experimental Overlay
The error is clearly not zero, as the magnitude is underestimated from 5 to 10Hz,
overestimated at the natural frequency peak of the machine base, and again
underestimated for the rest of the plot. Having said that, the error is within an acceptable
range, and it can be concluded that the isolated motor MATLAB model properly models
the unlocked system.
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IV. Results
Isolation Ratio
The ultimate goal of this research is to improve the isolation prediction of the
simulated model to better match the lab results. The isolation ratio was first introduced in
the introduction as the unlocked to locked ratio of the magnitude of heatblock to machine
base relative displacement. This was originally found at a specific move input. In order
to find the accuracy of the model’s ability to simulate the isolation ratio across all
frequencies, the ratio of the FRF magnitudes will be used. The acceleration of the motor
will cancel with itself since force input is the same for locked and unlocked cases, leaving
only the ratio of the heatblock unlocked and locked accelerations. The main difference
will be that this will be the isolation ratio of the global heatblock acceleration rather than
with respect to the table.

A graphical representation of the mass model with

accelerometers to find the locked and unlocked FRFs followed by the equation used to
find the isolation ratio is shown below:

Fig. 25 - Motor to Heatblock FRF Experimental Setup - Unlocked
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Fig. 26 - Motor to Heatblock FRF Experimental Setup - Locked
accel _ unlockedheatblock ( f ) accel _ unlockedmotor _ head ( f )
Isolation _ ratio =
accel _ lockedheatblock ( f ) accel _ lockedmotor _ head ( f )

accel _ unlockedmotor _ head ( f ) = accel _ lockedmotor _ head ( f )
Isolation _ ratio =

€

accel _ unlockedheatblock ( f )
accel _ lockedheatblock ( f )
Equation 6

This setup will be used to obtain the necessary data to create the desired isolation ratio
FRF plot, shown below:

Fig. 27 - Motor to Heatblock Unlocked to Locked Isolation Ratio Plot
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Upon analysis of this isolation ratio plot it is evident that there are regions where
the model close to the experimental output, specifically between 5 and 9 Hz, and from
13Hz on. The less accurate regions are still within an acceptable range, and there are few
cases where the experimental isolation ratio is significantly less than the simulated.
Thus, this is an improvement upon the original model where the isolated was predicted to
be about 98% and it was in found to be only 60% in the lab, and thus isolation was
overestimated.
Time Domain
The time domain can now be evaluated to verify previous results. The magnitude
will not be the same as the experimental output since the motor head to motor mass FRF
has shown that error exists, but the plot can be used to see if the shape of the simulated
displacement plot is close to the displacement found in the lab. Several force profiles
were used to capture different input frequencies to examine the time domain response of
several points on the FRF. A simulated and experimental overlay plot of the isolated
motor mass’s displacement for one of these force inputs is shown below:

Fig. 28 – Isolated Motor Displacement Simulated and Experimental Overlay
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The amplitude is overestimated, but the general shape is very close to the
experimental results. Over the intervals where force is applied to the motor head by the
motor, which are the intervals of largest velocity of the isolated motor mass, the
simulation is very close to the experimental data. This plot shows further supports the
conclusion that the simulated model is able to simulate the experimental output.
Isolation Ratio – Wide Range
The motor force isolation system model is now verified, but the frequency range
of the isolation FRF does not include the natural frequency of the heatblock. Thus, an
isolation ratio plot from 0 to 400Hz will be created. The problem is that the original
isolation ratio plot was created using an input gain of 70. However, the system cannot
handle a gain this large at higher frequencies. The highest gain possible to obtain data up
to 400Hz is only 7. Thus, the data with a gain of 70 will be used from 0 to 15Hz, and
then the data with a gain of 7 will be used from 15 to 400Hz. This will create a
discontinuity in the isolation ratio plot, but this is necessary because the gain should be as
large as possible to overcome friction most effectively, since lower gains translate to
lower input forces, and friction is not overcome as well at lower force magnitudes. The
experimental setup, which is the same as before, is shown below:

Fig. 29 - Motor to Heatblock FRF Experimental Setup
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This experimental setup was used to obtain the isolation ratio data from 15 to 400Hz to
plot next to the low frequency isolation ratio plot, shown in Figure 30.

Fig. 30 – Wide Range Motor to Heatblock Locked to Unlocked Isolation Ratio Plot
This expanded plot reveals several things about the simulation model. First, the
low gain experimental data appears to be very noisy from 15 to 80Hz, and the isolation
ratio in this range hovers around 1 and is therefore not isolated at all. This is because the
forces at these frequencies are not large enough to overcome friction, so the isolation
system is not being used effectively.
The experimental data from 80 to 400Hz has several peaks, while simulated
isolation ratio plot is rather smooth.

These peaks are of various modes in the

experimental system, which one would not expect to see in the simulated model. The
model has only three point masses, and thus the output can have no more than three
peaks.

However, one would expect to see a peak in the simulated output around

164.5Hz, which is the natural frequency of heatblock. To further investigate this peak, a
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plot that is zoomed into the frequency range around the heatblock’s natural frequency
was creating, and the result is shown below:

Fig. 31 – Wide Range Isolation Ratio Plot Zoomed into Heatblock Peak
In the simulated model no peak exists. Additionally, the experimental peak near
164.5Hz has a magnitude close to 1, and thus isolation is not present at this frequency.
Going into this project one of the most important frequencies that needed isolation was
the natural frequency of the 164.5Hz, and this seems to show that the isolation system is
ineffective. To further investigate this matter it is necessary to view three experimental
plots overlaid upon each other; the FRF using isolation (unlocked isolation system), the
FRF without isolated (locked isolation system), and the isolation ratio of unlocked to
locked. This overlay plot is displayed in Figure 32.
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Fig. 32 – Experimental Motor to Heatblock Locked FRF, Unlocked FRF, and Unlocked
to Locked Isolation Ratio
There are two important things to take from this plot. First, there is a frequency
offset between the peak of the unlocked and locked FRFs. This is typically a sign that the
system is nonlinear, which is not taken into account in the model. The only nonlinear
element of the model is friction, but it is unlikely that friction is the source of this
nonlinear offset. This offset is also the reason why isolation appears to be ineffective at
the natural frequency of the heatblock. The unlocked peak takes place at the down slope
of the locked peak, and the isolation ratio is found to be about 1. However, the isolation
ratio of the offset peaks is closer to 0.5, which shows effective isolation. Thus, isolation
is effective at the natural frequency of the heatblock, but there is a shortcoming in the
model due to a lack of nonlinearity.
Improved Isolation System Design Proposal
While there are inaccuracies in the simulation model, it is able to adequately
estimate the optimal isolation system. To reduce transmitted forces the optimal system
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will have no friction, and the lowest isolation frequency and damping ratio possible.
However, the motion of the motor must be controlled, since there is limited space for the
motor in the wire bonding machines, and the relative offset between the motor has and
isolated motor mass can not exceed a certain amount or the motor will error and bonding
will stop. Based on these restrictions the maximum stroke of the isolated motor is +/5mm.

The force profile used will be a worst-case move scenario, described as

consecutive +3mm moves of the motor head with 50ms pauses between moves. The
mass and damping ratio of the isolation mass will be held constant at the values
previously found, the isolation system will be frictionless, and the minimum isolation
frequency without exceeding the maximum stroke will be found.

A maximum

displacement vs isolation frequency plot was created for the worst-case move profile.
This plot is shown in Figure 33, with a red dotted line at the maximum stroke
value and the blue line represents the maximum stroke at the various isolation
frequencies.

Fig. 33 – Max Stroke of Isolated Mass vs Isolation Frequency
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Based on these results the minimum isolation frequency without exceeding the maximum
stroke is found to be 0.6Hz. To verify and analyze the results the displacement of the
three masses is can be plotted in the time domain. The new chart of input parameters and
displacement plots are shown below:
m1

f1

ζ1

m2

f2

ζ2

m3

f3

ζ3

80 kg

10.8 Hz

0.015

6 kg

164.5 Hz

0.009

16.4kg

0.6 Hz

0.073

Fig. 34 – Displacement Output of Three Masses as Optimal Isolation Frequency
With these new input parameters for the isolated motor mass one would expect
there to be improved isolation over the entire frequency range.

This is because

eliminating friction and decreasing the isolation frequency reduces the transmitted forces,
thus decreasing displacement amplitudes of the table and heatblock. To see the level of
improvement an isolation ratio is created for these new inputs, which is then overlaid
upon the original 5Hz model. This plot is displayed in Figure 35.
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Fig. 35 – Isolation Ratio Overlay Plot – 5Hz w/ Friction and 0.6Hz w/out Friction
This plot supports the hypothesis that the lack of isolation is mainly due to the
presence of friction and an unnecessarily large isolation frequency. Based upon this plot
a design proposal for the next motor force isolation system is a frictionless system with
an isolation frequency no less than 0.6Hz, but probably larger so there is a factor of safety
with respect to reaching the maximum stroke. It is apparent that roller bearings are not
an effective means of isolation since it is nearly impossible to reduce friction to an
acceptable value, so this option can be eliminated. It appears that the best frictionless
isolation system option is a flexure system, since the flexures act as leaf springs to apply
a recoil force.
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V. Conclusions
Upon the conclusion of this research, data collection and analysis all thesis
objectives have been completed. The first objective was to develop an improved motor
isolation system MATLAB simulation model. Various ways to implement friction were
researched, and the Karnopp friction model was applied to the simulation system.
The model parameters were verified by system characterization using lab data.
Experimental frequency response functions were created to find all system parameters
except table’s effective mass and damping ratio. These last two input parameters cannot
be found using experimental data, and were therefore found by determining the values
that minimized error when comparing simulated and experimental data.
Using a wide-range isolation ratio plot some shortcomings of the simulated model
were found. There is nonlinearity present in the experimental isolation system, shown by
an offset of peaks when comparing isolated and non-isolated data. The only nonlinearity
in the simulated model is the presence of friction, so in order to create a more accurate
model other nonlinear elements need to be taken into account.
Once the accuracy of simulated model was improved and error was reduced to an
acceptable range the second objective of the thesis can be fulfilled: complete the initial
stages of designing an improved isolation system. This includes finding the isolated
motor’s input parameters that will optimize isolation without exceeding maximum stroke.
Another design improvement would be to reduce friction as much as possible, preferably
using a frictionless system, such as flexures. The design of this system stopped at this
point since Kulicke & Soffa has design engineers with much more experience to create a
system in a CAD program, but these engineers used the results of this thesis to do so.

40

VI. Future Work
There are various improvements to the model that could be implemented if
deemed necessary. First is the implementation of a nonlinear system by means other than
friction, as previously discussed. At this time it is unclear what the nonlinearity is, since
this was discovered at the latter portion of the thesis research, so further data acquisition
and research would be necessary to determine what the nonlinearity is and how to
implement it. Second, the simulation system simplifies the model by assuming motion of
all masses is translational. However, isolated motor mass on roller bearings will have
some rotation due to the forces applied by the motor. Thus, accuracy may be improved
by the addition of rotational elements.
Applying a moment as well as a force upon the motor mass could make another
improvement to the model. A diagram of the isolated motor mass and motor head that
shows the source of the applied moment is shown below:
Motor head

F

F

Moment=F*d

d

Isolated motor mass

Fig. 36 – Source of Applied Moment Explanation
The force denoted by “F” is the reaction force that is applied to the isolated motor
mass in the simulated model, but this diagram makes it clear that this force is offset from
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the motor mass’s center of gravity. If the moment were included in the simulation then
isolation would be decreased, since more force would be transmitted to the table and
throughout the machine. The optimized table input parameters may be different if the
moment was included, and an overall improved system may be developed. Another
option is to create an improved isolation system that relocates the center of gravity in
order to eliminate the moment arm.
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Appendix
Matlab code to call the ODE45 function:
global u
global time
load uandt %Loads the force and time vectors that will be
used in ODE45
maxtime=.5; %Loads the maximum time value
[val,locate]=min(abs(time-maxtime)); %Finds the maximum
time value in the time vector
t_int=[0,time(locate)]; %Sets the min and max values of the
time interval
BC = [0.0 0.0 0.0 0.0 0.0 0.0]; %Sets boundary conditions
[t,y] = ode45(@ThreeDOF_WithFrict,t_int,BC); %Calls the
ODE45 solving function to obtain simulations results
save('ODE45results_WithFrict','t','y') %Saves results
Matlab code to define the ODE function:
function [ dy ] = ThreeDOF_WithFrict(t,y)
%Call Global Variables
global frict
global appliedforce
global ftrans
global ode45time
global totalforce
global time
global u
%Redefine the y vector values to relate to the system
tabledisp=y(1); tablevel=y(2);
hbdisp=y(3); hbvel=y(4);
isodisp=y(5); isovel=y(6);
%Input parameters
M=[80,6,16.4];
f=[10.8,164.5,5.06];
w=2*pi*f;
z=[0.015,0.009,0.073];
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k=w.^2.*M;
c=2*z.*sqrt(k.*M);
%Find applied force by finding which element in the force
and time vectors are closest to the input time value
[min_diff,matrix_pos] = min(abs(t-time));
fmotor=u(matrix_pos);
%Find friction value to be applied
frmax=20;
netforce=fmotor-k(3)*(isodisp-tabledisp)-c(3)*(isoveltablevel);
vrel=isovel;
if abs(vrel)>10^-6
friction=frmax*sign(vrel);
else
if abs(netforce)<frmax
friction=netforce;
else
friction=frmax*sign(netforce);
end
end
%Equations of Motion
dtabledisp=tablevel;
dtablevel=(c(3)*(isovel-tablevel)+k(3)*(isodisptabledisp)+c(2)*(hbvel-tablevel)+k(2)*(hbdisptabledisp)+friction-c(1)*tablevel-k(1)*tabledisp)/M(1);
dhbdisp=hbvel;
dhbvel=(-k(2)*(hbdisp-tabledisp)-c(2)*(hbveltablevel))/M(2);
disodisp=isovel;
disovel=(-k(3)*(isodisp-tabledisp)-c(3)*(isoveltablevel)+fmotor-friction)/M(3);
%Output
dy=[dtabledisp;dtablevel;dhbdisp;dhbvel;disodisp;disovel];
%Global Variable Monitoring
frict(length(frict)+1)=friction;
appliedforce(length(appliedforce)+1)=fmotor;
ftrans(length(ftrans)+1)=friction+k(3)*(isodisptabledisp)+c(3)*(isovel-tablevel);
ode45time(length(ode45time)+1)=t;
totalforce(length(totalforce)+1)=-k(3)*(isodisp-tabledisp)c(3)*(isovel-tablevel)+fmotor-friction;
end
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