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ABSTRACT—The transmission of high speed data has become
increasingly important in systems that utilize slip rings for the
transmission of data from rotating to stationary platforms.
Traditional evaluation metrics for the suitability of sliding
contacts to carry signals or data have evolved from the D.C. and
analog world and do not accurately predict performance with
high speed data. Contact “noise”, or variation in contact
resistance, is universally used to evaluate contact quality, but this
standard method requires extensive re-definition and
augmentation to accurately predict the efficacy of a high data
speed sliding contact system. This paper presents both
experimental and analytical data to show the critical
characteristics of a sliding contact system that can transmit
digital data up to 3 gigabits per second (Gbps). Digital data signal
characteristics are reviewed and compared with the features of
sliding electrical contacts to identify the potential areas of
concern. Data is presented to show performance of a sliding
contact system designed expressly for the transmission of high
speed data. The influences of micro and macro contact
environments are examined and Kkey tribological factors are
reviewed.

L INTRODUCTION

The study of sliding electrical contacts has traditionally
been divided into two areas of study: power capacity and signal
quality. The study of power contacts is typically focused on an
understanding of the impact on the contact from power loading
and the effect power (both current and voltage) have on the
power rating and contact reliability. On the other hand, the
study of sliding electrical contacts used for signal transfer is
focused on the ability of the electrical contact to function
within a signal transmission line with minimal impact on signal
quality. It is on this area of signal quality of sliding electrical
contacts that this paper will focus, specifically on the
transmission of high speed data.

For the past 50 years the critical parameter of signal quality
has been the variation in contact resistance experienced by
electrical contacts while sliding [1, 2]. This variation in contact
resistance produces signal noise as resultant voltage and/or
current perturbations governed by ohms law. These changes in
contact resistance with sliding are dependent upon a number of
key parameters including surface film changes [3, 4], physical
parameters such as contact force, sliding speed, surface
roughness, vibration [2, 5-8], or particulate contamination from
wear debris or outside sources [1, 9]. This activity occurs on
the micro-level, i.e. in the zone where the two elements of the
electrical contacts actually have their interface.

Early researchers [10, 11] described the mechanics of
electrical contact as multiple micro-asperities in contact.
Electrical contact resistance resulting from a low number of
contact points and low contact area constricts the electron flow

near the asperities actually in contact [12]. This resistance is
commonly called constriction resistance. Constriction
resistance is defined as the increase in resistance due to the
replacement of a perfectly-conducting interface by a
constriction [13]. This model is shown in Figure 1. Much of the
work on electrical contacts in the past 20 years has been
focused on describing and modeling the contact asperities and
their contact resistance using sophisticated numerical
techniques [14-17].
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Figure 1. Contact zone showing contact points
and film in the gaps

The theoretical model developed by Antler [1] is still
commonly cited as the explanation of sliding contact resistance
variation phenomena. In situations of a metal rider on a metal
ring, severely-worked metal from the ring transfer to the rider
forming a prow-shaped wedge which adheres to the rider. Even
when rider and ring are different material, the prow material is
transferred from the ring. Loss of the prow from the rider
occurs by adhesive weld-back transfer and, to form loose
debris, by shearing or fatigue fracture. Contact resistance noise
originates in stick-slip, wear debris generation, and surface
hardening. Figure 2 (from [18]) illustrates this prow formation.
A more recent study provides a discussion of the effect on
noise of normal force, surface roughness, initial run-in, sliding
speed, and liquid lubricants [2] and [19] provides a study of the
relationship of contact sliding speed to the frequency spectrum
of the noise, or resistance variation.
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Figure 2. Prow formation on rider of sliding electrical contact
(from Ref 18)
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The variation in contact resistance, or contact noise, is the
figure of merit that has been used over the years to evaluate the
suitability of sliding contacts to transmit analog and low speed
digital data. As the use of sliding electrical contacts for the
transmission of digital data continues to proliferate,
investigations are overdue on the critical parameters of sliding
electrical contacts in the transmission of high speed data. Are
there other figures of merit besides contact noise that should be
considered when high speed digital data is being transmitted?

II.  CRITICAL PARAMETERS

As we discuss high data rates, the most important issue to
consider is the frequency components of all digital signals, as
shown in Figure 3. In order to transmit high data rate signals
with reasonable bit error rates (BER), a transmission line must
be capable of handling at least the 3rd and ideally the 5th
harmonic of the fundamental frequency (the fundamental sine
wave frequency is typically one-half of the bit rate). This
frequency capability of the transmission line is called its
bandwidth. So a transmission line with a bandwidth of 1 Ghz
could be expected to carry a digital signal with a bit rate of 400
Mbit/sec (400 Mbps x 0.5 MHz/Mbps x 5) with good fidelity.
This is a frequency domain evaluation of a digital pulse.
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Figure 3. Frequency components of a square wave

In the digital world the quality of digital transmission is
normally evaluated in the time domain. Eye diagrams are used
to indicate in the time domain the predicted BER of
transmission lines. Eye diagrams are formed by capturing a
digital signal and “laying” bits of the data stream on top of each
other. If there is no phase delay from poor transmission line
quality, the square waves should align exactly. When the
higher frequency components of the square wave are
transmitted effectively, an eye diagram similar to the one
shown in Figure 4 (a) is produced. When the transmission line

produces phase delays due to its inability to transmit these high
frequency components, the eye starts to close up as shown in
Figure 4 (b). This phase delay is known as jitter in the time
domain. This eye diagram, Figure 4 (b), is still acceptable
(BER of 10-10 or better) for all but the most demanding
applications.

As we turn to our investigation of the performance of
sliding contacts in high speed data applications, we will discuss
effects in both the frequency and time domain, but these are
just two ways of looking at the same effects. When a slip ring
is inserted into a transmission line, the primary issue is
matching impedance of the line. Any device that represents an
impedance mismatch will produce reflections at higher
frequencies and result in phase delay (frequency domain) or
jitter (time domain). So we will be exploring the impedance
and variation of impedance with rotation of sliding contacts in
this evaluation.
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It is useful to consider the work that researchers in the area
of stationary electrical contacts have done to understand the
important characteristics of the contact zone on the ability of
electrical contacts to transmit high speed data. This body of
work serves as a good introduction to the critical parameters
that need to be studied as we expand the discussion to sliding
contacts. The discussion has expanded beyond DC electrical
contact resistance (ECR) which has been the primary
performance metric for electric contacts since Holm’s famous
book on electric contacts [11].
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In his study of the failure of coaxial connectors, Sun [20]
introduces the idea that in communication systems electrical
contacts must be treated as an AC impedance and not just as a
DC resistance. Early researchers who studied the capacitance
of electrical contacts [21] [22] [23] and non-linear resistance
effects [24] set the stage for consideration of the effect of these
parameters on digital signals. By expanding a formula derived
by Simmons [25], Takano [26] [27] showed that thin film
layers in the contact zone distort the third harmonic of AC
signals, and the thickness of these films can be measured by
third harmonic distortion (THD) techniques. Since we’ve seen
earlier that the third harmonic is a critical component of high
speed data, distortion of the third harmonic could be a problem
in high speed data transmission.

Lavers and Timsit [28] studied the relationship of signal
frequency to the constriction resistance between two contacts
and showed that value of constriction resistance is a function of
signal frequency due to skin effects of high frequency signals.
They reported the somewhat counterintuitive result that the
constriction resistance decreases as the frequency increases in
the actual contact zone, but when the constriction is considered
in the bulk material around the contact the overall effect is an
increase in contact resistance (they call this connection
resistance) with frequency. A number of studies have
investigated non-linear constriction resistance effects occurring
at in the contact zone, and it is clear that any non-linear effects
must be understood in digital systems to avoid unacceptable
phase delays and jitter. Malucci [29] studied multipoint contact
systems and discussed the relationship of frequency to
resistance and capacitance of these multipoint contact systems.

A number of studies have expanded the understanding of
contact impedance in static contacts to high speed digital data
transmission [30] [31] [32] [33]. Also of interest is work that
has studied the impact of contact impedance on RF connectors
and MEMS devices [34] [35] [36]. What immerges from these
studies on stationary high bandwidth electrical contacts is a
picture of the contact zone shown in Figure 1 and the electrical
model of Figure 10. The AC impedance between the two
contacts is a function of frequency, contact geometry, surface
roughness, surface films, and contact force. These factors are
not much different than DC resistance considerations (with the
exception of frequency) however the non-linearity of the
constriction resistance and the reactance of the contacts add
extra complexity to the studies. Based on this research on
stationary contacts, it is clear that the primary area of concern
in the study of high speed data through sliding contacts should
be the change in the reactive elements of the contact impedance
as well as the resistive that is introduced by the dynamic nature
of the sliding contact.

As the sliding element of the electrical contact wipes across
the stationary surface there are number of events occurring at
the micro-level where the asperities meet that effect the
impedance.

1. Surface films are being continually wiped off, re-formed,
and/or re-deposited. The presence/absence, thickness, and
chemistry of these films have an effect on both the
capacitance and the tunneling resistance.

2. The surfaces are being altered by the wiping action;
surface roughness is changing; adhesive debris (prows) are
being formed, broken, and re-formed; and the contact area
is changing.

3. Dynamic effects (stick slip, external vibration effects,
surface run-out) are causing changes in the normal force
pushing the contacts together.

4. Boundary lubrication parameters are being altered by
surface physical and chemical changes, environmental
conditions, and frictional and joule heating causing
dramatic changes in the effect of lubricant [37, 38].

5. Wear debris and contaminating particles (conducting,
semi-conducting and insulating) are finding their way
between the contacts and being embedded into the
boundary layer.

This paper will not focus on the causes of the changes in
impedance but rather on the effect the impedance change has
on the sliding electrical contact when inserted in a transmission
line, but these tribological conditions underlie the discussion.
This paper will investigate order of magnitude effects that
could have an impact on data transmission to provide guidance
for further in-depth study of potential issues. The advantage of
digital data transmission compared to analog data is the relative
immunity to signal noise events in the microvolt and millivolt
range so we can turn our attention to events causing relatively
large impedance changes (orders of magnitude). However,
noise events in the nanosecond range can trigger bit errors, so
we have to dramatically increase our measurement bandwidth
over traditional studies to see them. Typical noise measurement
bandwidths in studies as recent as 2012 [39] used a 30 kHz
measurement bandwidth. Studies of data capability in the Ghz
range require a measurement bandwidth of at least 6 orders of
magnitude increase in this 30 kHz bandwidth.

III.  SLIP RINGS AS TRANSMISSION LINES

When a slip ring is placed into a high speed data
transmission line there are a number of macro design features
related to high data interconnect practices [40] that need to be
put in place to ensure proper operation. These practices are
related to how the contacts are terminated and “wired into” the
transmission line. These practices include impedance control,
crosstalk protection, and proper shielding and grounding.
However, the basic question of the ability of the sliding
contacts themselves to handle high speed data is an issue that
inevitably arises and is worthy of study. Is there some
maximum data speed past which sliding electrical contacts can
no longer be expected to operate reliably?

Passive circuit elements such as wires, circuit boards, and
integrated circuit packages that interconnect active circuit
elements in a digital system are called transmission lines, and
most aspects of these transmission lines are well defined and
characterized [40-45]. With the continued increase in data
speed and system complexity, the properties of these
transmission lines must be selected to minimize signal
propagation degradation (e.g., ringing, reflections, and phase
delay), interaction between signals (crosstalk), and
electromagnetic interference from the environment. In some
high performance systems these transmission lines require data
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to be moved from a rotating platform to a stationary platform,
and the most common method of de-rotating the data is through
the use of a slip ring.

A slip ring is a complex electro-mechanical assembly that
inevitably introduces some degree of reactance and non-
linearity into the transmission lines. This is not a contact
problem but rather an interconnect design problem. Good
design practices can minimize these “lossy” and non-linear
effects, but they cannot be eliminated.

Figure 5 illustrates a two terminal transmission line with a
slip ring included. For simplicity, we assume that the
transmission line itself is lossless [46] to investigate the slip
ring’s effect on the characteristics of the transmission line. This
is equivalent to the common practice of wiring a slip ring with
a controlled impedance twisted pair cable (twinax).
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Figure 5. Two terminal block diagram

This paper will examine a specific slip ring design shown in
Figure 6, a platter slip ring design. In a typical slip ring
arrangement, each ring has two brushes per circuit contacting
on the ring. In the case of our example, the brush itself is
bifurcated, i.e., there are two distinct elements per brush. The
bifurcation of each brush and the multiple brushes per ring
provide redundancy and ameliorates the variations in contact
parameters with rotation. Normally connection to the ring is
accomplished in one location with a permanent connection, for
example a wire soldered to a ring. As rotation occurs the
change in the relative position between the brushes and the ring
contact produces a variation in the electrical path length and a
resistance variation [39]. Since rotational frequencies of slip
rings are orders of magnitude slower than most data speeds and
the amplitude of the variation is relatively small, this rotational
variation in resistance can usually be ignored in high speed
transmission line characterization.

Figure 6. Illustration of a platter slip ring with a single
ring pair. As the brush rotates around the ring the
variation in length from the location of the ring lead
termination to the brush lead termination in each
direction can be a source of signal reflections.

However, this path length variation also produces two parallel
paths from the brushes to the ring terminal that are of unequal
and varying length, and this feature creates phase mismatching
that can be significant on large diameters. Additional
impedance mismatches can be created by wire and shield
terminations and brush and ring impedance. A model of this
slip ring configuration is illustrated in Figure 7 , and
traditional simulation tools can be utilized to simulate most of
the circuit parameters [40, 47, 48]. Simulation of high speed
interconnect circuits that contain “lossy” elements are
discussed by researchers who are concerned with minimizing
losses and signal distortion in electrical interconnects in the
megahertz and gigahertz range and nanosecond and sub-
nanosecond switching times. The lumped parameter method
modeled in Figure 4 has been validated by a number of
researchers [29-32]. But the circuit model needs parameters to
“plug in” for sliding contacts themselves, and the digital
designer turns to the electrical contact specialist for answers.
How do sliding contacts behave when passing high speed
digital data?

Ring Side

Brush Side

Figure 7. Electrical model of a slip ring assembly

An arrow through the impedance indicates a variable value.

A. Modeling Sliding Electrical Contacts

As outlined in the introduction, there is research on the
modeling of stationary and switching contacts, but there is no
published research on the high frequency modeling of sliding
electrical contacts. Let us look at a typical contact surface that
starts out with a surface roughness Rc of about 0.2 pm. The
most common ring surface is hard gold plate with a hardness of
about 2 x 10° N/m2. The wiper (or brush) material again is
normally a noble metal alloy, but soon after rotation starts a
prow composed of ring material soon forms on the brush and
the contact becomes prow-to-ring. The photomicrographs in
Figure 8 show typical brush contact areas after several hundred
hours of rotation at 30 RPM. These pictures illustrate very well
the descriptions of Antler and others who describe ring material
transferring to the brush to form a prow of laminar construction
and subsequent sliding occurring between the brush prow and
ring. This prow material is quite hard with measured hardness
of roughly four times the hardness of the electro-deposited
gold. The typical prow is about 6.5 um thick and of various
widths and lengths, although on average in the example slip
ring these prows are about 200 pm in diameter.
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Figure 8. Brush contact areas

Figure 9 shows typical ring surfaces (there is no
relationship between the brush and rings of these pictures).
While the prow is forming on the brush, the ring is becoming
“burnished”. The nodal finish formed by the electroplating (Rc
of 0.2 um) is being worn smooth with rotation (compare Figure
9 (c) and (d)). In equilibrium conditions after prow formation,
the system is a very hard and smooth prow sliding against a
smooth ring surface. The prow can have hardness in excess of
two times the hardness of the base material and the ring
experiences work hardening at the contact surface. This system
is typically lubricated with an ester-based lubricant that is
applied only once in very low quantities. It is interesting to note
the wide variability of the prow formation from brush to brush
Figure 8. Although we can discuss “typical” prows, it is
difficult to exactly characterize this prow. Some brushes build a
distinct, well-defined prow and some seem to have a hard time
getting a prow started.

() Plated surface 2000x

(c) SEM of sear track 2000x

Figure 9. Ring surface

With this understanding of what the contact zone looks like,
let us hypothesize that all three elements of circuit impedance
(capacitance, inductance, and resistance) are present as shown
in Figure 10 and then investigate this hypothesis. Resistance
has been shown as two elements: DC resistance and non-linear
resistance. Note that the inductance, non-linear resistance, and
ohmic resistance are in series since these elements share the
same current flow through the metallic contact. The
capacitance is in parallel since this transmission path is
coupling through the dielectric film and air in the non-
contacting gaps as illustrated in Figure 1.

First we should investigate the decision to model the
contacts on a macro scale rather than a micro scale. If all the
action in the contact zone occurs on the asperity level or micro
scale, how can we produce lumped parameters for the entire
contact zone. Fortunately, there is evidence in the stationary
contact research that this is a reasonable assumption. There
have been a number of studies done using advanced numerical
techniques such as finite element and finite difference analysis
to show that results from micro models align with traditional
macro models, certainly within the order of magnitude analysis
we are performing [49-52] . With the goal of understanding the
values for resistance, inductance, and capacitance (the elements
of impedance) in the contact zone to use in the transmission
line model of a slip ring, the lumped parameter approach will
be taken.

Zs Ring Side
—
+
C 1 r
JE—
Digital R
Source
Rt _
Brush Side

L = Contact inductance

C = Contact capacitance

ic = Current through capacitor
ir = Current through contact

E = Digital data source

Zs = Source impedance

Rt = Non-linear tunneling resistance
P = Ohmic contact resistance

Figure 10. Electrical model of the contact zone

Malucci [30] studied the effect that contact parameters
could have in the degradation of high data rate signals as
modeled in Figure 10 although he, like most signal contact
researchers, ignores the inductive component. The study
bracketed the potential variation in impedance by assuming a
purely resistive case, a purely capacitive case and one
resistive/capacitive case, and the conclusion is that at high
frequencies ohmic contact is not required to transmit data.

Chen reports similar results [31] and Smith [33] discusses
the effect of nanosecond discontinuities in backplane
connectors at Gigabit/sec data speeds. Gao [32] proposed an
improved FEM model of stationary contact impedance and
showed that degradation effects, when modeled as impedance
changes, can have an effect on the reflected signal, the signal
jitter, and ultimately the bit error rate (BER). Sun [20]also
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models the effect of “contact failure”, i.e., high DC resistance,
and shows the complex effect of the multi-reflections generated
by these phenomena.

It is obvious that sliding contacts have a more active contact
zone than stationary contacts, but the approach of bracketing
the change in contact impedance between pure resistance and
pure capacitance can be utilized. Since sliding has as effect on
the rate of change of the impedance, it is also important to
consider not just the amplitude of the impedance effects but the
frequency components of nanosecond or microsecond events as
well. Work has been done in the past by Mano [53]and
Taniguchi [19] to describe the frequency components of sliding
electrical contacts, and Maul [54] describes the intermittency
phenomena of fretting contacts. It will be useful to combine
these results from studies on ohmic noise with assumptions on
capacitive coupling to understand more fully the frequency
components of impedance.

1)  Resistance

Electrical contact resistance is undoubtedly the most
important element of sliding contact systems, and performance
of sliding electrical contacts have typically been characterized
by the variation in contact resistance (contact noise). This
characterization has been in terms of linear (or ohmic) noise,
but we will need to also look at non-linear resistance effects on
the impedance.

Slip ring noise has always been considered a linear
problem. Low noise, precision slip rings were developed in the
analog world. Frequently these slip rings were inserted in front
of any system gain, and any noise introduced in the system by
the slip ring was amplified and was seen as sensor error. A
typical specification on slip ring noise for these slip rings was
20 mQ which would equate to uV of noise when passing mA
signals. It is important to note that these systems typically had a
very low frequency response, so that any noise above a few
KHz was filtered out and had no effect. And since the noise
was measured on analog oscilloscopes, noise in the MHz range
was not recognized.

Digital data transmission through slip rings began to
highlight the transmission line problems that slip rings can
introduce. The problems can be grouped into two major areas.
The first is the general transmission line problem caused by
inserting an interconnect assembly with an unmatched and
varying impedance into data transmission line of a
characteristic impedance. This problem is addressed with
appropriate high speed interconnect design practices. The
second is the contact noise problem. The critical digital sliding
contact noise parameters are significantly different than with
analog data. The discussion shifts from an amplitude problem
to a frequency problem. Contact noise in the 20 mQ range is
well under the noise floor of digital signals, but noise in the
MHz range can produce bit errors with data in the Mbit/sec
range.

What are reasonable lumped ohmic resistance values
produced by healthy sliding contacts and how do these values
change over time? As a matter of fact the term contact noise
has less value in the digital discussion as the term
intermittence. We are again borrowing from the stationary

contact research, and the term intermittence has been used to
define failure in connectors especially connectors experiencing
fretting wear. ‘Intermittence’ can be defined as a short-duration
occurrence of high resistance in an electrical contact. It is
important to understand that the terms “high resistance” and
“short duration” are both dependent upon the signal level and
signal speed. For example, intermittence values on the order of
the signal rise time and 10dB down from the signal level could
significantly increase the jitter level of the signal and increase
the BER.

In our example platter slip ring we can estimate the
stationary contact resistance using fairly traditional methods.
The estimated contact area can be found using Tabor’s classic
formula A = F/H where A is the estimated real area of contact,
F is the brush force, and H is the hardness of the ring material.
For this case, the estimated area is roughly 2.5 x 10-12 m. If we
assume that the contact area is circular and the contact is
equally distributed across this area, then we can use Holms [11]
simple formula to estimate the contact resistance R = p/2a
where R is the contact resistance, p is the electrical resistivity,
and a is the spot radius. For our example the estimated
resistance is 4 mQ per contact or 2 mQ for the bifurcated
brush. This very basic analysis is fine for our use since our
primary concern is the variation with rotation.

Figure 11 shows the calculated effect of brush force
variation on contact resistance and contact spot size. A main
cause for intermittences during rotation is the variation of
contact force caused by vibration of the brush from stick slip or
environmental conditions. If we use our 10 dB threshold value
for intermittences and assume a signal voltage and current level
of 5 volts and 10 mA, the brush force variation has to be
around 9 orders of magnitude to get the ~50 Q resistance that
would yield a .5 volt drop across the contact. The approximate
contact spot size at this contact resistance is on the order of
magnitude of 0.0001 p.
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Figure 11. Contact resistance and contact radius as a function of brush
force

This traditional analysis of contact resistance assumes that
the spot size of the contact is significantly larger than the mean
free path of electrons. When the contact size is reduced to a
distance smaller than the mean free path of electrons, the
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Sharvin effect can be the primary component of resistance [12].
This effect results in a transition of the conduction properties in
the region near the contact spot from a continuum (a) to a
ballistic (b) regime.

Timsit discusses this effect [55] and simplifies the Sharvin
equation to

Rs = C/a? (D)

where C is a constant dependent only upon the electronic
properties of the material and a is the contact spot size. In the
case of gold the value of this constant is 3.58 x 10™° ohm
meter’. Figure 12 shows this Sharvin resistance component of
resistance and the significance can be seen when the contact
spot is sub-micron. The standard ohmic resistance and Sharvin
resistance can be evaluated as a series resistance as shown in
Figure 13 and the sum of these two resistance values are shown
in Figure 11.
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Figure 12. Illustration of Sharvin resistance: (a) shows the current
flow in standard ohmic contact; and (b) shows configuration of non-
ohmic contact
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Figure 13. Contact resistance [55]

Timsit argues that Sharvin resistance is the likely
explanation of the apparent breakdown in the classical contact

theory in the reporting of contact intermittences by Maul, et al
[54, 56, 57] and this analysis shows that Sharvin resistance
levels leading to the 10dB intermittence level results in a spot
size of at least two orders of magnitude less than the Holm
constriction resistance spot size. Since our assumption that all
the contact is centralized in one large spot, it is likely that the
Sharvin resistance is actually a bigger component of the
resistance in actual multi-spot contacts.

2)  Non-linear resistance

There are a number of effects in play in this constriction
region which result in a non-linear component of the resistance.

a) AC signal frequency leads to skin effects in the
constriction region [58] and produce a frequency dependent
component of constriction resistance. There are actually two
parts to this constriction resistance: the resistance at the
constriction itself and the tunnel area as the current expands
into the bulk material through the constriction. Under DC and
low frequency conditions the current flow near the contact
spot spreads widely into the volume on both sides of the
constriction. However at high frequencies, the skin effects
limit the ability of the current to expand into the bulk material
thereby increasing the effective resistance. There is some
evidence to suggest that the resistance at the actual
constriction decreases at increased frequencies [13] but this
increase in the bulk resistance component results in an
increase in constriction resistance as frequencies increase.

b) Joule heating. The resistance non-linearity generated
in the contact zone by a sinusoidal signal has been shown to be
a function of the signal frequency as well as the higher order
harmonics [59-61] due to the sine variation in the joule heating
at the contacts zone [13]. Of course in the case of square
waves this relationship becomes more complicated by the
multiple sine components of the square wave.

As is the case with many non-linear phenomena there are
no good analytical methods to estimate these non-linear effects
and empirical data relevant to our sliding contact arena is very
limited. It is clear that the primary effect of impedance
variation with frequency on our high data rate contacts will be
on signal phasing, i.e., jitter.

Our initial assumption driving the variation in contact
resistance was a change in brush force with rotation. There are
a number of other causes for the increase in contact resistance
that have been studied, and for our purposes it is sufficient to
understand that increased resistance results from a smaller
metal-to-metal contact area for whatever reason and this metal
to metal contact can be replaced by film conduction, high
resistance particle contact or simply by air.

3)  Capacitance

The studies on contact capacitance are normally divided
into three groups: Metal-Insulator-Metal (MIM), Metal-Oxide-
Metal (MOM), and Metal-Gas or liquid insulating material
surrounding the contact-Metal (MGM). All three of these relate
to a typical slip ring application.

e  MIM: Slip ring designers have dealt with insulating films
since the early days of slip ring research. Frictional
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polymers (Abbott), co-deposited plated organics [62], and
chemisorbed and physisorbed organics and water vapors
all contribute to the insulating film.

e  MOM: Oxide films form on even the most noble of contact
materials. These are oxides of the primary contact
materials as well as oxides of alloying metals and
contaminates.

e MGM: Slip rings are usually lubricated with a liquid
lubricant [63, 64] although this lubrication would best be
described as a boundary lubrication scheme [37].

The capacitance, C, between two flat parallel surfaces that
overlap with some gap between them is given by

C=¢gg, *A/h 2)

where €€, is the product of the relative electrical permittivity
of the material in the gap and the permittivity of air, A is the
overlap area, and h is the distance between the two surfaces. As
we have pointed out the landscape between the contacting
surfaces is complex from a geometry and chemistry standpoint
so we have to make some simplifying assumptions to proceed.
Researchers have studied the contact region to determine the
effect of films and contact geometry [21-23, 65-70]. Recently
work has been done to generalize the classic work by Holm on
the a-spot to include a finite axial length [49] which produces
the model shown in Figure 14 which results in an equation for
the capacitance of C, = C, + C,

Tr(bz—az)
iy 3)

1'Ea2

Co=e (=g

where C, is the capacitance of the bridge, and C, is the
capacitance of the noncontact region shown in Figure 14 and ¢
is the permittivity of the connecting bridge.

Figure 14. Model of contact zone with a-spots of finite length

Our goal is to determine the order of magnitude effect that
capacitance could have on our contacts at high data rates, so we
will take a more approximate approach and use equation 2.
From a visual inspection of the wear scar on the brush and the
wear track on the ring, we can estimate the approximate brush
area that is in proximity to the ring which appears to be a
rectangular area of about 200p x 762p or 1.52 x 10-7 m2 (see
Figure 15. We have already determined that the area of contact
is less than 1% of this “apparent” area of contact, so we can
safely assume that all the area is available for capacitive

coupling, we’ll make four additional assumptions to bracket the
possible capacitance of this contact region:

1. The prow is fully established. In this case the measure
height of the prow is about 6.7 p which in effect
establishes the h dimension. We assume the permittivity of
air.

2. The prow is fully established and a lubricant film exists in
the gap. We assume a relative permittivity of 5 for typical
ester lubricants.

3. The prow is not established and the average surface
roughness is the dimension that establishes the effective
gap of between the contacts. We assume the permittivity of
air.

4. The prow is not established and a lubricant film fills the
gaps between the contacting spots.

Figure 15. Region of apparent contact area (estimated area for
capacitive coupling)

TABLE 1: ESTIMATED CAPACITANCE OF CONTACT ZONE

Assumption Capacitance (pf)
Full prow, air 0.2
Full prow, lube 1.0
No prow, air 13.3
No prow, lube 66.4

Table 1 shows the calculated value for each of the
assumptions listed. It is clear that the chemistry of the zone is
more complicated than the assumption of either air or lubricant,
but these two options provide sufficient order of magnitude
bracketing of potential capacitance variation. If we look at the
capacitive reactance resulting from these capacitance values at
frequencies from 10 to 1000 MHz we get the results shown in
Figure 16. We use the standard formula for capacitive
reactance (Z) of:

Zc = (2nfC)™! (4)

where f is the frequency in Hz and C is the capacitance in
farads. It is useful to compare these capacitive reactance values
to the resistance value (50 Q) that we earlier defined as the
intermittence threshold. At lower frequencies the capacitive
reactance is sufficiently high that that gap/dielectric looks like
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an open circuit. However, at higher frequencies and under the
assumptions of higher capacitance (smaller gap between the
brush and ring) when the capacitive reactance value approaches
that of the parallel resistance, the signal can be transmitted
through the dielectric in the gap.

4)  Inductance

The primary interest in contact inductance in electrical
contacts is in power transfer. Large changes in inductive
reactance in the contact region with high current levels can
result in damaging current surges. In the case of low level
digital signals, this potential does not exist. One method of
evaluating the order of magnitude of the potential of inductive
noise resulting from variation in induction due to sliding is to

use [49]
Le=h(2)m () )

where h is the 4 of the height of the contact point, uo is the
magnetic permittivity of gold (1 26° H/m), and b and a are the
radii shown in Figure 14. For the purpose of this calculation we
have estimated the ratio of the two radii as 10. This value can
be adjusted to account for skin effects using a method found in
[13] to adjust both a and b radii for skin effects. The variation
in the resultant reactive inductance for our frequency range is
found in Figure 16.

100000.0
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10000.0

No prow, air
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——no prow, lube

100.0
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Figure 16. Capacitive reactance for assumptions of Table 1

TABLE 2: INDUCTIVE REACTANCE AS A FUNCTION OF FREQUENCY

Frequency Inductive reactance
(mQ)
10 0.3
100 1.0
1000 3.2
10000 10.1

Since this inductance is in series with the resistance terms
the low value of reactive inductance across the frequency range
suggests that inductance will have negligible effect on contact
intermittence when we are using a threshold of ~50ohms as the
threshold impedance value. Inductance will play a role in
overall slip ring system analysis, but in terms of the contact
itself we will ignore the effect of inductance.

IV. EXPERIMENTAL

An experiment was conducted to help understand if the
parameters that had the potential for affecting slip ring
performance at high data rates actually do play a role. The
test set up is shown in Figure 17. The signal generator
energizes the ring with respect to ground with a 1-Vpp signal,
sine or square wave. The two brushes are connected to ground
through 100-Ohm resistors, which gives the return path to the
generator and allows a noise-cancelling differential connection
to the instrumentation amplifier. Connected as shown, the
fundamental signal is largely cancelled, but individual
variations in brush signals do not cancel and can be detected
without the large fundamental. Disconnecting either the + or -
connection unbalances the circuit and allows a single contact
to be tested. The signal generator can generate both sine wave
and square waves, with adjustable amplitude and frequency.
The signal generator normally sees a proper 50-Ohm
termination because of the two resistors in parallel.

Differential ISil;;naI
Amplifier Generator
L 1.0-Vpp

i
{;fl gt

Figure 17. Contact test setup

Tests were performed with a 500 Khz signal at 3 different
brush force values. The goal was to determine what effect
degraded contacts had on the signal quality; the method used to
simulate “degraded” contacts was to reduce the nominal brush
force. Tests were run at an established design force (Fy) , 0.6
F4, and 0.2 Fy. To provide additional “degrading” affect only
one of the two halves of the bifurcated brush is in contact with
the ring.

The results from the 0.2 F, tests are the most instructive.
Figure 18 shows the results of a DC noise test with very low
resistive noise variation with rotation even at 20% of normal
brush force. One set of data is stationary (test 1) and other two
sets are rotating. There is no appreciable difference between
the two data sets. This is not surprising since sliding contacts
can tolerate a wide variation in brush force when
uncontaminated and when properly lubricated. However,
Figure 19 shows noise results from a test using a 0.5 Mhz sine
wave as the primary signal with the same light brush force.
The blue dotted line shows frequency components of the noise
withe contacts stationary; this is the reference curve. The red
solid line shows data from the rotating contacttest. The
secondary axis shows the values of the difference function.
Some frequency spreading due to intermodulation effects of the
resistive noise can be seen around the 0.5 Mhz signal frequency
and the signal amplitude is decremented by about 15 dB. The
total effect is a decrease in signal to noise ratio from about 45
dB to 20 dB. Data showing frequency spreading at the 1% and
3™ fundamental of a 500 Mhz square wave can be seen in
Figure 20. This represents a rise in the noise floor of about 20
dB.
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Figure 18. DC noise test with 0.2 Fd brush force
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Figure 20. Square wave noise test at 0.2 Fd brush force

The data from the 0.2 F, test can be compared to data from the
0.6 F4 as found in Figure 21. These two data sets (one
stationary and one rotating) show no appreciable difference in
the two curves. There is no frequency spreading as was seen in
Figure 21.
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Figure 21. Square wave data with 0.6 Fd brush force

V. CONCLUSION

We have provided an order of magnitude analysis of the
properties of the zone of contact of a sliding electrical contact
system that could affect the impedance of the contacts and
subsequently the ability of the sliding contacts to transmit high
speed data. The following conclusions were reached.

A slip ring is a complex interconnect problem in a high
speed data transmission line, and the sliding contact model is
only one of the impedance issues that must be addressed for
proper operation.

The variation in AC impedance is the key parameter to be
examined when evaluating sliding electrical contacts for
suitability to carry digital data.

While capacitance can have a significant effect in stationary
contacts with relatively large capacitive coupling area, this
coupling area is minimal in sliding contacts and capacitance
will likely play a minimal role unless the frequency is well over
1 Ghz. In the case of contact degradation, the increased
dielectric value between the contacts could lead to higher
capacitive reactance and shunting of higher frequency
components.

Inductance in the contact zone is very low and in series
with the resistance and should play no appreciable role in the
variation in contact impedance with rotation.

The analyses reviewed in this paper indicate that resistive
effects continue to be the major parameter that should be used
to characterize sliding contact performance. However, Sharvin
resistance and non-linear frequency dependent resistance, in
addition to ohmic resistance, can be factors when sliding
electrical contacts are transmitting digital data.

Intermittences are the primary issue with digital data
transmission through electrical contacts. An obvious source of
these intermittences is insufficient metal to metal contact
leading to voltage drops in excess of the threshold value.

Experimental data shows that when the contact force is
reduced frequency intermodulation effects cause noise near the
fundamental frequencies of a square wave leading to a rise in
the noise floor.

10

58th IEEE Holm Conference on Electrical Contacts
Pre-Conference Version (supplied by author)



(1]

(9]
[10]
[11]

[12]

[13]
[14]

[15]

[16]
[17]
(18]

[19]

[20]

(21]

[22]

(23]

REFERENCES

M. Antler, "Wear, Friction, and Electrical Noise Phenomena in Severe
Sliding Systems," ASLE Transactions., vol. 5, pp. 297-307, 1962.

S. V. Prasad, P. Misra, and J. Nagaraju, "An Experimental Study to
Show the Behavior of Electrical Contact Resistance and Coefficient of
Friction at Low Current Sliding Electrical Interfaces," in Electrical
Contacts (Holm), 2011 IEEE 57th Holm Conference on, 2011, pp. 1-7.

M. Antler, "Tribological Properties of Gold for Electric Contacts," Parts,
Hybrids, and Packaging, IEEE Transactions on, vol. 9, pp. 4-14, 1973.

T. Ueno, N. Morita, and K. Sawa, "Influence of surface roughness on
voltage drop of sliding contacts under various gases environment," in
Electrical Contacts, 2003. Proceedings of the Forty-Ninth IEEE Holm
Conference on, 2003, pp. 59-64.

T. Ueno and N. Morita, "Influence of surface roughness on contact
voltage drop of sliding contacts," in Electrical Contacts, 2005.
Proceedings of the Fifty-First IEEE Holm Conference on, 2005, pp. 324-
328.

T. Ueno, K. Kadono, and N. Morita, "Influence of Surface Roughness on
Contact Voltage Drop of Electrical Sliding Contacts," in Electrical
contacts - 2007, the 53rd ieee holm conference on, 2007, pp. 200-204.

C. Holzapfel, P. Heinbuch, and S. Holl, "Sliding Electrical Contacts:
Wear and Electrical Performance of Noble Metal Contacts," in Electrical
Contacts (HOLM), 2010 Proceedings of the 56th IEEE Holm
Conference on, 2010, pp. 1-8.

D. Bansal and J. Streator, "Effect of Operating Conditions on
Tribological Response of Al-Al Sliding Electrical Interface," Tribology
Letters, vol. 43, pp. 43-54,2011.

A. A. Conte Jr and V. S. Agarwala, "An investigation of gold alloy slip
ring capsule wear failures," Wear, vol. 133, pp. 355-371, 1989.

R. Holm, "The Electric Tunnel Effect across Thin Insulator Films in
Contacts," Journal of Applied Physics, vol. 22, pp. 569-574, 1951.

R. Holm, Electric Contacts, Theory and Applications, 4th Edition ed.
Berlin, Heidelberg, New York: Springer-Verlag, 1967.

A. Mikrajuddin, F. G. Shi, H. K. Kim, and K. Okuyama, "Size-
dependent electrical constriction resistance for contacts of arbitrary size:
from Sharvin to Holm limits," Materials Science in Semiconductor
Processing, vol. 2, pp. 321-327, 1999.

R. S. Timsit, "High Speed Electronic Connectors: A Review of
Electrical Contact Properties," 2005.

C. WeiBlenfels and P. Wriggers, "Numerical modeling of electrical
contacts," Computational Mechanics, vol. 46, pp. 301-314, 2010.

R. Vijaywargiya and 1. Green, "A finite element study of the
deformations, forces, stress formations, and energy losses in sliding
cylindrical contacts," International Journal of Non-Linear Mechanics,
vol. 42, pp. 914-927, 2007.

J. J. Moody. (2007). A4 finite element analysis of elastic-plastic sliding of

hemispherical contacts. Available: http://hdl.handle.net/1853/31992

P. Pddra and S. Andersson, "Simulating sliding wear with finite element
method," Tribology International, vol. 32, pp. 71-81, 1999.

M. Antler, "The Wear of Electrodeposited Gold," 4 S L E Transactions,
vol. 11, pp. 248-260, 1968/01/01 1968.

M. Taniguchi, T. Inoue, and K. Mano, "The Frequency Spectrum of
Electrical Sliding Contact Noise and Its Waveform Model,"
Components, Hybrids, and Manufacturing Technology, IEEE
Transactions on, vol. 8, pp. 366-371, 1985.

B. Sun, "Effects of electric contact failure on signal transmission in
unmatched circuits,”" in Electrical Contacts, 2001. Proceedings of the
Forty-Seventh IEEE Holm Conference on, 2001, pp. 186-191.

C. A. Mead, "Anomalous Capacitance of Thin Dielectric Structures,"
Physical Review Letters, vol. 6, pp. 545-546, 1961.

Z. Hurych, "Influence of non-uniform thickness of dielectric layers on
capacitance and tunnel currents," Solid-State Electronics, vol. 9, pp. 967-
979, 1966.

C. T. Dervos and J. M. Michaelides, "The effect of contact capacitance
on current-voltage characteristics of stationary metal contacts,"

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[33]

[36]

[37]

[38]

[39]

[40]

[41]

[42]
[43]

[44]

Components, Packaging, and Manufacturing Technology, Part A, IEEE
Transactions on, vol. 21, pp. 530-540, 1998.

M. P. Filippakou, C. G. Karagiannopoulos, and P. D. Bourkas,
"Interfacial layer as an evaluation criterion of electrical contacts,"
Science, Measurement and Technology, IEE Proceedings -, vol. 143, pp.
143-146, 1996.

J. G. Simmons, "Generalized Formula for the Electric Tunnel Effect
between Similar Electrodes Separated by a Thin Insulating Film,"
Journal of Applied Physics, vol. 34, pp. 1793-1803, 1963.

E. Takano, "Contact current distortion due to tunnel effect," in Electrical
Contacts, 2000. Proceedings of the Forty-Sixth IEEE Holm Conference
on, 2000, pp. 169-175.

E. Takano, "Analyses on thin film between contacts by using third
harmonic distortion," in Electrical Contacts, 2001. Proceedings of the
Forty-Seventh IEEE Holm Conference on, 2001, pp. 192-196.

J. D. Lavers and R. S. Timsit, "Constriction resistance at high signal
frequencies," in Electrical Contacts, 2001. Proceedings of the Forty-
Seventh IEEE Holm Conference on, 2001, pp. 167-174.

R. D. Malucci, "Multi-spot model showing the effects of nano-spot
sizes," in Electrical Contacts, 2005. Proceedings of the Fifty-First IEEE
Holm Conference on, 2005, pp. 291-297.

R. D. Malucci, "The impact of contact resistance on high speed digital
signal transmission," in Electrical Contacts, 2002. Proceedings of the
Forty-Eighth IEEE Holm Conference on, 2002, pp. 212-220.

Y. Chen and S. Baisheng, "Investigate the influence of contact
impedance on digital signal transmission by computer simulation
method," in Electrical Contacts, 2003. Proceedings of the Forty-Ninth
IEEFE Holm Conference on, 2003, pp. 29-37.

J. C. Gao and Z. Jian, "Effects of Electrical Contact Failure on High
Speed Digital Signal Transmission," in FElectrical Contacts, 2008.
Proceedings of the 54th IEEE Holm Conference on, 2008, pp. 41-46.

S. B. Smith, V. Balasubramanian, D. Nardone, and S. S. Agili, "Effect of
Nanosecond  Electrical ~Discontinuities in High-Speed Digital
Applications," in Electrical Contacts, 2008. Proceedings of the 54th
IEEE Holm Conference on, 2008, pp. 47-52.

W. Johler, "RF performance of ultra-miniature high frequency relays," in
Electrical Contacts, 2003. Proceedings of the Forty-Ninth IEEE Holm
Conference on, 2003, pp. 179-189.

J. Russer, A. Ramachandran, A. Cangellaris, and P. Russer,
"Phenomenological Modeling of Passive Intermodulation (PIM) due to
Electron Tunneling at Metallic Contacts," in Microwave Symposium
Digest, 2006. IEEE MTT-S International, 2006, pp. 1129-1132.

J. Henrie, A. Christianson, and W. J. Chappell, "Prediction of Passive
Intermodulation From Coaxial Connectors in Microwave Networks,"
Microwave Theory and Techniques, IEEE Transactions on, vol. 56, pp.
209-216, 2008.

K. Singh, S. Baghmar, J. Sharma, M. V. Khemchandani, and Q. J.
Wang, "Boundary Lubrication and Its Stability," ASME Conference
Proceedings, vol. 2008, pp. 229-231, 2008.

H. Zhang and L. Chang, "An asperity-based mathematical model for the
boundary lubrication of nominally flat metallic contacts," Lubrication
Science, vol. 20, pp. 1-19, 2008.

C. Holzapfel, "Selected Aspects of the Electrical Behavior in Sliding
Electrical Contacts," in Electrical Contacts (Holm), 2011 IEEE 57th
Holm Conference on, 2011, pp. 1-9.

R. Achar and M. S. Nakhla, "Simulation of high-speed interconnects,"
Proceedings of the IEEE, vol. 89, pp. 693-728, 2001.

H. W. Johnson and M. Graham, High Speed Digital Design: A
Handbook of Black Magic. Upper Saddle River, NJ: Prentiss Hall, Inc.,
1993.

H. W. Johnson and M. Graham, High-Speed Signal Propagation. Upper
Saddle River, NJ: Prentice Hall, 2002.

K. Kaiser, Transmission Lines, Matching, and Crosstalk. Boca Raton,
FL: CRC Press, 2006.

R. E. Matlick, Transmission Lines for Digital and Communication
Networks. Piscataway, N.J.: IEEE Press, 1995.

58th IEEE Holm Conference on Electrical Contacts
Pre-Conference Version (supplied by author)



[45]
[46]

[47]

[48]

[49]

[50]

(51]

[52]

(53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]
[65]

B. J. Wadell, Transmission Line Design Handbook. Norwood, MA:
Artech House, Inc., 1991.

F. Gardiol, Lossy Transmission Lines. Norwood, MA: Artech House,
1987.

A. Dounavis, R. Achar, and M. S. Nakhla, "Efficient sensitivity analysis
of lossy multiconductor transmission lines with nonlinear terminations,"
Microwave Theory and Techniques, IEEE Transactions on, vol. 49, pp.
2292-2299,2001.

W. Jian, T. Min, M. Lizhuang, and M. Junfa, "FASPICE: A parallel
simulation technique for lossy and dispersive interconnect networks," in
Electrical Design of Advanced Packaging & Systems Symposium
(EDAPS), 2010 IEEE, 2010, pp. 1-4.

W. Tang, Y. Y. Lau, and R. M. Gilgenbach, "Lumped circuit elements,
statistical analysis, and radio frequency properties of electrical contact,"
Journal of Applied Physics, vol. 106, pp. 084904-084909, 2009.

[50] C. G. Aronis, C. S. Psomopoulos, C. G. Karagiannopoulos, and P.
D. Bourkas, "A Model of Electrical Contacts with Advanced
Degradation," International Journal of Modelling and Simulation, vol.
26, pp. 169-174, 2006.

P. Zhang, Y. Y. Lau, and R. M. Gilgenbach, "Thin film contact
resistance with dissimilar materials," Journal of Applied Physics, vol.
109, pp. 124910-124910-10, 2011.

L. Boyer, "Contact resistance calculations: generalizations of
Greenwood's formula including interface films," Components and
Packaging Technologies, IEEE Transactions on, vol. 24, pp. 50-58,
2001.

K. Mano and T. Oguma, "The Frequency Characteristics of Sliding
Precious Metal Contact Noise," in 5th International Conference on
Electrical Contact Phenomena (ICEC), Munich, Germany, 1970, pp.
297-300.

C. Maul, J. W. McBride, and J. Swingler, "Intermittency phenomena in
electrical connectors," [EEE Transactions on Components and
Packaging Technologies, vol. 24, pp. 370-377, 2001.

R. S. Timsit, "Electrical Conduction Through Small Contact Spots,"
Components and Packaging Technologies, IEEE Transactions on, vol.
29, pp. 727-734, 2006.

C. Maul and J. W. McBride, "A model to describe intermittency
phenomena in electrical connectors," in Electrical Contacts, 2002.
Proceedings of the Forty-Eighth IEEE Holm Conference on, 2002, pp.
165-174.

C. Maul, J. W. McBride, and J. Swingler, "Measuring the Constriction
Resistance in Low Power Applications Using Non-Linear Techniques,"
ICEC, vol. 1998, pp. 117-121, 1998.

R. D. Malucci, "High frequency considerations for multi-point contact
interfaces," in Electrical Contacts, 2001. Proceedings of the Forty-
Seventh IEEE Holm Conference on, 2001, pp. 175-185.

L. Kogut, "Electrical contact resistance theory for conductive rough
surfaces separated by a thin insulating film," Journal of Applied Physics,
vol. 95, p. 576, 2004.

E. Rocas, C. Collado, N. D. Orloff, J. Mateu, A. Padilla, J. M.
O'Callaghan, and J. C. Booth, "Passive Intermodulation Due to Self-
Heating in Printed Transmission Lines," Microwave Theory and
Techniques, IEEE Transactions on, vol. 59, pp. 311-322, 2011.

K. Hajek and J. Sikula, "Contact voltage of third harmonic distortion for
contact reliability investigation," Components and Packaging
Technologies, IEEE Transactions on, vol. 28, pp. 717-720, 2005.

M. Antler, "Wear of Gold Plate: Effect of Surface Films and Polymer
Codeposits," Parts, Hybrids, and Packaging, IEEE Transactions on, vol.
10, pp. 11-17, 1974.

W. Campbell, "The Lubrication of Electrical Contacts," Components,
Hybrids, and Manufacturing Technology, IEEE Transactions on, vol. 1,
pp. 4-16, 1978.

A. Morton, "The lubrication of gold," Wear, vol. 6, pp. 44-65, 1963.

L. Boyer, F. Houze, G. Klimek, and S. Noel, "Electrical and physical
modeling of contact defects due to fretting," Components, Packaging,

and Manufacturing Technology, Part A, IEEE Transactions on, vol. 17,
pp. 134-140, 1994.

[66]

[67]

[68]

[69]

[70]

L. Boyer, F. Houze, A. Tonck, J. L. Loubet, and J. M. Georges, "The
influence of surface roughness on the capacitance between a sphere and
a plane," Journal of Physics D: Applied Physics, vol. 27, p. 1504, 1994.
P. J, "On the capacitance of metal-insulator-metal structures with non-
uniform thickness," Solid-State Electronics, vol. 10, pp. 973-974, 1967.

R. D. Malucci and A. P. Panella, "Contact Physics of Capacitive
Interconnects," in Electrical contacts - 2007, the 53rd ieee holm
conference on, 2007, pp. 9-16.

C. Trimarco, "The electric capacitance of a rigid dielectric structure,"
International Journal of Solids and Structures, vol. 29, pp. 1647-1655,
1992.

T. Veijola, "Compact model for a cantilever beam MEM contact
switch," in Circuit Theory and Design, 2005. Proceedings of the 2005
European Conference on, 2005, pp. 1/47-1/50 vol. 1.

58th IEEE Holm Conference on Electrical Contacts
Pre-Conference Version (supplied by author)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AbadiMT-CondensedLight
    /ACaslon-Italic
    /ACaslon-Regular
    /ACaslon-Semibold
    /ACaslon-SemiboldItalic
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /AGaramond-Bold
    /AGaramond-BoldItalic
    /AGaramond-Italic
    /AGaramond-Regular
    /AGaramond-Semibold
    /AGaramond-SemiboldItalic
    /AgencyFB-Bold
    /AgencyFB-Reg
    /AGOldFace-Outline
    /AharoniBold
    /Algerian
    /Americana
    /Americana-ExtraBold
    /AndaleMono
    /AndaleMonoIPA
    /AngsanaNew
    /AngsanaNew-Bold
    /AngsanaNew-BoldItalic
    /AngsanaNew-Italic
    /AngsanaUPC
    /AngsanaUPC-Bold
    /AngsanaUPC-BoldItalic
    /AngsanaUPC-Italic
    /Anna
    /ArialAlternative
    /ArialAlternativeSymbol
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialMT-Black
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /ArrusBT-Bold
    /ArrusBT-BoldItalic
    /ArrusBT-Italic
    /ArrusBT-Roman
    /AvantGarde-Book
    /AvantGarde-BookOblique
    /AvantGarde-Demi
    /AvantGarde-DemiOblique
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /BakerSignet
    /BankGothicBT-Medium
    /Barmeno-Bold
    /Barmeno-ExtraBold
    /Barmeno-Medium
    /Barmeno-Regular
    /Baskerville
    /BaskervilleBE-Italic
    /BaskervilleBE-Medium
    /BaskervilleBE-MediumItalic
    /BaskervilleBE-Regular
    /Baskerville-Bold
    /Baskerville-BoldItalic
    /Baskerville-Italic
    /BaskOldFace
    /Batang
    /BatangChe
    /Bauhaus93
    /Bellevue
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlingAntiqua-Bold
    /BerlingAntiqua-BoldItalic
    /BerlingAntiqua-Italic
    /BerlingAntiqua-Roman
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BernhardModernBT-Bold
    /BernhardModernBT-BoldItalic
    /BernhardModernBT-Italic
    /BernhardModernBT-Roman
    /BiffoMT
    /BinnerD
    /BinnerGothic
    /BlackadderITC-Regular
    /Blackoak
    /blex
    /blsy
    /Bodoni
    /Bodoni-Bold
    /Bodoni-BoldItalic
    /Bodoni-Italic
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /Bodoni-Poster
    /Bodoni-PosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /Bookman-Demi
    /Bookman-DemiItalic
    /Bookman-Light
    /Bookman-LightItalic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolOne-Regular
    /BookshelfSymbolSeven
    /BookshelfSymbolThree-Regular
    /BookshelfSymbolTwo-Regular
    /Botanical
    /Boton-Italic
    /Boton-Medium
    /Boton-MediumItalic
    /Boton-Regular
    /Boulevard
    /BradleyHandITC
    /Braggadocio
    /BritannicBold
    /Broadway
    /BrowalliaNew
    /BrowalliaNew-Bold
    /BrowalliaNew-BoldItalic
    /BrowalliaNew-Italic
    /BrowalliaUPC
    /BrowalliaUPC-Bold
    /BrowalliaUPC-BoldItalic
    /BrowalliaUPC-Italic
    /BrushScript
    /BrushScriptMT
    /CaflischScript-Bold
    /CaflischScript-Regular
    /Calibri
    /Calibri-Bold
    /Calibri-BoldItalic
    /Calibri-Italic
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Cambria
    /Cambria-Bold
    /Cambria-BoldItalic
    /Cambria-Italic
    /CambriaMath
    /Candara
    /Candara-Bold
    /Candara-BoldItalic
    /Candara-Italic
    /Carta
    /CaslonOpenfaceBT-Regular
    /Castellar
    /CastellarMT
    /Centaur
    /Centaur-Italic
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchL-Bold
    /CenturySchL-BoldItal
    /CenturySchL-Ital
    /CenturySchL-Roma
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /CGTimes-Bold
    /CGTimes-BoldItalic
    /CGTimes-Italic
    /CGTimes-Regular
    /CharterBT-Bold
    /CharterBT-BoldItalic
    /CharterBT-Italic
    /CharterBT-Roman
    /CheltenhamITCbyBT-Bold
    /CheltenhamITCbyBT-BoldItalic
    /CheltenhamITCbyBT-Book
    /CheltenhamITCbyBT-BookItalic
    /Chiller-Regular
    /CMB10
    /Cmb10
    /CMBSY10
    /Cmbsy10
    /CMBSY5
    /CMBSY6
    /CMBSY7
    /CMBSY8
    /CMBSY9
    /CMBX10
    /Cmbx10
    /CMBX12
    /Cmbx12
    /CMBX5
    /Cmbx5
    /CMBX6
    /Cmbx6
    /CMBX7
    /Cmbx7
    /CMBX8
    /Cmbx8
    /CMBX9
    /Cmbx9
    /CMBXSL10
    /Cmbxsl10
    /CMBXTI10
    /Cmbxti10
    /CMCSC10
    /Cmcsc10
    /CMCSC8
    /Cmcsc8
    /CMCSC9
    /Cmcsc9
    /CMDUNH10
    /Cmdunh10
    /CMEX10
    /Cmex10
    /CMEX7
    /CMEX8
    /CMEX9
    /CMFF10
    /Cmff10
    /CMFI10
    /Cmfi10
    /CMFIB8
    /Cmfib8
    /CMINCH
    /Cminch
    /CMITT10
    /Cmitt10
    /CMMI10
    /Cmmi10
    /CMMI12
    /Cmmi12
    /CMMI5
    /Cmmi5
    /CMMI6
    /Cmmi6
    /CMMI7
    /Cmmi7
    /CMMI8
    /Cmmi8
    /CMMI9
    /Cmmi9
    /CMMIB10
    /Cmmib10
    /CMMIB5
    /CMMIB6
    /CMMIB7
    /CMMIB8
    /CMMIB9
    /CMR10
    /Cmr10
    /CMR12
    /Cmr12
    /CMR17
    /Cmr17
    /CMR5
    /Cmr5
    /CMR6
    /Cmr6
    /CMR7
    /Cmr7
    /CMR8
    /Cmr8
    /CMR9
    /Cmr9
    /CMSL10
    /Cmsl10
    /CMSL12
    /Cmsl12
    /CMSL8
    /Cmsl8
    /CMSL9
    /Cmsl9
    /CMSLTT10
    /Cmsltt10
    /CMSS10
    /Cmss10
    /CMSS12
    /Cmss12
    /CMSS17
    /Cmss17
    /CMSS8
    /Cmss8
    /CMSS9
    /Cmss9
    /CMSSBX10
    /Cmssbx10
    /CMSSDC10
    /Cmssdc10
    /CMSSI10
    /Cmssi10
    /CMSSI12
    /Cmssi12
    /CMSSI17
    /Cmssi17
    /CMSSI8
    /Cmssi8
    /CMSSI9
    /Cmssi9
    /CMSSQ8
    /Cmssq8
    /CMSSQI8
    /Cmssqi8
    /CMSY10
    /Cmsy10
    /CMSY5
    /Cmsy5
    /CMSY6
    /Cmsy6
    /CMSY7
    /Cmsy7
    /CMSY8
    /Cmsy8
    /CMSY9
    /Cmsy9
    /CMTCSC10
    /Cmtcsc10
    /CMTEX10
    /Cmtex10
    /CMTEX8
    /Cmtex8
    /CMTEX9
    /Cmtex9
    /CMTI10
    /Cmti10
    /CMTI12
    /Cmti12
    /CMTI7
    /Cmti7
    /CMTI8
    /Cmti8
    /CMTI9
    /Cmti9
    /CMTT10
    /Cmtt10
    /CMTT12
    /Cmtt12
    /CMTT8
    /Cmtt8
    /CMTT9
    /Cmtt9
    /CMU10
    /Cmu10
    /CMVTT10
    /Cmvtt10
    /ColonnaMT
    /Colossalis-Bold
    /ComicSansMS
    /ComicSansMS-Bold
    /Consolas
    /Consolas-Bold
    /Consolas-BoldItalic
    /Consolas-Italic
    /Constantia
    /Constantia-Bold
    /Constantia-BoldItalic
    /Constantia-Italic
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /Copperplate-ThirtyThreeBC
    /Corbel
    /Corbel-Bold
    /Corbel-BoldItalic
    /Corbel-Italic
    /CordiaNew
    /CordiaNew-Bold
    /CordiaNew-BoldItalic
    /CordiaNew-Italic
    /CordiaUPC
    /CordiaUPC-Bold
    /CordiaUPC-BoldItalic
    /CordiaUPC-Italic
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /CourierX-Bold
    /CourierX-BoldOblique
    /CourierX-Oblique
    /CourierX-Regular
    /CreepyRegular
    /CurlzMT
    /David-Bold
    /David-Reg
    /DavidTransparent
    /Dcb10
    /Dcbx10
    /Dcbxsl10
    /Dcbxti10
    /Dccsc10
    /Dcitt10
    /Dcr10
    /Desdemona
    /DilleniaUPC
    /DilleniaUPCBold
    /DilleniaUPCBoldItalic
    /DilleniaUPCItalic
    /Dingbats
    /DomCasual
    /Dotum
    /DotumChe
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /EngraversGothicBT-Regular
    /EngraversMT
    /EraserDust
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /ErieBlackPSMT
    /ErieLightPSMT
    /EriePSMT
    /EstrangeloEdessa
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /EucrosiaUPC
    /EucrosiaUPCBold
    /EucrosiaUPCBoldItalic
    /EucrosiaUPCItalic
    /EUEX10
    /EUEX7
    /EUEX8
    /EUEX9
    /EUFB10
    /EUFB5
    /EUFB7
    /EUFM10
    /EUFM5
    /EUFM7
    /EURB10
    /EURB5
    /EURB7
    /EURM10
    /EURM5
    /EURM7
    /EuroMono-Bold
    /EuroMono-BoldItalic
    /EuroMono-Italic
    /EuroMono-Regular
    /EuroSans-Bold
    /EuroSans-BoldItalic
    /EuroSans-Italic
    /EuroSans-Regular
    /EuroSerif-Bold
    /EuroSerif-BoldItalic
    /EuroSerif-Italic
    /EuroSerif-Regular
    /EuroSig
    /EUSB10
    /EUSB5
    /EUSB7
    /EUSM10
    /EUSM5
    /EUSM7
    /FelixTitlingMT
    /Fences
    /FencesPlain
    /FigaroMT
    /FixedMiriamTransparent
    /FootlightMTLight
    /Formata-Italic
    /Formata-Medium
    /Formata-MediumItalic
    /Formata-Regular
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothicITCbyBT-Book
    /FranklinGothicITCbyBT-BookItal
    /FranklinGothicITCbyBT-Demi
    /FranklinGothicITCbyBT-DemiItal
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FrankRuehl
    /FreesiaUPC
    /FreesiaUPCBold
    /FreesiaUPCBoldItalic
    /FreesiaUPCItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /Frutiger-Black
    /Frutiger-BlackCn
    /Frutiger-BlackItalic
    /Frutiger-Bold
    /Frutiger-BoldCn
    /Frutiger-BoldItalic
    /Frutiger-Cn
    /Frutiger-ExtraBlackCn
    /Frutiger-Italic
    /Frutiger-Light
    /Frutiger-LightCn
    /Frutiger-LightItalic
    /Frutiger-Roman
    /Frutiger-UltraBlack
    /Futura-Bold
    /Futura-BoldOblique
    /Futura-Book
    /Futura-BookOblique
    /FuturaBT-Bold
    /FuturaBT-BoldItalic
    /FuturaBT-Book
    /FuturaBT-BookItalic
    /FuturaBT-Medium
    /FuturaBT-MediumItalic
    /Futura-Light
    /Futura-LightOblique
    /GalliardITCbyBT-Bold
    /GalliardITCbyBT-BoldItalic
    /GalliardITCbyBT-Italic
    /GalliardITCbyBT-Roman
    /Garamond
    /Garamond-Bold
    /Garamond-BoldCondensed
    /Garamond-BoldCondensedItalic
    /Garamond-BoldItalic
    /Garamond-BookCondensed
    /Garamond-BookCondensedItalic
    /Garamond-Italic
    /Garamond-LightCondensed
    /Garamond-LightCondensedItalic
    /Gautami
    /GeometricSlab703BT-Light
    /GeometricSlab703BT-LightItalic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /GeorgiaRef
    /Giddyup
    /Giddyup-Thangs
    /Gigi-Regular
    /GillSans
    /GillSans-Bold
    /GillSans-BoldItalic
    /GillSans-Condensed
    /GillSans-CondensedBold
    /GillSans-Italic
    /GillSans-Light
    /GillSans-LightItalic
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GloucesterMT-ExtraCondensed
    /Gothic-Thirteen
    /GoudyOldStyleBT-Bold
    /GoudyOldStyleBT-BoldItalic
    /GoudyOldStyleBT-Italic
    /GoudyOldStyleBT-Roman
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /GoudyTextMT-LombardicCapitals
    /GSIDefaultSymbols
    /Gulim
    /GulimChe
    /Gungsuh
    /GungsuhChe
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /Helvetica
    /Helvetica-Black
    /Helvetica-BlackOblique
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Condensed
    /Helvetica-Condensed-Black
    /Helvetica-Condensed-BlackObl
    /Helvetica-Condensed-Bold
    /Helvetica-Condensed-BoldObl
    /Helvetica-Condensed-Light
    /Helvetica-Condensed-LightObl
    /Helvetica-Condensed-Oblique
    /Helvetica-Fraction
    /Helvetica-Narrow
    /Helvetica-Narrow-Bold
    /Helvetica-Narrow-BoldOblique
    /Helvetica-Narrow-Oblique
    /Helvetica-Oblique
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Humanist521BT-BoldCondensed
    /Humanist521BT-Light
    /Humanist521BT-LightItalic
    /Humanist521BT-RomanCondensed
    /Imago-ExtraBold
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /IrisUPC
    /IrisUPCBold
    /IrisUPCBoldItalic
    /IrisUPCItalic
    /Ironwood
    /ItcEras-Medium
    /ItcKabel-Bold
    /ItcKabel-Book
    /ItcKabel-Demi
    /ItcKabel-Medium
    /ItcKabel-Ultra
    /JasmineUPC
    /JasmineUPC-Bold
    /JasmineUPC-BoldItalic
    /JasmineUPC-Italic
    /JoannaMT
    /JoannaMT-Italic
    /Jokerman-Regular
    /JuiceITC-Regular
    /Kartika
    /Kaufmann
    /KaufmannBT-Bold
    /KaufmannBT-Regular
    /KidTYPEPaint
    /KinoMT
    /KodchiangUPC
    /KodchiangUPC-Bold
    /KodchiangUPC-BoldItalic
    /KodchiangUPC-Italic
    /KorinnaITCbyBT-Regular
    /KozGoProVI-Medium
    /KozMinProVI-Regular
    /KristenITC-Regular
    /KunstlerScript
    /Latha
    /LatinWide
    /LetterGothic
    /LetterGothic-Bold
    /LetterGothic-BoldOblique
    /LetterGothic-BoldSlanted
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LetterGothic-Slanted
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LevenimMT
    /LevenimMTBold
    /LilyUPC
    /LilyUPCBold
    /LilyUPCBoldItalic
    /LilyUPCItalic
    /Lithos-Black
    /Lithos-Regular
    /LotusWPBox-Roman
    /LotusWPIcon-Roman
    /LotusWPIntA-Roman
    /LotusWPIntB-Roman
    /LotusWPType-Roman
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Lydian
    /Magneto-Bold
    /MaiandraGD-Regular
    /Mangal-Regular
    /Map-Symbols
    /MathA
    /MathB
    /MathC
    /Mathematica1
    /Mathematica1-Bold
    /Mathematica1Mono
    /Mathematica1Mono-Bold
    /Mathematica2
    /Mathematica2-Bold
    /Mathematica2Mono
    /Mathematica2Mono-Bold
    /Mathematica3
    /Mathematica3-Bold
    /Mathematica3Mono
    /Mathematica3Mono-Bold
    /Mathematica4
    /Mathematica4-Bold
    /Mathematica4Mono
    /Mathematica4Mono-Bold
    /Mathematica5
    /Mathematica5-Bold
    /Mathematica5Mono
    /Mathematica5Mono-Bold
    /Mathematica6
    /Mathematica6Bold
    /Mathematica6Mono
    /Mathematica6MonoBold
    /Mathematica7
    /Mathematica7Bold
    /Mathematica7Mono
    /Mathematica7MonoBold
    /MatisseITC-Regular
    /MaturaMTScriptCapitals
    /Mesquite
    /Mezz-Black
    /Mezz-Regular
    /MICR
    /MicrosoftSansSerif
    /MingLiU
    /Minion-BoldCondensed
    /Minion-BoldCondensedItalic
    /Minion-Condensed
    /Minion-CondensedItalic
    /Minion-Ornaments
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /Miriam
    /MiriamFixed
    /MiriamTransparent
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MonotypeSorts
    /MSAM10
    /MSAM5
    /MSAM6
    /MSAM7
    /MSAM8
    /MSAM9
    /MSBM10
    /MSBM5
    /MSBM6
    /MSBM7
    /MSBM8
    /MSBM9
    /MS-Gothic
    /MSHei
    /MSLineDrawPSMT
    /MS-Mincho
    /MSOutlook
    /MS-PGothic
    /MS-PMincho
    /MSReference1
    /MSReference2
    /MSReferenceSansSerif
    /MSReferenceSansSerif-Bold
    /MSReferenceSansSerif-BoldItalic
    /MSReferenceSansSerif-Italic
    /MSReferenceSerif
    /MSReferenceSerif-Bold
    /MSReferenceSerif-BoldItalic
    /MSReferenceSerif-Italic
    /MSReferenceSpecialty
    /MSSong
    /MS-UIGothic
    /MT-Extra
    /MT-Symbol
    /MT-Symbol-Italic
    /MVBoli
    /Myriad-Bold
    /Myriad-BoldItalic
    /Myriad-Italic
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /Myriad-Roman
    /Narkisim
    /NewCenturySchlbk-Bold
    /NewCenturySchlbk-BoldItalic
    /NewCenturySchlbk-Italic
    /NewCenturySchlbk-Roman
    /NewMilleniumSchlbk-BoldItalicSH
    /NewsGothic
    /NewsGothic-Bold
    /NewsGothicBT-Bold
    /NewsGothicBT-BoldItalic
    /NewsGothicBT-Italic
    /NewsGothicBT-Roman
    /NewsGothic-Condensed
    /NewsGothic-Italic
    /NewsGothicMT
    /NewsGothicMT-Bold
    /NewsGothicMT-Italic
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NimbusMonL-Bold
    /NimbusMonL-BoldObli
    /NimbusMonL-Regu
    /NimbusMonL-ReguObli
    /NimbusRomDGR-Bold
    /NimbusRomDGR-BoldItal
    /NimbusRomDGR-Regu
    /NimbusRomDGR-ReguItal
    /NimbusRomNo9L-Medi
    /NimbusRomNo9L-MediItal
    /NimbusRomNo9L-Regu
    /NimbusRomNo9L-ReguItal
    /NimbusSanL-Bold
    /NimbusSanL-BoldCond
    /NimbusSanL-BoldCondItal
    /NimbusSanL-BoldItal
    /NimbusSanL-Regu
    /NimbusSanL-ReguCond
    /NimbusSanL-ReguCondItal
    /NimbusSanL-ReguItal
    /Nimrod
    /Nimrod-Bold
    /Nimrod-BoldItalic
    /Nimrod-Italic
    /NSimSun
    /Nueva-BoldExtended
    /Nueva-BoldExtendedItalic
    /Nueva-Italic
    /Nueva-Roman
    /NuptialScript
    /OCRA
    /OCRA-Alternate
    /OCRAExtended
    /OCRB
    /OCRB-Alternate
    /OfficinaSans-Bold
    /OfficinaSans-BoldItalic
    /OfficinaSans-Book
    /OfficinaSans-BookItalic
    /OfficinaSerif-Bold
    /OfficinaSerif-BoldItalic
    /OfficinaSerif-Book
    /OfficinaSerif-BookItalic
    /OldEnglishTextMT
    /Onyx
    /OnyxBT-Regular
    /OzHandicraftBT-Roman
    /PalaceScriptMT
    /Palatino-Bold
    /Palatino-BoldItalic
    /Palatino-Italic
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Palatino-Roman
    /PapyrusPlain
    /Papyrus-Regular
    /Parchment-Regular
    /Parisian
    /ParkAvenue
    /Penumbra-SemiboldFlare
    /Penumbra-SemiboldSans
    /Penumbra-SemiboldSerif
    /PepitaMT
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /PhotinaCasualBlack
    /Playbill
    /PMingLiU
    /Poetica-SuppOrnaments
    /PoorRichard-Regular
    /PopplLaudatio-Italic
    /PopplLaudatio-Medium
    /PopplLaudatio-MediumItalic
    /PopplLaudatio-Regular
    /PrestigeElite
    /Pristina-Regular
    /PTBarnumBT-Regular
    /Raavi
    /RageItalic
    /Ravie
    /RefSpecialty
    /Ribbon131BT-Bold
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /Rockwell-Light
    /Rockwell-LightItalic
    /Rod
    /RodTransparent
    /RunicMT-Condensed
    /Sanvito-Light
    /Sanvito-Roman
    /ScriptC
    /ScriptMTBold
    /SegoeUI
    /SegoeUI-Bold
    /SegoeUI-BoldItalic
    /SegoeUI-Italic
    /Serpentine-BoldOblique
    /ShelleyVolanteBT-Regular
    /ShowcardGothic-Reg
    /Shruti
    /SimHei
    /SimSun
    /SimSun-PUA
    /SnapITC-Regular
    /StandardSymL
    /Stencil
    /StoneSans
    /StoneSans-Bold
    /StoneSans-BoldItalic
    /StoneSans-Italic
    /StoneSans-Semibold
    /StoneSans-SemiboldItalic
    /Stop
    /Swiss721BT-BlackExtended
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Tci1
    /Tci1Bold
    /Tci1BoldItalic
    /Tci1Italic
    /Tci2
    /Tci2Bold
    /Tci2BoldItalic
    /Tci2Italic
    /Tci3
    /Tci3Bold
    /Tci3BoldItalic
    /Tci3Italic
    /Tci4
    /Tci4Bold
    /Tci4BoldItalic
    /Tci4Italic
    /TechnicalItalic
    /TechnicalPlain
    /Tekton
    /Tekton-Bold
    /TektonMM
    /Tempo-HeavyCondensed
    /Tempo-HeavyCondensedItalic
    /TempusSansITC
    /Times-Bold
    /Times-BoldItalic
    /Times-BoldItalicOsF
    /Times-BoldSC
    /Times-ExtraBold
    /Times-Italic
    /Times-ItalicOsF
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Times-RomanSC
    /Trajan-Bold
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-CondensedMedium
    /TwCenMT-Italic
    /TwCenMT-Regular
    /Univers-Bold
    /Univers-BoldItalic
    /UniversCondensed-Bold
    /UniversCondensed-BoldItalic
    /UniversCondensed-Medium
    /UniversCondensed-MediumItalic
    /Univers-Medium
    /Univers-MediumItalic
    /URWBookmanL-DemiBold
    /URWBookmanL-DemiBoldItal
    /URWBookmanL-Ligh
    /URWBookmanL-LighItal
    /URWChanceryL-MediItal
    /URWGothicL-Book
    /URWGothicL-BookObli
    /URWGothicL-Demi
    /URWGothicL-DemiObli
    /URWPalladioL-Bold
    /URWPalladioL-BoldItal
    /URWPalladioL-Ital
    /URWPalladioL-Roma
    /USPSBarCode
    /VAGRounded-Black
    /VAGRounded-Bold
    /VAGRounded-Light
    /VAGRounded-Thin
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VerdanaRef
    /VinerHandITC
    /Viva-BoldExtraExtended
    /Vivaldii
    /Viva-LightCondensed
    /Viva-Regular
    /VladimirScript
    /Vrinda
    /Webdings
    /Westminster
    /Willow
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /WNCYB10
    /WNCYI10
    /WNCYR10
    /WNCYSC10
    /WNCYSS10
    /WoodtypeOrnaments-One
    /WoodtypeOrnaments-Two
    /WP-ArabicScriptSihafa
    /WP-ArabicSihafa
    /WP-BoxDrawing
    /WP-CyrillicA
    /WP-CyrillicB
    /WP-GreekCentury
    /WP-GreekCourier
    /WP-GreekHelve
    /WP-HebrewDavid
    /WP-IconicSymbolsA
    /WP-IconicSymbolsB
    /WP-Japanese
    /WP-MathA
    /WP-MathB
    /WP-MathExtendedA
    /WP-MathExtendedB
    /WP-MultinationalAHelve
    /WP-MultinationalARoman
    /WP-MultinationalBCourier
    /WP-MultinationalBHelve
    /WP-MultinationalBRoman
    /WP-MultinationalCourier
    /WP-Phonetic
    /WPTypographicSymbols
    /XYATIP10
    /XYBSQL10
    /XYBTIP10
    /XYCIRC10
    /XYCMAT10
    /XYCMBT10
    /XYDASH10
    /XYEUAT10
    /XYEUBT10
    /ZapfChancery-MediumItalic
    /ZapfDingbats
    /ZapfHumanist601BT-Bold
    /ZapfHumanist601BT-BoldItalic
    /ZapfHumanist601BT-Demi
    /ZapfHumanist601BT-DemiItalic
    /ZapfHumanist601BT-Italic
    /ZapfHumanist601BT-Roman
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




