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ABSTRACT Using near-field scanning microwave microscopy as a contact and non-contacting investigative
tool for 3D surface metrology with three differing measurement modes, it has been possible to analyse
structures that may be difficult for existing metrology systems. The system utilizes the small change in
capacitance between a coaxial resonant probe (at around 2 GHz) ending in an open circuit tip, and the sample
surface. This is measured in the frequency domain by the shift in the resonance frequency of the voltage
transmission coefficient |[Sy;|. It is also possible to investigate various materials (metallics, plastics etc.)
owing to their differing dielectric properties. The probe has been tested on a computer-controlled 3D stage
but is suitable for incorporation into a commercial co-ordinate measurement machine (CMM) to enhance its
capability to inspect the inside surfaces of structures, e.g., threads in small bores.

INDEX TERMS 3D metrology scan, near-field microwave microscopy, thread analysis.

I. INTRODUCTION

Generating a 3D image of a component’s surface can give a
comprehensive analysis of the structure, which can be helpful
in determining manufacturing errors and common failures. 3D
measurements of some small structures can be difficult due
to their size and shape, examples being screw threads and
bores, which are used extensively to connect components and
are one of the most commonly used fasteners due to high
strength and the ease of disconnecting [1]. Assessing these
threads can be difficult due to the nature of the geometry
of the thread; for example, when using touch probes with a
spherical tip, it can be difficult to accurately represent the
thread profile, especially in the root [2]. Other methods, such
as profilometers, become less accurate with wear [3] and are
inflexible in their measurement capabilities. Although threads
come in a variety of tolerances, accurate threads become
more important for the performance of some applications [4].
The main commercially available tools are manual go/no-go
gauges [5] , micrometre measuring systems [6] or manual

extendable touch probes [7]. These systems are largely manu-
ally operated and are therefore time consuming, also introduc-
ing an element of human error and being prone to variations
between different operators. They are also manufactured to
a specific thread size and tolerance, thus requiring several
gauges that will wear with use. There are commercial systems
and various studies which have been successful in investi-
gating internal threads and bores, using optical measurement
systems [4], eddy-currents [8] and laser measuring systems
[9]. Whilst good for assessing fairly large bores (of diameter
> 8 mm), these systems are yet to be proven with smaller
bores.

Use of near-field microwave microscopy (NFMM) may be
able to overcome some of the limitations of the other systems
and can be used as a surface scanning tool, particularly to
investigate small bores. An open circuit, resonant microwave
probe is used for the scanning system reported here, which
has a coupling layout similar to that used previously in reso-
nant microfluidic devices [10]. Utilising a two-port coupling
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system and so measuring the voltage transmission coefficient
between ports increases the dynamic range compared with a
one-port reflection measurement; this increases the precision
of measurement of small shifts in resonant frequency caused
by changes in capacitance of the probe’s tip to sample system.

In this article the samples have homogeneous, bulk surface
properties and so it is assumed that any change in resonant
frequency comes from the change in tip-sample distance,
not in the change of the dielectric properties of the material.
Microwave losses (in terms of changes in the reciprocal of
the quality factor Q) are not considered as the focus is solely
on the surface topography, not on the characterisation of the
material.

NFMM was first conceptualized by Synge in 1928 to
overcome Abe’s diffraction limit. Further research was then
carried out by Ash and Nicholls in 1972, where an evanescent
wave probe was used to study an object [11]. Since then there
has been extensive NFMM research [12], [13], [14], [15],
[16], [17], [18], resulting in nanoscale resolution [19], [20].
NFMM can be used for various disciplines in many applica-
tions, including analysing permittivity of nano structures [21],
imaging of biological cells [22] and detecting defects buried
in metallic samples [23]. The majority of NFMM probes re-
ported in the literature end with a tip [24], [25], [26] or with
an aperture [11], [27], together with others described in detail
by Anlage et al. [28].

It is proposed that by using this technology, with various
measuring modes described below, it is possible to analyse
structures such as small thread bores. The probes can be
miniaturised in a similar manner to [29], where a coaxial
probe was fabricated with a diameter of less than 1mm. This
system also has the capability to investigate various materials,
with metals and high permittivity materials having the great-
est frequency shift of the probe (and hence greatest contrast
relative to air) owing to the greater electrical polarisation of
the sample’s surface induced by the microwave electric field
emanating from the probe’s tip. While plastics and other lower
permittivity materials will result in a smaller frequency shift at
a fixed tip-sample distance, there is still sufficient resolution in
the measurements of resonant frequency to analyse structures
fabricated from these materials.

1. PRINCIPLES
The resonant sensor used here is based on a half wavelength
resonant section of coaxial cable which is open circuit at
both ends. One end is terminated in a sharp tip that interacts
capacitively with a sample in its vicinity. The other end is ca-
pacitively coupled to the input and output measurement ports
by the T-section shown in Fig. 1, which enables measurement
of the voltage transmission coefficient Sy; in the frequency
domain using a vector network analyser.

The probe resonates at harmonics of the fundamental reso-
nant frequency governed by (1).
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FIGURE 1. T-Connector for capacitively coupling into an open-ended
resonant coaxial cable, consisting of two SMA connectors, coaxial cable,
and an aluminium housing. Units in mm.

where f is the fundamental frequency, ¢, is the relative per-
mittivity of the dielectric spacer (usually PTFE, around 2.1),
c is the speed of light in vacuo and [ is the length of the centre
conductor of the resonant probe.

As the probe tip comes into the vicinity of a sample, a small
capacitance between the tip and surface is formed. There is no
simple analytic formulation of this structure, but the simplest
model is that of a parallel plate capacitor in the limit where
the tip-sample separation d is comparable (or less than) the tip
radius, so that the additional tip-sample capacitance is approx-
imately that given by the simple formula (2), not accounting
for the stray capacitance.

€04,
G~ =2 @)

This assumes air-spacing, with A being the effective area
of the tip-sample capacitor. To first order, the rate of change
of resonant frequency with d is then proportional to 1/+/d
(neglecting any change in effective area), as demonstrated in
the experimental data of Fig. 2, collected using commercial
rigid coaxial cables of various diameters. RG401 cable has
an inner conductor diameter (ICD) of 1.63 mm and an outer
conductor diameter (OCD) of 6.35 mm, RG402 ICD of 0.92
mm and OCD of 3.58 mm, whilst RG405 has ICD of 0.51
mm and OCD of 1.61 mm. This experiment used the inner
conductor supplied, which is silver plated copper, and the
spacer is PFTE in all cases.

The resolution of the measurement is enhanced by reducing
the protruding tip radius, but any reduction in the radius of
the centre conductor also reduces the quality factor (Q) of the
resonance proportionately. To achieve a sharp, well-defined
resonance, which is easy to excite, and which provides a
noise-free measurement of |Sy1], a Q of above 100 is main-
tained for all probe sizes. The shift in resonant frequency
from plots such as Fig. 2 is used to generate a topographical
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FIGURE 2. Frequency-height plot of a metallic sample and probes of

RG405, RG402 and RG401 coaxial cables, demonstrating the higher
contrast of frequency measurement for a larger diameter probe.
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FIGURE 3. System setup consisting of XYZ+Rotary stage, connected to
both VNA and PC using an RG405 side probe investigating an internal M6
thread.

representation of surfaces. The measurement contrast im-
proves the greater the difference in the relative permittivity
of the sample compared with air. Hence, metals give the
strongest response, but it is also possible to measure common
plastics such as Nylon with reasonably high permittivity. In
simple terms, it is possible to define a “contrast” factor of
based on the polarisation of the surface as (¢ — 1)/ (¢ + 1),
which equals 1 for metals, around 0.64 for Nylon (¢ = 4.5)
and 0.35 for PTFE (¢ = 2.1).

IIl. SYSTEM SET-UP

As shown in Fig. 3 , the T-coupling structure (of Fig. 1) and its
resonant probe is mounted into an aluminium housing that fits
onto a Standa XYZ and rotary motion controller. The motion
controller has a linear minimum increment of 0.31 xm and
minimum rotational increment of 360 arcsec. The probe is
connected to a vector network analyser (Copper Mountain
M35065), which measures the voltage transmission coefficient
S21. Both VNA and stage are controlled by a laptop computer
running National Instruments LabVIEW software, which syn-
chronises probe position and microwave measurements.

IV. PROBE MANUFACTURING
While the previous experiments used probes with sharp-
ened, silver-plated, copper inner conductors, for the remaining
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FIGURE 4. Result of the electrochemical etching of the tungsten inner
conductor for a RG405 cable, which has a diameter of 0.5 mm.

s

FIGURE 5. (a) 3D model of the construction of the side probe with the
inner conductor replaced with a sharp right-angled tip, before being filled
with paraffin wax; (b) photograph of a side probe made using RG405
coaxial cable.

™

FIGURE 6. Constant frequency scan of the tails side of a U.K. two-shilling
coin.

smaller probe experiments the probe is manufactured from a
length of commercial coaxial cable whose centre conductor
has been removed and replaced with a tungsten wire, which
is amenable for etching into a sharp tip. An electrochemical
etching method was used, as described by Prasad and Singh
[30]. The tungsten wire is etched at the meniscus, creating a
sharp tip once drop-off has occurred. The entire silver-plated
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FIGURE 7. Plot of measured frequency using RG401 and RG405 analysing
a rubert 513 sample.

FIGURE 8. A Rubert 513 calibrated specimen formed of Nickel, used as a
comparison gauge between measurement modes.

copper inner conductor of an RG405 cable is removed and
replaced with this sharply tipped tungsten wire, shown in
Fig. 4 with a tip diameter of approx. 15 um, thus forming
the basis of the resonant, open-ended probe.

Manufacturing a sharp tip is important as it focuses the
electric field onto the location of interest. The larger the tip
radius, the more the electric field becomes dispersed and this,
therefore, reduces the resolution of the scanning system, al-
though also increasing the contrast. It is therefore important
to choose the right tip for increased contrast or resolution for
the specific measurement required.

A novel side-angled probe has also been developed, with
the capability of scanning relatively large undulating sur-
faces in small bores, such as found in internal threads; these
surfaces are difficult to assess using conventional scanning
methods. The side-angled probe is manufactured by removing
the central conductor of a section of commercial coaxial cable,
creating a small slit in the bottom of the outer conductor, and
removing the outer conductor where side probe protrudes to
minimise coupling between the inner and outer conductors. A
tungsten wire is used as the inner conductor, as for the straight
probe, and is electro-chemically etched at its end to form a
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FIGURE 9. S,; measurements with 201 points per sweep, of a probe based
on RG405 cable, showing the probe 500 xm, 1 xm and touching a metallic
sample; the frequency and S21 decrease rapidly when contacting the
metallic surface.

sharp tip in the usual way. The tungsten wire is then bent at a
right angle to the axis of the probe and is re-inserted, with the
removed PTFE refilled with paraffin wax, as shown in Fig. 5.

V. MEASUREMENT MODES
Three measurement modes are used to measure the surface
topography.

1) CONSTANT FREQUENCY, VARY HEIGHT

A constant tip-sample distance can be maintained by mea-
suring the probe’s resonant frequency at a certain distance
from the surface. The desired frequency is kept constant with
constant feedback from the VNA and the motion controllers,
which will adjust its z-axis position to maintain this frequency
if the topography of the surface has changed since the previous
measurement. This similar method has been used to image
surfaces such as a coin in [24] although a VNA is used to
track the resonant frequency from the S, trace in this method
to produce an image of a U.K. two-shilling coin in Fig. 6.

2) CONSTANT HEIGHT, VARY FREQUENCY

The motion controller will allow the probe to scan the surface
at the desired step size and measure frequency continuously at
a fixed value of z-coordinate (i.e., “fixed height”). As the sur-
face topology varies, so will the probe’s resonant frequency,
increasing for larger probe-sample height. The frequency con-
trast is greater for the larger RG401 probe, as is shown in
Fig. 7 of a scan of a Rubert 513 sample shown in Fig. 8§,
decreasing for the smaller RG405 probe. Using a tip-sample
calibration plot, obtained first using a perfectly flat metal
surface, it is possible to interpolate the frequency data into
tip-distance data for a general sample.

3) TOUCH PROBE
Each probe is open ended and a capacitor is formed between
the tip and sample that modifies the open circuit condition at
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FIGURE 10. Comparison of the three modes of measurement with the same Nickel rubert 513 sample using an RG405 probe.

the sample end via a tip-sample capacitance. When the tip
touches the metallic surface then this end of probe is effec-
tively short circuited and the resonant frequency decreases
dramatically (indeed, theoretically it should halve). The Sy
COMSOL simulation of the probe at tip-sample distances of
500 um, 1 pm and touching are shown in Fig. 9. Utilising
this large reduction in frequency, it is possible to determine
the surface topography by recording the motion controller’s
location on contact, though clearly care must be taken not to
blunt the sharpened tip.

To compare the various modes of measurement, a precision
reference nickel specimen was used (Fig. 8) and the scans
were conducted using each mode; the results are shown in
Fig. 10.

The mode which reproduces the surface topography the
best is the touch mode (iii). The constant frequency mode
(1) is less effective and becomes increasingly so the deeper
the troughs in the surface topology become, although this has
the advantage of being a non-contact measuring mode. Using
the constant height mode (ii) is the quickest as it is an open
loop system without feedback, so it is not constantly adjusting
to the sample’s undulating surface. Using a calibration plot
such as that of Fig. 2 for the measuring frequency mode, the
three mode frequency data can then be interpolated to gain an
estimated height of the tip above the surface.

VI. SIDE-ANGLED PROBE
A COMSOL simulation is used to compare the straight and
the side probes set-ups. Using a straight RG405 probe with
an inner conductor of 50mm length with an extruding pointed
tip of length 0.05mm gave the expected fundamental resonant
frequency of 2.097 GHz. As shown in Fig. 11, the frequency
reduced by 2.53 MHz when a copper sample was introduced
50 um away from the tip compared with the tip in air.

A COMSOL simulation of the side probe is shown in
Fig. 12; an inner conductor length of 45 mm gives the same
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FIGURE 11. COMSOL simulation of a pointed RG405 coaxial cable,
showing a frequency drop of 2.53 MHz between the probe in air (a), and
when a cooper sample is introduced at a distance of 50 xm, (b).
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FIGURE 12. COMSOL simulation of RG405 side probe without sample

(a) and with a sample 50 xm from tip (b).
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FIGURE 13. M8 external thread measurement using constant frequency
and touch probe modes compared with Sensofar measurements.

resonant frequency as the straight probe of 2.097 GHz, the
frequency decreasing by 1.72 MHz when a copper sample is
introduced within 50 um of the probe tip. This is compared
with a 2.53 MHz decrease for the straight probe. Hence the
side probe is less sensitive than the straight probe, due to the
additional capacitive coupling between the inner and outer
conductors near the tip.

The side probe was manufactured mainly to measure
threads. To evaluate the capabilities of this system, an M8
thread was scanned using the contact and constant frequency
scanning modes and compared with the scans from a Sensofar
S mart scanning machine, which uses a conical measurement
system. Using the Sensofar system required scanning analyses
of the thread at various specified distances from the sample,
which are then stitched together. This process was repeated
six times, as its field of view is limited to 1.64 mm, and these
results were then stitched together to produce a profile of the
thread. This was compared with an image and the measure-
ments taken from the microwave side-probe system, as shown
in Fig. 13.

The overlaid data of two measurement systems demon-
strates that the accuracy of the touch probe method is
comparable with the Sensofar, although with the advantage
of being a much more flexible measuring system. The non-
contact, constant frequency measuring mode is also accurate
at measuring the pitch of the thread, although the accuracy
of the depth of the thread is limited, which was investigated
further via COMSOL simulations.

As demonstrated in the COMSOL simulation of Fig. 14,
at a constant tip-sample distance (50 um) the frequency does
not remain constant during the scan. This is due to the larger
effective surface area at the trough of the thread compared to
the crest, which increases the tip-sample capacitance and thus
reduces the resonant frequency. This is not much of an issue
with relatively flat surfaces, such as the coin scan shown in
Fig. 6. Due to the change in frequency on scanning the thread
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FIGURE 14. COMSOL simulation at a constant 50 xm from surface for M8
thread, showing the varying frequency.

it is not possible to maintain a constant tip-sample distance
by maintaining a set frequency. As the frequency measured
using the same tip-sample distance differs at the crest and
the trough of the thread, due to a higher capacitance in the
trough, it is difficult to accurately assess the thread using both
constant frequency and constant height modes. For example, if
the frequency was set at a height of 50 ym from the crest, then
the tip doesn’t get close enough to the trough to achieve an
accurate measurement; conversely, if the frequency was set at
50 pm from the trough, this would mean the frequency would
be much lower due to the higher capacitance achieved in the
trough.

When the probe exits the higher electric field of the trough,
it is not possible to achieve the original set frequency and
when attempting to do so the probe will collide with the sam-
ple thread. To minimise this effect, it is possible to electrically
shield most of the tip [31], leaving the apex of the tip to inter-
act with the surface. However, this would have the downside
of increasing the effective width of the inner conductor.

To demonstrate the 3D capability of the system an internal
M6 thread was investigated using the touch probe method,
due the reasons mentioned previously, using a commercially
available RG405 coaxial cable manufactured to a side probe.
The system scans down in the Z axis with step size of 2.5
wm before rotating 2 degrees and scans up the Z axis until the
entire thread is scanned. This technique produced a 3D image
of the internal M6 thread shown in Fig. 15.
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FIGURE 15. Internal M6 thread with 1 mm pitch, measured using the
touch probe method and a commercially available RG405 coaxal
manufactured into a side probe.

VII. CONCLUSION

Both straight and side-angled resonant microwave probes
have been demonstrated for surface imaging; this could be
further developed to analyse the enclosed surfaces of additive
manufactured components, which would be hard to assess
using other methods. The resulting measurement system has
three measurement modes that can be used for different ap-
plications. The constant height method (where frequency is
measured) is quick and could be used to determine an esti-
mated profile of a surface and possibly for fault finding, such
as identifying partial threads or swarf blockages, although
without achieving a great understanding about the nature and
geometry of the fault. Using the constant frequency method is
useful if non-contact measurements are needed and has been
shown to be effective up to a limiting feature depth; however,
it is slower than the constant height method due to the con-
tinuous feedback required to maintain a constant tip-sample
distance. Using the touch probe enables a higher accuracy
profile to be produced and enables threads to be accurately
analysed to measure flank angle, thread depth and pitch, which
is a major advantage for small internal threads. Further de-
velopment is required to make the microwave system more
manufacturable and to achieve faster scanning times. Once
small side-probes have been manufactured, further research
will be carried out to investigate the internal surface topology
of small bores (of < 3 mm in diameter).
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