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Abstract Current developments in the miniaturization field
focused on fabricating smaller and precise geometric features.
As the scale of features and machined parts decreases, the
resolution of techniques and specifications, used to measure
and quantify these parts, increases. In the present work, an
attempt has been made for using a high-resolution noncontact
capacitive sensor for characterization of mesoscale dimen-
sional features. The dimensional features such as the width
and depth of the channel and diameter of the hole/circular
feature are measured, and the size of the feature varies from
few micrometers to few millimeters. A miniaturized experi-
mental setup has been developed using capacitive sensor and
high-precision XYZ linear stage to carry out the measurement.
A strategy is proposed to characterize the dimensional fea-
tures, and it is formulated based on output voltage gain of the
sensor while scanning the channel feature. The algorithm is
proposed to estimate the position of the edge coordinates and
evaluation of the width of the channel and circular feature
based on the output voltage gain of the sensor. Two specimens
with a channel and circular feature manufactured by using a
miniaturized mesoscale machine tool are examined. The eval-
uated width of the channels and the diameter of the circular
features are in good agreement with the results obtained from
optical methods. The proposed measurement system effec-
tively determines the dimensional characterization of meso-
scale features, and measurement is limited to the width of the
channel at 250μm. Furthermore, the technique can be adopted

for online and in situ monitoring and inspection of mesoscale
features during machining.
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Notations
A Area of the sensing element of the capacitive

sensor, mm2

a1,a2 Area of the sensing element focused on surface S1
and S2, mm2

ad Standoff distance between the sensor and target
surface, μm

C Theoretical capacitance, picofarad (pF)
c1,c2,c3 Chord length of the circular feature, μm
Dhole/

circular

Diameter of the hole/circular feature, μm

ds Diameter of the sensing element, μm
dk Depth of the channel, μm
Ek1,Ek2 Edge coordinates of the channel feature (for k1,

k2…)
ei Deviation of ith point circular assessment feature,

μm
ei(A),ei(B) Deviation from ideal feature at ith point for the

edge feature A and B, μm
Fg Far gap distance, μm
K Dielectric constant
k Channel number
l0,l′0 Estimated slope values for the edge feature coor-

dinates of A and B
Ng Near gap distance, μm
R Measurement of range of the sensor, μm
si Measurement at ith section
ti Discrete sampling time values, s
V Output voltage gain of the sensor, V
V(X) Output voltage gain at Xth position, V
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V1,
V2......

Voltage gain of the sensor at different positions,
Volts

Vcutoff/

edge

Cutoff voltage for the edge, V

Wk Width of the channel, μm
Wk-

nominal

Nominal width of the channel, μm

Xi Lateral distance, mm
X′i(A),X′

i(B)

Ordinate of ith point on least square line of the
edge A and B, mm

x Sensing area interval, mm
Δd Change in standoff distance, μm

1 Introduction

Quantitative measurements of micro/mesocomponents and
feature sizes have received enormous attention in miniaturi-
zation technologies. There is an increasing need for measure-
ment of dimensional features of the micro/meso features and
structures used in industrial and research applications. Cur-
rently, the need for the development of specific measurement
techniques for microchannels used in microfluidics applica-
tions is of great importance [1]. Measurement and inspection
of the micro- and mesoscale features with dimensions ranging
from a few microns to a few hundred microns such as chan-
nels, slots, grooves, patterns, and holes is important in the area
of dimensional metrology. It includes the measurement of
dimensions of features such as width of the channel, thickness
of the layer or wall, depth of the channel, distance between
two lines of line gratings in a microstructure, geometries of
surface structure, and diameter of the microholes/circular fea-
tures. More attention is needed to select suitable instrument or
device for measurement of these features. There is an increas-
ing need for measurement of dimensional features of the
meso/microstructures used in industrial and research applica-
tions [2].

Several attempts have been carried out to measure the
structure of microcomponents using contact and noncontact
methods. Miyoshi et al. [3] developed a profile measurement
system using an inverse scattering phase retrieval method.
Younes [4] used a focus laser beam to measure the lateral
dimension of fine surface grooves along different cross sec-
tions. Taguchi et al. [5] proposed an optical profiler-based
phase retrieval technique for measurement of microsurface
profiles. Younes [6] investigated three techniques, viz. laser
diffraction method, SEM, and stylus profilometry. These have
been used for the measurement and inspection of
microfeatures and microsurface scratches. Shiramatsu et al.
[7] predicted the width and depth of microgrooves using a
small 3D shape measuring apparatus. Topfer et al. [8] devel-
oped an automated inspection of dimensional features in the

micro- and nanoscale. The influence of the residual uncertain-
ty of sensors on the inspection strategy will affect the perfor-
mance of the system while measuring in nanorange. Li et al.
[9] evaluated the depth and width of the microfeatures using
atomic force microscopy (AFM) and features were made
using a mesoscale milling tool. However, difficulties were
found to arise when the surface was not highly smooth and
flat. Liu [10] developed an on-machine measurement system
for inspection of micromachined parts. A high-resolution
noncontact confocal laser sensor was used to obtain 3D coor-
dinates of surface points. The scanning position information
was collected by linear encoders in the machine motion plat-
form. Ferri et al. [11] used a white light interferometer micro-
scope for measurement of features on the micro- and
nanoscales. Vazquez et al. [12] used an optical microscope
for dimensional measurement of width and depth of channels
in the range of 200 and 100 μm. The channels were created on
a metallic surface using the micromilling process. The micro-
scopic image was captured by a high-resolution camera and
processing algorithms were used. Attempts were focused on
optical instruments, though the method is a noncontact nature,
but the same type of instruments lacks traceable calibration
specimens and procedures. Also, difficulties often arise in the
optical and interference-based measurement. Edge detection
strongly depended on the illumination and algorithms for
image evaluation. These measurements are only possible on
a surface that is approximately normal to the optical axis.
Distinct detection of the edges is often distorted by chamfers
and material faults.

Further, the coordinate measuring machine (CMM) has
various measurement functions that have not been realized
yet when it comes to measurement of microsystem compo-
nents. Many researchers developed a precision CMM device
with micron or submicron level resolution. Schwenke et al.
[13] presented a tactile probing system for dimensional mea-
surement of small structures on a CMM. Cao et al. [14] and
Peggs et al. [15] developed a 3D micro-CMM for precise 3D
microshape measurements. Fan et al. [16] described the low-
cost micro-CMM for 3Dmicro/nanomeasurements. However,
system integration involved tuning the process of stiffness of
the probe. Proper selection of optics for guide way control has
not been completed. Later, a high-precision contact scanning
probe was included to measure miniature components on a
micro-CMM [17]. This method is required for the improve-
ment of probe stiffness in a vertical direction.

Wozniak and Mayer [18] demonstrated the feasibility of
measuring the microfeatures in the shape of silicon micro-
groove using mesovolume CMM. It was recognized that
development of microprobes was inevitable for profile and
dimension measurement of microcomponents on CMM.Most
of the probing systems intended for measurements of
microsize features are miniaturizations of relatively conven-
tional probes [19]. Masuzawa et al. [20] and Masaki and
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Keisaku [21] developed a vibroscanning method to measure
the dimensions of microholes. This method is limited only to
conductive materials because it uses a sensitive electrical
switch by contacting the vibrating microprobe onto the work-
piece. Lee et al. [22] used noncontact-type capacitance sensors
for a small diameter hole in a metallic object. It has the
capacity to quickly access the feature, and the cost of the
instrument is also relatively low. It would be suitable for low
aspect ratio of microstructures using high-sensitivity capaci-
tance sensor. Kiyono and Gao [23] presented a profile mea-
surement of a machined surface using a new differential
method involving two capacitive probes. Authors are ana-
lyzed for stepwise profile and used the capacitive probe with
an effective sensing element diameter of 1.7 mm.

From the literature, it has been observed that optical
methods and interference methods are widely used for the
measurement of micro/mesoscale component features. The
existing techniques such as optical, interference, and CMM
methods have limitations while measuring the micro/
mesoscale features. Also, the techniques are limited due to
design of construction, reliability, cost of the system, and
inspection in on-machine situations. The CMM techniques
are expensive and time consuming, and forces associated with
tactile probe were found to damage or destroy the surface or
edge of the feature. The recently developed techniques such as
SEM, AFM and micro/nano-CMM are focused on 3D char-
acterization of the surface. However, these instruments are
very expensive, time consuming, and have complicated algo-
rithms that are not easy to adopt in on-machine and online
monitoring conditions. Limited attempts have been reported
to measure the micro/mesoscale features using a capacitive
sensor. Hence, it is needed to implement a suitable strategy for
the measurement of dimensional features of meso-scale com-
ponents using a sensor. In this present work, an attempt has
been made for dimensional characterization of mesoscale
component features using a high-resolution capacitive sensor.
Figure 1 shows the steps involved in the characterization of
the dimensional features using the capacitive sensor. The
details of the measurement setup, proposed algorithm, and
method for characterization of the dimensional feature and
experimental results are discussed in the succeeding section.

2 Measurement setup using capacitive sensor

Figure 2 shows a schematic view, and a photographic view of
the measurement setup is developed in the present work for
characterization of dimensional features. It consists of a ca-
pacitive sensor, sensor electronics, high-precision XYZ-axis
linear stage, stage controller, and computer-based data acqui-
sition system. The details of the measurement setup developed
by the authors have been reported for the characterization of
surface finish [24]. The measured work piece or target surface

is placed on a linear stage (X-axis linear stage) and can be
moved in X and Y directions. The linear stages have a travel
range of 50 mm and provide motion with 0.15 μm resolution.
The stages are driven by a stepper motor with quadrature
encoder for obtaining feedback about the position of the stage.
The motion controller is operated using SMCVieW software
with the help of a computer system. Also, it can be accessed
through the LABVIEW software. The speed of measurement
is limited by the scanning speed of the stage. In the present
setup, the minimum speed is 0.1 mm/s. The maximum tra-
verse speed of the stage is 3.5 mm/s. The straightness error of
the stage is 400 μrad for the whole range of 50 mm, which has
been reported by the manufacturer. Table 1 gives a brief
description of the linear stages and capacitive sensor used in
the present work. Figure 2c shows the capacitive sensor used
in this present work. The sensor is placed in the sensor holder
bracket and mounted on the vertical linear stage (Z-axis). It
has a measuring range of ±40 μm and a peak-to-peak resolu-
tion of 33.46 nm. The footprint or spot size (effective sensing
area) of the sensing element is 0.5 mm and it is surrounded by
a concentric guard ring which prevents sensing of the target
adjacent to the probe. Guard rings are used for focusing the
electric field toward the target. The sensor is normally used to
measure conductive targets. The capacitance output of the
sensor is determined by Eq. (1):

C ¼ KA

d
ð1Þ

The sensor electronics converts the capacitance output to
voltage gain corresponding to the changes in the standoff
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distance (d) between the sensor and target surface
which is linearly proportional to the capacitance out-
put. The sensor used in the present work is calibrated
for flat metallic targets [25]. The calibrated sheet is
provided by the manufacturer. The sensitivity is
0.24 V/μm and linearity error is 0.11 %. The com-
bined uncertainty of measurement for the specified
vertical displacement range is 0.0127 μm. The capac-
itive sensor is compensated to minimize thermal drift
in the working range of 22.2 to 35 °C. In this temper-
ature range, the errors are less than the 0.5 % of full
scale range of measurement.

3 Proposed strategy and algorithm for estimation of edge
coordinates

In the present work, an attempt has been made to use capac-
itive sensor for characterization of dimensional features. It is
significant to use the tiny capacitive sensor for measurement
of dimensional features. Particularly, the present work deals
with the measurement of the width and depth of the channel
and the diameter of the circular features. Measurement of
these features using the capacitive sensor is based on the
changes in the displacement when crossing the edges of the
channel feature. The distance between edges of the channel
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features gives the width of the channel feature. It is important
to assess the edges of the channel while using the capacitive
sensor for characterizing the dimensional features. A strategy
is formulated to find the cutoff voltage and edge coordinate
information when it crosses the edges. The sensor is scanned
over the surface, and the edge coordinates are detected by
changes in the displacement measured by the sensor. The
detailed illustration of the proposed strategy is explained in
the following subsections.

3.1 Estimation of cutoff voltage

The proposed strategy is formulated based on the output
voltage gain of the sensor while it crosses the edges of the
channel feature. It depends on sensing area interval (x) where
change in the movement of the sensor or target and area
focused on the surface by the sensor. Further, the voltage at
edge detection by the sensor is estimated. Figure 3 shows the
strategy illustrated with 2D cross-sectional view of the chan-
nel feature using the sensor for the evaluation of dimensional
features such as width (Wk) and depth of the channel (dk). The
channel feature consists of three surfaces (S1, S2, and S3) with
S1 and S3 assumed at the same height and S2 shows the depth
of the channel. The surfaces are assumed as flat (very fine) and
it does not influence the measurement output.

Edges 1 and 2 of the channel are formed by intersection of
surfaces S1, S2 and S2, S3, respectively. The horizontal distance
between the two edges 1 and 2 is defined as the width of the
channel. The depth of the channel can be measured depending
on the measuring range (R) of the sensor. Figure 3a, b shows
the two ideal situations where depth of channel is within and
out of the measuring range of the sensor, respectively. The
sensor is placed perpendicular to the target surface and sensing
area (A) of the element focusing on it. When the sensor
measures the surface, the standoff distance (ad) between the
sensor and target changes, and hence, the output voltage gain
(V) will change accordingly. The standoff distance approaches
nearer and farther to the sensor surface, and the output voltage

will becomemore positive and negative, respectively. Initially,
the sensor is assumed to be focused on S1. The corresponding
voltage gain is taken to be 0 (in position 1), i.e., there is no
change in standoff distance on the surface. It is assumed as the
reference surface. Any change in standoff (Δd) will give a
change in output voltage while moving the sensor or target.
The output voltage gain of the sensor is modeled when the
sensor scans or crosses the edge of the sensing area interval
and area focused on the surface. For edge 1, when the sensor is
scanning the target from surface S1 to S2 (in position 2), the
corresponding X position of edge 1 is shown in the voltage
gain curve. The bottom surface of the sensing element is
circular as shown in a separate view in Fig. 3a, and the sensing
area of the sensor a1 and a2 focuses on S1 and S2, respectively.
Any change in displacement with respect to standoff distance
produces a change in output voltage while moving the sensor
or target. It detects the surface finish of the feature while not
crossing the edge features.

It is important to find the area at which the sensor focuses
on surfaces S1 and S2, respectively, when it crosses the edge at
the interval of x. The areas a1 and a2 can be derived based on
the sensing area interval and diameter of the sensing element.
It is geometrically derived and given in Eqs. (2) and (3):

a1 ¼ d2s
4

π−
1

2
2cos−1 1−

2x

ds

� �
−sin 2cos−1 1−

2x

ds

� �� �� �� �
ð2Þ

and

a2 ¼ d2s
8

2cos−1 1−
2x

ds

� �
−sin 2cos−1 1−

2x

ds

� �� �� �� �
ð3Þ

Further, it is important to find the output voltage gain (V) of
the sensor at X position proportional to the measuring range of
the sensor (i.e., far gap from the sensor surface, Fg): the area

Table 1 Specifications of
capacitive sensor and linear stage Capacitive sensor Linear stage

Details Specified values Details Specified values

Range −40 to +40 μm Travel range 50 mm

Standoff 100 μm Lead screw pitch 0.25 mm

Output voltage 10 to −10 VDC Resolution Full step, 1.25 μm

1/8 step, 0.156 μm

Output sensitivity 0.25 V/μm Speed range 0.1–3.5 mm/s

Linearity error 0.02 % Load capacity Horizontal 3 kg

Vertical 2 kg

Peak to peak resolution 33.46 nm Cable Integrated, 1.6 m length

Sensing diameter 0.5 mm Driver 1.5 A microstep driver with USB interface
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focused by the sensing element on the surface and standoff
distance. It is derived based on the capacitive sensing and
given in Eq. (4):

V Xð Þ ¼ 1

4

ad−Δdð Þa1 þ Fga2
A

þ ad

� �
ð4Þ

Using Eq. (4), the voltage gain curve to the corresponding
position of the sensor or target is obtained while crossing edge
1. The voltage gain as the sensor crosses the surface from S1 to
S2 is represented as V1, V2…..V5. Initially, the sensing area of
the sensor is focused only on S1, and in this position, sensing
area interval is 0. If the sensor crosses the edge, change in
displacement is observed and the voltage gain curve shows the
decline curve trend and finally observes the depth of the
feature. Figure 3b shows the voltage gain by the sensor where
the depth of the feature is out of the measuring range. The
output voltage gain of the sensor falls between +10 V and

−10 V. However, the observed voltage gain at S2 does not
influence the detection of the edge feature with respect to the
depth of the channel. It depends upon whether the depth of the
feature is within or out of the measuring range of the sensor. It
is essential to predict the voltage gain at which the sensor
measures the edges of the channel. The observed voltage gain
curve distinctly indicates a change in displacement where it
crosses the edges. It is important to find the voltage gain as the
edge feature information is acquired by the sensor. It is found
that as the sensor enters the edge feature, the sensing area
interval varies and the corresponding voltage gain is
observed using Eq. (4). However, sensing area interval
varies depending on the scanning speed of the sensor or
target. The voltage gain is observed by the sensor for
position 2 to position 5. However, for each interval, the
sensor detects the edge but it is not exactly focused on
the surface. It is due to the sensor focused most of the
time either on S1 or S2.

a

Fig. 3 Illustration for measurement of channel feature and voltage gain. aDepth of channel within the measuring range of the sensor (ideal situation). b
Depth of the channel beyond the measuring range of the sensor

1836 Int J Adv Manuf Technol (2015) 77:1831–1849



The edge is measured by the sensor when sensing area
interval is ds/2 and voltage gain is V3. In this position 3, the
sensor exactly focuses half the sensing element on both sur-
faces. When it leaves the edge and the sensor measures the
depth of the channel, i.e., on surface S2, it predicts the voltage
gain corresponding to the depth of the channel. The voltage
gain observed in this position is V5. The observed voltage gain
between V1 and V5 is used for estimating the voltage gain at
which the sensor detects the edges of the channel. It is deter-
mined based on the voltage gain of the sensor before and after
crossing edge 1 at different positions. This voltage is called as
the cutoff voltage (Vcutoff). The cutoff voltage for the edge is
calculated using Eq. (5):

V cutoff=edge 1 ¼ V 1−V 5

2
ð5Þ

Similarly, the strategy is used for the situation where the
sensor crosses edge 2 from surface S2 to S3. In this situation,
the sensing element of the sensor initially focused on surface
S2 and further it crosses edge 2. The corresponding position of
the sensor and voltage gains is observed from 5 to 9. The
voltage gain of the sensor is derived while the sensor crosses
edge 2 and is given in Eq. (6):

V Xð Þ ¼ 1

4

ad−Δdð Þa2 þ Fga1
A

þ ad

� �
ð6Þ

The observed voltage gain between V5 and V9 is used for
predicting the cutoff voltage gain at which the sensor detects
edge 2. Edge 2 is detected where the voltage gain is V7. It is
estimated using Eq. (7):

V cutoff=edge 2 ¼ V 5−V 9

2
ð7Þ

From Eqs. (5) to (7), the cutoff voltages at the edges are
estimated from the measurement data and it is expressed in
Eq. (8):

V cutoff=edge ¼
V before entering edge−V after leaving edge

2
ð8Þ

In ideal situations where surface S1 and S3 are perfectly flat,
both surfaces have the same change in standoff distance and the
cutoff voltage also falls in the same value. But in realistic
situations, there is a possibility of change in the standoff dis-
tance with respect to the reference surface. In these situations,
the cutoff voltage between the edges of the channel is different
with respect to the edges. Figure 4 shows the schematic view of
the channel feature at different cases. The depth of the channel
for these cases is assumed to be out of range of the sensor.
Figure 4a shows the change in standoff distance on surface S3
(above surface S1). In this case, the cutoff voltage of edge 2 is
predicted using Eq. (7) and it is always more than the value of
the cutoff voltage of edge 1. Similarly, Fig. 4b shows the change
in standoff distance on surface S3 (below surface S1) and the
observed value is lower than the cutoff voltage of edge 1.

In this proposed strategy, the channel is assumed to have
sharp edges. There is a prospect of features not having sharp
edges in practically generated surfaces. Also, scanning direc-
tion is to be normal to the orientation of the target. However, in
general, it is assumed approximately as normal to the mea-
surement direction, and difficulty is existing in optical
methods also. If these assumptions are not met, the variation
in cutoff voltage gain may not lead to the accurate prediction
of cutoff voltage of edges. It leads to the error in the measure-
ment. Also, when considering the 2D cross sections of the
channel, the edge is assumed to be a straight line. Similarly,
when measuring a circular feature, the sensor measures the
curved edges instead of a line as in the channel feature. So, it is
necessary to find the sensing area of the sensor when it

b

Fig. 3 (continued)
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measures the curved edges. Figure 5 shows the schematic
view of the measurement of the circular feature where the
sensing element crosses the curved edges of the circular/hole
feature. Areas a1 and a2 can be derived based on the sensing
area interval and diameter of the sensing element (Fig. 5b).
The sensing area of the sensor is estimated for the curved edge
where the sensor moved from S1 to S2. Then, a2 is geometri-
cally derived and given in Eq. (9):

a2 ¼ d2s
8

2cos−1 1−
2x

ds

� �
−sin 2cos−1 1−

2x

ds

� �� �
−sin 4cos−1 1−

2x

ds

� �� �� �

ð9Þ

and

a1 ¼ A−a2 ð10Þ

a

Fig. 4 Illustration for measurement of channel feature and voltage gain of change in standoff distance with reference to surface S1. aWhen surface S3 is
above surface S1. b When surface S3 is below surface S1
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The voltage gain is calculated using Eq. (4) where the
sensor crosses from S1 to S2 using the area a2 in Eq. (9).
Similarly, when the sensor crosses from S2 to S3, voltage gain
is calculated using Eq. (6). The proposed strategy can be
applied when the following assumptions might be considered
to acquire the significant results from the measurement using
the capacitive sensor. The assumptions are as follows: (1) The
grooves or channel edges are assumed as sharp edges; (2) the
scanning direction is perpendicular to the groove orientation;
(3) the uncertainty of the measurement is not analyzed; and (4)
the width of the channel is limited to half of the diameter of the
sensing element of the sensor.

3.2 Algorithm for estimation of edge coordinates

An algorithm has been developed to predict the edge coordi-
nates at cutoff voltage. It is significantly important to predict
the coordinates from the measurement data using cutoff volt-
age at edges. Figure 6 shows the schematic diagram for
prediction of edge coordinates of the channel feature using
capacitive measurement data. The lateral distance (position)
against displacement information of measurement data is ob-
tained using discrete time signal data of the sensor and the
corresponding scanning speed of stage. The cutoff voltage for
edges does not give a direct indication about its coordinates.

b

Fig. 4 (continued)
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Hence, it is important to predict the preceding and succeeding
cutoff voltage for edges E11 and E12 for channel k=1. From
the preceding and succeeding coordinates, the position of the
edge feature coordinate (i.e., E11:(X1, Vcutoff/edge 11) and
E12:(X2, Vcutoff/edge 12)) is predicted using interpolation by a

two-point method. Finally, the width of the channel is esti-
mated as the difference between the edges coordinates of the
channel, i.e., (X2~X1) for the channel k=1. Similarly, the
procedure is followed for the number of channels in the
mesoscale component to estimate the width of the channel.
The algorithm is developed for estimation of edge
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Circular feature
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a2 a2
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Hole/Circular 
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Fig. 5 Schematic diagram of measurement of hole/circular feature using
capacitive sensor. aHole/circular feature on the metal surface. b Sectional
front and top view

Fig. 6 Schematic diagram for
prediction of edge coordinates of
channel features from voltage
gain

Fig. 7 Algorithm for prediction of edge coordinates and evaluation of
width of the channel feature
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coordinates, and the width of the channel feature from the
measurement data is shown in Fig. 7.

4 Evaluation of dimensional features

The proposed strategy for estimation of edge coordinates has
been presented in the previous section. Assessment of the
channel feature at different sections gives different widths and
depths of the channel. It is necessary to implement a suitable
method or technique to evaluate the nominal width of the
channel considering thewidth evaluated from different sections.
Also, it is difficult to estimate the diameter of the circular feature
from a single section measurement. In this section, a detailed
evaluation procedure is proposed to determine the nominal
width of the channel and the diameter of the circular feature.

4.1 Evaluation of nominal width of the channel

The estimated widths of the channels at different cross sec-
tions lead to improper results about the dimensions of the
channel. In order to evaluate the nominal width of the channel

features, it is essential to implement a suitable evaluation
procedure. Shunmugam [26] described the least squares tech-
nique for the evaluation of parallelism relationship between
the two surfaces. The least squares technique is widely used,
as it is based on sound mathematical principles. The least
squares technique uses deviations expressed as a linearized
function and the sum of the squares of the deviations is
minimized. In this work, the least squares technique is used
for the evaluation of nominal width of the channel. Figure 8
shows the schematic view of the least squares procedure for
the evaluation of the nominal width of the feature.

The least squares technique is presented here for straight
line edge coordinate features. If the edge coordinates of edge

Edge BEdge A

WkEdge A coordinates at 

ti 1
Edge B coordinates at

section 1

Section 1

X1(B)X1(A)

section 1

Xi(B) Ideal line of Edge B

2

33

4

N i l X’i( )

5

Xi(A) Ideal line of Edge A

Nominal
Wk -nominal

X i(A)

Fig. 8 Schematic view for evaluation of nominal width of the channel

Fig. 9 Schematic representation of evaluation of diameter of circular
feature

a

b

c

Fig. 10 Gauge block arrangement. a Schematic view of measurement of
channel using gauge blocks. b Measured output voltage gain (discrete
positions). c Measured output voltage gain (continuous movement of
sensor or target)
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A and B at the ith section measurement of the channel is (si,
Xi(A)), (si, Xi(B)), then the least squares line is derived for edges
A and B. It is given in Eqs. (11) and (12):

X
0
i Að Þ ¼ x0 þ l0Si ð11Þ

X
0
i Bð Þ ¼ x

0
0 þ l

0
0Si ð12Þ

The least squares line is fitted for the edge coordinates of A
and B using Eqs. (11) and (12), respectively. The nominal
width of the channel between edges A and B is estimated with
the reference line of edge A.

4.2 Evaluation of the diameter of the circular feature

Assessment of the circular feature is significant in
microdrilling. It is difficult and more attention is re-
quired to locate the section for carrying out measure-
ment in a circular feature using existing methods.
Figure 9 shows the schematic diagram for the evalua-
tion of the diameter of the circular feature. In this
work, an evaluation procedure is developed using the
isosceles trapezoid geometry [27]. The width of the
features at sections 1 and 3 are estimated using the
proposed strategy for curved edges which is discussed
in the previous section. The width of the circular

feature at sections 1 and 3 are considered as chord
length, which is denoted as c1 and c3. The chord
lengths are evaluated from the proposed algorithm
using the measured data of the circular feature at
different sections. The diameter of the circular feature
is given in Eq. (13):

Dhole=circular ¼ c1 þ c3
4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6þ c21 þ c23

c1c3

s
ð13Þ

5 Gauge block test arrangement

The proposed strategy is exposed using gauge blocks arrange-
ment. Figure 10a shows the schematic view of the channel
arrangement using gauge blocks. The sizes of the gauge
blocks are 1.005 and 1 mm. The surface finish (Ra) of the
gauge block is 0.03 μm. A test arrangement is made like a
channel feature where the depth of the profile is beyond the
measurement range of the sensor. Also, the width between the
blocks is not considered. The change in standoff distance
between surfaces of the gauge block is 5 μm. The measure-
ment is carried out in two modes. In the first mode, the sensor
or target is moved in discrete steps, and in the second mode,
the sensor or target is moved continuously at a speed of
0.1 mm/s using the linear stages. The measured output of the

a

b

Fig. 11 Specimen used for
evaluation of dimensional
features. a Meso-scale channel
feature with nominal width of
500 μm on specimen 1: i
photographic view, ii SEM image
of channels. b Meso-scale
channel feature with nominal
width of 400 μm on specimen 2: i
photographic view, ii SEM image
of channels

1842 Int J Adv Manuf Technol (2015) 77:1831–1849



a

b

Fig. 12 Measured output voltage
gain and predicted cutoff voltage
of the edges of the channel
features using capacitive sensor. a
Specimen 1 at section 1 (refer to
Fig. 11a(i)). b Specimen 2 at
section 2 (refer to Fig. 11b(i))

Table 2 Estimated edge
coordinates obtained from cutoff
voltage/edges and width of the
channel features of specimen 1 at
section 1 (refer to Fig. 11a(ii))

Channel
number (k)

Edges Cutoff voltage
Vcutoff/edge k1,2

Preceding
point
coordinates

Succeeding
point
coordinates

Position of
edge (mm)

Width,
Wk (mm)

Xi(A) Xi(B)

1 E11 −5.252 (1.090, −4.984) (1.100, −5.405) 1.096 – 0.503
E12 −5.738 (1.590, −6.097) (1.600, −5.680) – 1.599

2 E21 −5.758 (2.010, −5.749) (2.020, −6.199) 2.010 – 0.488
E22 −5.740 (2.490, −6.107) (2.500, −5.688) – 2.498

3 E31 −5.742 (2.910, −5.665) (2.920, −6.111) 2.912 – 0.490
E32 −5.707 (3.400, −5.795) (3.410, −5.384) – 3.402

4 E41 −5.707 (3.810, −5.479) (3.820, −5.919) 3.815 – 0.488
E42 −5.707 (4.300, −5.842) (4.310, −5.434) – 4.303

5 E51 −5.707 (4.710, −5.422) (4.720, −5.864) 4.716 – 0.497
E52 −5.224 (5.210, −5.360) (5.220, −4.956) – 5.213
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sensor at the discrete steps is plotted in Fig. 10b. As the sensor
crosses the edge of the block position from V1 to V7 and V7 to
V12, the change in the voltage gain value is observed. It is
difficult to detect the position of the edge at discrete location

due to the area focused on the depth of the feature. The results
of the positional information and voltage gain by the sensor
while scanning the channel arrangement are shown in
Fig. 10c.

Table 3 Evaluation of nominal width of the channel of specimen 1 using the least squares technique (for channel k1)

Section
(si)

Edge A coordinates
Xi(A) (mm)

Edge B coordinates
Xi(B) (mm)

Ideal edge using
the least squares
method

Deviation from
the ideal line of
the edges

X″i(A)
(mm)

Nominal width of the channel Wk-

nominal (mm)

X′i(A)
(mm)

X′i(B)
(mm)

ei(A)
(mm)

ei(A)
(mm)

1 1.096 1.599 1.038 1.547 0.058 0.052 1.535 0.497
2 0.955 1.468 1.020 1.526 −0.065 −0.058 1.517

3 0.948 1.451 1.002 1.505 −0.054 −0.054 1.499

4 1.058 1.558 0.984 1.484 0.074 0.074 1.481

5 0.954 1.448 0.966 1.463 −0.012 −0.015 1.463

Y (mm)

(µ
m

)

0.502 mmA A 

Y (mm)

A A 

a

b

Fig. 13 Width of the channel of
specimen 1 measured using
optical profiler. a Image of
specimen 1. bWidth of channel 3
of specimen 1
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The cutoff voltages for the edge of blocks 1 and 2 are
estimated from the voltage gain obtained while entering and
leaving the edge. The cutoff voltage is varying for the edges
due to change in standoff distance on the blocks. A similar
pattern is observed as explained in the proposed strategy.
From this experiment, the sensor is capable of detecting the
edge of the channel feature, though the depth of the profile is
out of the measuring range of the sensor. Also, the results
indicate the change in the voltage gain value while the sensor
crosses the edges. In this work, the proposed strategy is
revealed with gauge block arrangement, and it shows that
the strategy can effectively estimate the edge of the channel
features.

6 Experimental results

6.1 Experimental details

Two mild steel specimens with channels machined using
a miniaturized machine tool and having nominal width
in the range of 500 and 400 μm were used for charac-
terization. Figure 11 shows the specimen used for the
characterization of dimensional features. Figure 11a
shows the SEM image of the channels on specimen 1
with a nominal width of 500 μm. Figure 11b shows the
SEM image of specimen 2 with a nominal width of
400 μm. The target surface (specimen) is placed on

the X-stage and positions the sensor perpendicular to
the target surface. The distance between the target sur-
face and the sensor surface has been adjusted to
100 μm using the Z-axis stage. The output voltage is
acquired by a data acquisition system through the
LABVIEW software. The sensor signal is acquired at
the sampling frequency of 1 kHz. The measurements
were carried out at different sections of specimens 1
and 2 using the experimental setup as shown in Fig. 2.
The acquired measurement data is further processed to
remove the noise components identified as the high-
frequency content which were removed using low pass
filter. The measured output voltage gain at a minimum
of five different cross sections is stored for the evalua-
tion of dimensional features.

6.2 Experimental results of the evaluation of dimensional
features

6.2.1 Evaluation of the width of the channel feature

Figure 12 shows the measured profile of the channel features
of specimens 1 and 2. It shows the change in displacement
when the sensor crosses the edge of channel. The strategy
explained in Section 4.1 is used for the evaluation of the width
of the channel. The cutoff voltage at which the sensor detects
the edges of the channel feature is estimated using Eq. (5). It is
marked as a dot in each edge of the channel in Fig. 12. The

Table 4 Estimated nominal width of the channel of specimen 1 compared with optical methods

Channel number (k) Width of the channel (mm) % of variation Width of the channel (mm) % of variation

Capacitive sensor Toolmaker’s microscope Optical profiler

1 0.497 0.483 2.90 0.493 0.81

2 0.487 0.497 2.01 0.502 2.99

3 0.491 0.502 2.19 0.496 1.01

4 0.486 0.495 1.82 0.494 1.62

5 0.477 0.482 1.04 0.484 1.45

Table 5 Estimated nominal width of the channel of specimen 2 compared with optical methods

Channel
number (k)

Nominal width of the channel
Wk-nominal (mm)

Width of the
channel (mm)

% of variation (compared to
toolmaker’s microscope)

Width of the
channel (mm)

% of variation (compared to
optical profiler)

Capacitive sensor Toolmaker’s
microscope

Optical profiler

1 0.387 0.405 4.44 0.390 0.77

2 0.443 0.439 0.91 0.440 0.68

3 0.442 0.428 3.27 0.419 5.49

4 0.407 0.425 4.24 0.420 3.10

5 0.396 0.434 8.69 0.429 7.69

6 0.421 0.433 2.77 0.420 0.24
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edge coordinates of the channels, the position of the edges,
and the widths of the channel are determined using the pro-
posed algorithm. The estimated edge coordinates and width of
the channel feature of specimen 1 at section 1 are presented in
Table 2. It is observed that the position of the edge and the
widths of the channel vary at each section of measurement. It
is essential to evaluate the nominal width of the channel from
the determined position of edge coordinates.

The proposed least squares technique for the evaluation of
nominal width of the channel is applied to the edge coordi-
nates of the channels obtained at different sections of the
measurement. The reference lines of the edge features are
evaluated using Eqs. (11) and (12). The evaluation of nominal
width of the channel for channel number 1 of specimen 1 is
summarized in Table 3. The evaluated values were compared
with the values from the optical profiler and toolmaker’s
microscope. Optical profiling uses the wave properties of light
to compare the optical path difference between a test surface

and a reference surface. It is used to measure height variations
such as surface roughness on surfaces with great precision
using the wavelength of light as the ruler. The toolmaker’s
microscope is a precision optical microscope that consists of
single or multiple objective lenses, which magnifies the object
under observation and by the help of an eyepiece lens the
object is focused and viewed. A high-precision micrometric
X-Y stage and the Z-axis travel are used to measure the three
dimensions (length, width, and depth). Figure 13 shows the
measured width of channel 3 of specimen 1 using the optical
profiler. The estimated widths of the channels for specimens 1
and 2 are summarized in Tables 4 and 5, respectively. The
results show that the values are in good agreement with optical
methods. Themaximum percentage of variation is observed to
be 8.69 % when compared with optical method measurement
values of specimen 2.

Figure 14 shows the comparison of the results of channel
features of different specimens using sensor and optical
methods. The variations in the results were influenced by the
surface finish of the feature, burrs on the edges and surface,
defects in the edges, and scratches in the surfaces. Such factors
are difficult to avoid while measuring the micro- and meso-
scale features. However, the sensing area focused by the edge
of the surface averages the effect of these defects in the edges.
The estimated values showed that the proposed strategy dis-
tinctly estimated the edge of the channel feature and the
corresponding positional information from the measurement
data. However, the minimum of the width of the channel that

Fig. 14 Comparison of the width of the channel of the specimen with
optical methods. a Width of the channels (specimen 1). b Width of the
channel (specimen 2)

1 Section 1

2

33

2

Section 1

Section 2

Section 3

c1

c2

c3

a

b

Fig. 15 Meso-scale circular feature on specimen 1. a SEM image of
circular feature of specimen 1. b 2D cross-sectional view of the circular
feature
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can be measured using the capacitive sensor is limited to
250 μm (half of the diameter of the sensing element).

6.2.2 Evaluation of the diameter of the circular feature

The circular feature with a diameter of 1 mm is measured
using a sensor. Figure 15a shows the SEM image of the
circular feature on the specimen and sections at which the
measurements were carried out. The measurements were car-
ried at two different sections of the circular feature to estimate
its diameter. It was difficult to directly evaluate the diameter of
the circular feature with single cross-sectional measurement.
The width measured at the section of the circular feature is
assumed to be the chord length (c) as shown Fig. 15b. Fig-
ure 16 shows the measured output voltage gain and estimated

cutoff voltage for the curved edges of the circular features at
different sections. Figure 16a, b shows that the edge coordi-
nates using the proposed algorithm at sections 1 and 3 of the
circular feature. The estimated chord lengths were 0.714 and
0.719 mm at sections 1 and 3, respectively. Using Eq. (13), the
diameter of the circular feature was estimated as 1.013 mm.
The estimated value is compared with optical methods. The
image and profile of the circular feature are shown in Fig. 17.
The diameters of the circular feature 1.0127 and 0.970 mm are
obtained using optical profiler and toolmaker’s microscope,
respectively. A maximum of 4 % of variation is observed
when compared to optical methods. The present method ef-
fectively estimated the diameter of the circular feature, and the
value is in close agreement with those obtained using optical
methods. However, the uncertainty of the measurement is not

a

b

Fig. 16 Measured output voltage
gain and predicted edge
coordinates of the circular feature
at different sections using
capacitive sensor. a At section 1
(refer to Fig. 15a). b At section 3
(refer to Fig. 15a)
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considered. The observations are taken on the number of
trials. Besides, the current work is to be focused on the
uncertainty of measurement using the capacitive sensor.

7 Conclusions

The recent development in miniaturization has led to in-
creased interest in quantitative measurements of micro/
mesoscale component features. In particular, the use of high-
resolution noncontact sensors for measurement and inspection
of mesoscale features has led to renewed interest in the area of
measurement and metrology. In the present work, a noncon-
tact capacitive sensor-based measurement system and a char-
acterization technique for the evaluation of mesoscale com-
ponent features have been proposed. The evaluation proce-
dures and strategy to characterize the dimensional features
were explained using the sensor. The cutoff voltage was
estimated based on the position of the sensor before entering
and leaving the edge. An algorithm was proposed to estimate
the edge coordinates and evaluate the width of the channel
based on cutoff voltage gain for edges of the channel from the
output voltage gain. The following conclusions were drawn
from the experimental results:

– The proposed algorithm and evaluation procedure was
able to determine the position of the edge coordinates and
width of the channel from the measured voltage gain data
for mesoscale component features using a sensor.

– The evaluated nominal width of the channels and the
diameter of the circular features were in good agreement
with those obtained using optical methods such as tool-
maker’s microscope and optical profiler.

– It was found that the maximum percentage of variation
was 8.69 % when compared to the toolmaker’s micro-
scope for measurement of 400 μmwidth of the channel of
specimen 2.

– A maximum percentage of variation of 4.44 % was
observed for the evaluation of the circular feature using
capacitive sensor. The variation in the result is due to the
presence of edge defects, burrs in the edges of the channel
feature, scanning direction and orientation, and surface
finish which influence the measurement. However, the
minimum width of the channel that can be measured
using the capacitive sensor used in this present work
was limited to 250 μm (half of the diameter of the sensing
element).
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