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Development of MEMS-based micro capacitive tactile probe∗
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In this paper, a micro capacitive sensor with nanometer resolution is presented for ultra-precision measurement of
micro components, which is fabricated by the MEMS (micro electromechanical systems) non-silicon technique. Based
on the sensor, a micro capacitive tactile probe is constructed by stylus assembly and packaging design for dimension
metrology on micro/nano scale, in which a data acquiring system is developed with AD7747. Some measurements of the
micro capacitive tactile probe are performed on a nano positioning and measuring machine (NMM). The measurement
results show good linearity and hysteresis with a range of 11.6 µm and resolution of better than 5 nm. Hence, the micro
capacitive tactile probe can be integrated on NMM to realize measurement of micro structures with nanometer accuracy.
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1. Introduction

With the development of nano technology,[1] the
ultra-precision measurement and characterization of large-
dimension micro-components with a high aspect ratio has be-
come increasingly important.[2] For almost all industrial in-
spection purposes, optical methods (such as focus variation,
confocal, and coherence scanning interferometry) are the pre-
ferred solution due to non-tactile operation, ease of use, speed
of measurement, and easy integration into production lines.
However, these optical systems are difficult to verify and cali-
brate due to sample surface properties and many adverse opti-
cal effects.[3,4]

Actually, coordinate measuring technology of integrated
tactile probe has become an actual industry standard in the
field of measurement technology.[5] However, existing tactile
probing systems are not suitable for measurements of micro
components due to their lack of sensitivity, damaging inter-
actions, and difficulty of use.[6] A tactile probe system also
lacks adequate standards for verification[7] (existing CMM
standards, such as ISO 10360, are not applicable).

In this work, a micro capacitive sensor with nanometer
resolution is fabricated using a MEMS non-silicon technique.
A micro capacitive tactile probe is developed from the sensor
for ultra-precision measurement of axial dimension and scan-
ning measurement of surface topography. The performances
of the probe are tested and calibrated on NMM.

2. Design of a tactile probe based on a MEMS-
fabricated capacitive sensor

2.1. Probe detection modeling and structural analysis

A tactile probe based on a MEMS-fabricated capacitive
sensor is composed of a glass substrate, a micro capacitive
sensor, and a stylus. The bottom plate of micro capacitance
and pillars are fixed by a glass substrate. A micro capacitive
sensor is used for sensing the displacement, and then converts
the displacements into measurable electrical signals, in which
displacement is probed and transferred by a stylus. The sensi-
tive element of the probe is set up based on parallel plate ca-
pacitive principle,[8] and the capacitance of the parallel plate
capacitor, ignoring the capacitor edge effect, is

C =
εrε0S

d
, (1)

where C is the capacitance, εr is the vacuum permittivity, ε0 is
the relative permittivity, S is the relative area of plate, and d is
the pole pitch.

Equation (1) shows that the changes of εr, S, or d will
cause different C. Hence, capacitive sensors can generally be
divided into three types: variable pole pitch type, variable area
type, and variable dielectric constant type. In this paper, a vari-
able pole pitch type is adopted. The detection model of probe
is shown in Fig. 1(a).
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Fig. 1. (color online) (a) Detection model and (b) probe structure.

When a floating plate of capacitance moves ∆d, the ca-
pacitance variation ∆C is given by

∆C =
εS

d0 −∆d
− εS

d0

=
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d0

(
∆d

d0 −∆d

)
= C0
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where ε is the permittivity, ∆d is the variation of pole pitch, d0

is the initial pole pitch, and C0 is the initial capacitance.
When ∆d << d0, Taylor series expansion of Eq. (2) is

∆C =C0
∆d
d0

[
1+

∆d
d0

+

(
∆d
d0

)2

+ · · ·

]
. (3)

By ignoring higher order terms, we obtain

∆C ≈C0
∆d
d0

. (4)

Equation (4) shows that capacitive variation ∆C has a lin-
ear relationship with pole pitch variation ∆d when the moving
distance of capacitor floating plates is much smaller than the
initial plate pole pitch.

As shown in Fig. 1, the stylus tip probe sphere is in con-
tact with the measured object surface. We assume that a capac-
itive floating plate moves ∆d when the displacement changes
∆x. In our design, the distortion of the measured surface and
stylus can be neglected due to the small contact force, and thus

∆d can be considered equal to ∆x. Hence, the static sensitivity
of micro capacitive sensor k is

k =
C0

d0

∆d
∆x

≈ C0

d0
. (5)

From Eq. (5), the static sensitivity of micro capacitive
sensor k is proportional to the initial capacitance and inversely
proportional to the initial pole pitch. Hence, the sensor sensi-
tivity is effectively enhanced by reducing the initial pole pitch
of the capacitor plate, but this contradicts with the measure-
ment range of sensor. Moreover, the enhancement of sensitiv-
ity by increasing the plate area or using high dielectric constant
requires better preparation technology.

Considering the above discussion and current technologi-
cal conditions, in our design the plate diameter is 3.6 mm, the
floating plate thickness and fixed plate thickness are 30 µm
and 5 µm, respectively, and the plate distance is 10 µm.
Hence, the initial capacitance value C0 is 9 pF (based on
Eq. (1)). Because the data acquiring system is developed with
AD7747,[9] which detects the minimum capacitance ∆C as
20 aF and the plate distance d0 as 10 µm, we can obtain the
minimum displacement of the system; that is, 0.022 nm (based
on Eq. (5)).[10]

2.2. Fabrication process of a micro capacitive sensor

In our design a low cost glass substrate is chosen as the
processing substrate of the micro capacitance sensor. A high
intensity, low internal stress plate material of micro capacitive
sensor with certain flexibility and cohesion at the same time
is required. Nickel and gold are selected as the structural ma-
terial and the plate surface signal layer material, respectively.
On account of the suspended structure of the sensor, positive
photoresist material is selected as a sacrificial layer by using
sacrificial layer technology. The sacrificial layer is fabricated
by photoresist whirl coating, the technology is simple, and the
thickness can be easily and precisely controlled. Meanwhile,
it is soluble in acetone and alkaline solution, and is easy to
remove without internal stress.

The fabrication process steps are shown in Fig. 2: (i) clear
and dry the substrate (Fig. 2(a)); (ii) 90-nm copper was sput-
tered as the seed layer based on glass substrate, then 5-µm
positive photoresist whirl coating was carried out (Fig. 2(b));
(iii) rubber drying, exposure, development, and then the im-
age of fixed plate and pillar were formed (Fig. 2(c)); (iv) 4.5-
µm-thick nickel and 0.5-µm-thick gold were electroplated to
form fixed plate and pillar (Fig. 2(d)); (v) 10-µm-thick posi-
tive photoresist whirl coating was carried out (Fig. 2(e)); (vi)
rubber drying, exposure, development, and then the pillar im-
age was formed (Fig. 2(f)); (vii) electroplating 10-µm-thick
nickel to form pillar (Fig. 2(g)); (viii) 90-nm copper was sput-
tered as the second seed layer, then 5-µm positive photoresist
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whirl coating was carried out (Fig. 2(h)); (ix) rubber drying,
exposure, development, and then the shape of floating plate
and S-shaped spring were formed (Fig. 2(i)); (x) electroplat-
ing 30-µm-thick nickel to form floating plate and S-shaped
spring (Fig. 2(j)); and, (xi) remove photoresist and release ca-
pacitance structure (Fig. 2(k)).[11,12] The fabricated micro ca-
pacitive sensor is shown in Fig. 3. The scale length is 500 µm.

substrate photoresist

nickel coating

Cr/Cu seed layer

gold coating

(a)

(b)

(c)
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(e)

(f)
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Fig. 2. (color online) Process flow diagram of sensor fabrication.

500 mm

Fig. 3. (color online) Micrograph of micro capacitance sensor.

2.3. Packaging design of micro tactile probe

After preparation of the probe sensitive structure, probe
packaging should be reasonably designed to realize electric
connection with the signal conditioning circuit, which should
be safe and reliable. In the design the stylus assembly is the
main technical difficulty, whose accuracy directly affects the
probe performance. Precise assembly of stylus and sensitive
structure are achieved on the basis of self-alignment and self-
locating technology on the micro scale.[13] A Renishaw A-
5555-0108- type stylus is used as a micro capacitive tactile
probe. A stylus length of 15.3 mm, diameter of 1 mm, and
material of tungsten carbide are obtained. The diameter of
probe sphere processed by ruby is 300 µm. The actual stylus
is shown in Fig. 4.

Fig. 4. (color online) A5555-0108 type stylus.

The probe is attached to floating plate of micro capaci-
tance sensor by using epoxy. Compared with ordinary glue,
epoxy possesses greater stiffness and adhesive strength so as
to satisfy needs of stylus assembly. The sensitive unit is also
attached to the specific PCB board by using epoxy to realize
the electrical connection between the sensor and data acqui-
sition system. The packaged micro capacitive tactile probe is
shown in Fig. 5.

(a)

(b)

Fig. 5. (color online) Packaging photo. (a) Internal packaging; (b) fixed
framework.

3. Characterizations of MEMS-based capacitive
tactile probe
Here, the probe will be integrated into NMM through

probe fixed unit and connector for the characterizations of the
MEMS based capacitive tactile probe. As the core compo-
nent of scanning measurement, calibrations of analog probe
must be carried out. Real-time measurement of the position-
ing process is achieved by three laser interferometers of X , Y ,
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Z direction measuring axis of NMM, three-dimensional posi-
tioning with a resolution of 0.1 nm is realized in the range of
25 mm×25 mm×5 mm. During the installation of a micro
tactile probe, the influence of temperature change on test is di-
minished by NMM using Zerodur as a supporting frame for
the probe. The output signal of probe is collected by weak ca-
pacitive signal acquisition system based on AD7747 chip and
C8051F410 microcontroller, and sent to upper-computer via
serial port. LABVIEW is used to collect the capacitance data
for further processing.

3.1. Measurement of the range and linearity

Movement controls for speed and step are provided by
NMM using an electromagnetic driving system. In the exper-
iment, the objective table moves in high-speed mode at first,
the space between stylus and objective table is observed by
CCD. When the space is close to touch, it switches to low-
speed mode, it will then scan at 100 nm step and the output
curve of the probe will be observed. When the probe is trig-
gered, it will return back to the beginning point, and switches
to a smaller step so as to find a more precise trigger point. The
measurement range and linearity test of probe are carried out
at 100 nm steps. The experimental results are shown in Fig. 6.

From Fig. 6, it can be observed that the measurement
range is of 11.6 µm, which is slightly larger than the designed
10 µm, this may be caused by the increasing plate space due
to the residual stress in the course of the capacitor structure
releasing or the gravity of the stylus. The output capacitance
is −8 pF when probing at 11.8 µm, which means that the upper
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Fig. 6. (color online) Range and linearity tests. (a) Measurement range
and linearity; (b) distribution of residual error.

plate is in touch with bottom plate and the probe has reached
the measurement limitation. Line fitting is achieved using the
data between trigger point and saturation point, a fitting de-
gree R2 of 0.98957 and residual square sum of 0.04106 are
obtained.
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Fig. 7. (color online) Resolution measurement: (a) 20 nm step pitch;
(b) 10 nm step pitch; (c) 5 nm step pitch; and, (d) 2 nm step pitch.

118703-4



Chin. Phys. B Vol. 23, No. 11 (2014) 118703

3.2. Measurement of resolution
Starting with the trigger point, experiments are performed

at 20 nm, 10 nm, 5 nm, and 2 nm step, respectively, 20 points
are collected for each step, then we fit a straight line and an-
alyze the resolution according to linear degree of fitting line
and degree of cross-tabs. The experimental results are shown
in Fig. 7.

The analysis of Fig. 7 shows that degree of fitting is bet-
ter than 0.99 when scanning at 20 nm, 10 nm, and 5 nm step
without exception. When the step decreases to 2 nm, the de-
gree of fitting reduces to 0.96 and the reduction of linearity is
obvious. It can also be seen from Fig. 7(d) that the data points
at 2 nm step is confused while the trend of data points at other
steps are consistent, which means the resolution limitation of
the probe has been reached. The above analysis demonstrates
that resolution of the probe is better than 5 nm, which is more
than the theoretical resolution of 0.022 nm because there exists
some errors in the assembly and measurement.[14,15]

3.3. Measurement of the hysteresis
The hysteresis is an important parameter to evaluate the

sensor, which will influence the accuracy of the probe. The
tests of the hysteresis are performed by 1 µm step, which be-
gins at the trigger point and ends at the displacement of 11 µm.
The capacitance values of trace and retrace for different dis-
placements are shown in Fig. 8. From this figure, one can
obtain that the maximum probe hysteresis is 0.00561 pF.
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Fig. 8. (color online) Hysteresis test.

4. Conclusion
A micro capacitive sensor with nano resolution is fabri-

cated using the MEMS non-silicon technique. Based on self-

alignment and self-positioning technology on a micro scale,
a 15.3 mm tungsten carbide-ruby stylus is attached to the
floating plate of the capacitive sensors. Using the capaci-
tive frequency measurement method, the output signal acquisi-
tion system is designed based on AD7747. The measurement
range, linearity, resolution and hysteresis of probe are tested
using NMM as a precision positioning platform. A measure-
ment range of 11.6 µm, good linearity and hysteresis charac-
teristics are obtained. The resolution is better than 5 nm.

The developed capacitive micro tactile probe can be used
for ultra-precision measurement of a micro structure device
in axial direction, surface topography of precision device and
scanning measurement of roughness. The measuring force,
repeatability, and drift of probe will be tested in subsequent
experiments. Meanwhile, the integration technology of probe
and NMM will be researched. By means of the development
of corresponding interface driver and measuring software, the
probe can be integrated to the NMM to expand its measure-
ment capability.

References
[1] Lin X, He X B, Lu J L, Gao L, Huan Q, Shi D X and Gao H J 2005

Chin. Phys. 14 1536

[2] Lei L H, Li Y, Fan G F and Li T B T 2013 Sens. Actuators A 203 430

[3] Xu C K, Zhang P K, Li M and Chen X J 2014 Chin. Phys. B 23 073402

[4] Meli F, Fracheboud M, Bottinelli S, Bieri M, Thalmann R, Breguet J
M and Clavel R 2003 Proc. EUSPEN (Aachen, Germany)
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