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Roughness, which can represent the trade-off between manufacturing cost and performance of mechanical components, is a
critical predictor of cracks, corrosion and fatigue damage. In order to measure polished or super-finished surfaces, a novel touch
probe based on three-component force sensor for characterizing and quantifying surface roughness is proposed by using silicon
micromachining technology. The sensor design is based on a cross-beam structure, which ensures that the system possesses high
sensitivity and low coupling. The results show that the proposed sensor possesses high sensitivity, low coupling error, and
temperature compensation function. The proposed system can be used to investigate micromechanical structures with nanometer

accuracy.
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1. INTRODUCTION

URFACE ROUGHNESS affects the function of how an

object will interact with its environment, and it is

becoming more important in industry as there is
continuing need to solve the trade-off between
manufacturing cost of component and its performance. A
large number of research teams have presented their work
on surface roughness metrology by employing available
techniques such as AFM (Atomic Force Microscope), SEM
(Scanning Electron Microscopy), and TEM (Transmission
Electron Microscopy) [1]. Conveniently, the measurement
methods for surface texture can be divided into two
categories, i.e. contact and non-contact approaches. The
contact measuring approach refers to detecting and
quantifying roughness by using stylus based instruments,
while the non-contact measuring approach means that the
roughness is estimated by optical measurement instruments.
Main advantages of the contact approach include structural
simplicity, immunity to covering oil film and optical
properties of object, and the most common contact approach
to roughness measurement is based on AFM. MEMS
(Micro-Electromechanical Systems) devices benefit from
miniaturization, low power, low cost, low weight, high
performance, easy mass-production and integration, and
they have evolved from academic exercises to many crucial
integral components such as automotive electronics, medical
equipment and smart portable electronics over the past two
decades [2].

As an important objective in the fields of material
characterization, material science and micro-systems testing,
micromechanical multi-component force sensor is used to
measure force and moment information when the size range
of objects manipulation is from microns to nanometers [3].
In past years micromechanical force sensors have been
developed to perform characterization of micromechanical

structures, such as determination of their spring
characteristics and quantifying the surface roughness [4],
[5], which cannot be accomplished by conventional force
sensors due to their size, resolution and measurement range.
Gao et al. [6] used a micromechanical probe-measuring
instrument to estimate the surface properties and
characterize in situ surface topography. A load-adding
cantilever and force-sensing cantilever were used for surface
indentation and profile measurement to obtain the load-
depth plot and scanning image.

The optical approach has been successfully utilized in
metrology due to its high measurement velocity and non-
contact measurement mode. But its application is restricted
to specimen with low aspect ratio, i.c. free of features such
as vertical sidewalls, undercuts and deep narrow drillings
[7], [8]. Besides, the determination of three-component
force vector is necessary for characterizing and quantifying
surface roughness of complex specimen.

In this paper, a novel micromechanical three-component
force sensor with cross-beam structure based on
measurement of piezoresistor that occurred on force-sensing
element is proposed. Particular attention is devoted to
measuring principle, analysis and characterization of the
proposed sensor. The sensor is designed to measure the
normal force F. and two tangential force terms F,, F),. With
those revealed three component force information, the
surface roughness can be characterized and quantified
rapidly.

2. DESIGN OF THE SENSOR

The most critical mechanical component of almost all
kinds of force sensors is Elastic Element (EE), which serves
as reaction mechanism to applied forces/moments by its
deformation or strain [9]. Some of the most important
design criteria are as follows [2], [10]: (1) Global Sensitivity
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and Minimum Stiffness, (2) Simple Minimum Volume,
Especially Reduced Height, (3) Measurement Isotropy and
Low Coupling Effects among Components, and (4) Small
Error of Nonlinearity, Hysteresis and Repeatability. In this
paper, a sophisticated EE structure is proposed based on
cross-beams to fulfill the above criteria.

The micromechanical three-component force sensor based
on cross-beams, as shown in Fig.1., is composed of base, a
stylus standing on a central platform that serves as
connection with the objects, and four radial spoke portions
that extend outwardly from the platform to the base. The
four cross beams with a rectangular parallelepiped shape
(with a size of 400 x 100 x 20 um’) play the role of active
sensing portions sensitive to normal force (F,) and both
tangential force terms (Fy, Fy). In the case of measurement,
the annular rim is fixed as a base frame and the platform is
applied with forces and moments. The overall dimensions of
the sensor are 2400 x 2400 x 700 um’. The sensor could be
fabricated by anisotropic wet chemical etching using
a doublesided silicon (1 0 0) wafer via standard CMOS
technology [11]. 12 piczoresistors are fabricated via
standard processing steps for insulation, diffusion and
metallization on the cross-beams. The measuring force
applied to the top of the stylus will result in cross-beam
deformation, and the piezoresistors mounted on the cross-
beams will undergo the changes of resistances that are

proportional to the applied measuring force. The strain &,
and stress 0, occupied on the upper surface (z = 4 / 2) of

the beams can be obtained as follows

o Fh
& =—

x 6x22=E[L-(X-Lh)] (1)

o, __Fh
o, =-FE—z=—|L-(x-L 2
B VA @
where L, =1/2L , cross sectional moment of inertia

J=bh*/12, and b, h and L are width, thickness and length
of the beam.

Fig.1. A perspective view of the proposed micromechanical three-
component force sensor based on cross-beams.

3. PRINCIPLE OF MEASUREMENT AND FINITE ELEMENT
ANALYSIS

Numerous force sensing technologies are available, e.g.
capacitive, inductive, piezoelectric, piezoresistive, magnetic,
and optical methods [12]. Among them, the most common
method for detecting force is the piezoresistive approach,
which always adopts a piezoresistor as an electric
measurement element [13], [14], [15]. The measurement
force is translated into a voltage by the resistance change in
piezoresistors that are bonded on the EE of the force sensor.
The piezoresistors can be formed by doping a silicon beam
along central-longitudinal axes on upper surface of the
cross-beam or from deposited polysilicon or metal layers.

According to the piezoresistance effect, the relative change
of resistance of conventional piezoresistor having area A, is
defined as [16].

% = ALPL;' (Zflo-l T X120, t X303 + X1aTs + XisTs T XieTs )dA 3)

where the primed quantities y;; (=1, 2, 3, 4, 5, 6) are the
piezoresistance coefficients referred to arbitrarily oriented
axes, and o; (=1, 2, 3) and 7; (k=4, 5, 6) represent the
normal stresses and shear stresses.

The output voltage variation is proportional to relative
resistance variation of Wheatstone bridge,

U (ﬁ_ARZ ARJ_AR4] @

AU =—E£ +
4 R R, R, R,
where R; and AR, ,i=1, 2, 3, 4, represent the resistance and
its variation of the ith piezoresistor, respectively.
The relationship between measuring force F= (£}, Fy, F, )t
which contains the forces F,, Fy and F, in x, y, and z

directions and outputs of Wheatstone bridge can be
expressed as follows by using detection matrix T:

S=TF Q)

Accordingly, from the sensor outputs and based on the
decoupling method, the applied forces and moments can be
determined and calculated as follows:

F=T'S (6)

When S contains more than three elements, the Moore
Penrose inverse techniques must be employed to determine
the measuring force F from (5) as

F=(T'T)' xT'S (7)

The approach of Finite Element Analysis (FEA) provided
by the software ANSYS" is used to help understand the
static characteristics and dynamic behavior of the EE
structure and determine the appropriate positions and
arrangement to bond the strain gauges. A three dimensional
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solid model of the sensor is meshed using higher order, ten
node tetrahedral structural elements, SOLID187, supported
by the software ANSYS® (see Fig.2.). The loads and support
are applied to the top of the stylus and the base of the sensor,

respectively.
The deformation of the stylus top can be calculated by
5, k. 0 0]F
6=|6,|=kF=| 0 k, O]|F, ®)
5, k. k. k| F

where & and k represent the deformation vector and stiffness
matrix, respectively, which can be easily derived from
mechanics of materials.

When the specimen is moved by a precision stage, a
feedback loop is used to maintain the excursion of stylus tip
at a constant level with the specimen. Therefore, the surface
topography of specimen can be obtained by variation of
deformation.

ANSYS

RL&S

OCT 4 2014

Fig.2. Sensor model meshed with SOLID187 elements.

3.1. Under applied measuring force component F,

The FEA (Finite Element Analysis) results of the physical
deformations, distributions of stress and strain due to force
along Z-axis with amplitude of 0.01 N are shown in Fig.3.

In the strain and stress distribution figures, the dark blue
denotes the negative direction strain or stress while light
blue indicates positive direction strain or stress, and the
color depth illustrates the strain value. The stress and strain
are concentrated near the platform and base of the sensor,
and the patterns of their distributions are similar to those
predicted by the theory mentioned above.

Because of the Z-axial symmetry of load and structure, all
four beams have the same response, and the maximum
deformation, maximum equivalent stress and maximum
strain occurring on the cross-beam are 1.206 um,
83.7593 MPa and 0.000446 mm/mm, respectively.Fig.4.
shows the Path diagram of stress along the cross-beam.
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Fig.4. Path diagram of stress (MPa) due to the F. (0.01 N) along
cross-beam (a) three-dimensional stress (b) equivalent stress.

3.2. Under applied measuring force component F,

The FEA results of the physical deformations,
distributions of stress and strain due to force along x-axis
with amplitude of 0.01 N are shown in Fig.5. The main
stress and strain occur on the cross-beam along the X-axis
(beam 1 and 3). When the elastic element is applied with
measuring force F), the result is similar.

It is observed that the stress and strain occurring on beams
1 and 3 are distributed along the X-axis direction and reach
the positive and negative maximum values near the central
platform, and the second maximum values arise near the
base of sensor. The strain and stress along the Y-axis
direction is weak. The maximum deformation, maximum
equivalent stress and maximum strain occurring on the
cross-beam are 7.132 pm, 261.989 MPa and
0.001395 mm/mm, respectively. Fig.6. shows the Path
diagram of stress due to F, (0.01 N) along cross-beams 1
and 2.
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3.3. Dynamic analysis

The sensor will behave dynamically when it is subject to
applied measuring force. Here a modal analysis via ANSYS
that confirms the sensor has good dynamic performance, e.g.
vibration characteristics is performed. A fixed support is
applied to the base of sensor, and the number of frequencies
of interest is specified to first six natural frequencies. The
first six mode shapes of sensor are shown in Fig.7. The first
six natural frequencies are also obtained via the software, as
listed in Table 1.

Fig.7. Mode shapes of the sensor.
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In tapping mode, the stylus is driven at the resonant
frequency of fundamental mode with the tip periodically
tapping on the surface. In order to enhance the signal level
at a given harmonics of fundamental mode, a harmonic
analysis via ANSYS is performed.

Table 1. The first six natural frequencies.

Mode 1 2 3 4 5 6
Natural  1648. 2605. 2612. 1653 1678 2202
Frequenc 2 3 0 4 4 7
y (Hz)

The harmonic analysis results are plotted in Fig.8. As it is
shown, the natural frequencies for measuring force
component F, and F, are 980 Hz and 1038 Hz, respectively.
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Fig.8. Harmonic response of the cross-beam under the measuring
force component F, (a) and F (b).

4. ARRANGEMENT OF PIEZORESISTORS AND MEASURING
CIRCUITS

It is important to place piezoresistors to proper place with
appropriate orientation. The piezoresistors are normally
placed at the pots that have maximum strains and along the
direction of stress in order to obtain greater sensitivity,
repeatability and higher-level output, as shown in Fig.9. In
this study, the piezoresistors are bonded 0.2 yum away from
edges of the cross-beams and thus are uniformly strained
when subjected to measuring forces.
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Wheatstone bridges are used to convert the resistance
changes of piezoresistors to voltage output due to their high
sensitivity, wide measurement range, high precision, and
simple configuration, as shown in Fig.10. Group Y is
composed of piezoresistors R;j, Ry, Rj3 and Ry, that along
the radial direction are arranged to detect measuring force
component F),. Also Group X is composed of piezoresistors
Ry1, Ry, Ry and R,y that along the radial direction are
arranged to detect measuring force component F,.
Furthermore, Group Z is composed of piezoresistors Rjj,
Rs,, Rs3 and Ry, that along the radial direction are arranged
to detect measuring force component F.

Rii

ave || ave [l v |

Fig.10. Wheatstone bridges connection for piezoresistors.

5. RESULTS
5.1. Under measuring force component F,

As shown in Fig.3., Fig.4., Fig.9., and Fig.10., when the
sensor bears the measuring force component F, and
environment temperature changes, the resistances of
piezoresistors will change correspondingly as follows:

%:ARM:&:ARM:AR}]_ARM:[ARJ ( j(g)
R, R, R R, R R, R, ).
AR, AR, AR, AR, AR, AR, _ [A&zj ( j(m)
R, R, R, Ry R, R R, ).

Therefore, each bridge output voltage can be obtained as
follows:
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n AR,
R

_ AR,
R

AU

me Z Rll R12

13 14

U[ARH_ARIZ ]20 (12)

4
2 R;, . R, .
According to this analysis, only the bridge circuit of group

Z is relative to the component F, while the other bridge
outputs are irrelevant.

AU ZQ[ARH _AR, AR, _AR33J
Fz
R31 R32 R34 R33 (13)

5.2. Under measuring force component F\, (similar to the
component F,)

When the measuring force Fy is applied to stylus and
environment temperature changes, strain and temperature
will increase or decrease the resistances of piezoresistors as

follows:
ARZ] _AR24 :AR31 :AR34 :[lej +(£j (14)
R21 R24 R3l R34 R2l & R t
ARzz :Ast :AR32 :AR33 :[Mzzj +(£j (15)
R22 R23 R32 R33 R22 & R t
SNCANES 0o
11 R11 e R t
ARy, :_(%j +(£J (17)
R14 11 Jg R t
(48] ,(20) "
R13 R13 e R t

(19)

where (AR,/R,) and (AR/R), indicate the changed rate of

resistance for piezoresistor R; and temperature variation,
respectively.

Therefore, each bridge output voltage can be obtained as
follows:

AU, _Q AR, _ AR, 4 AR, AR14]
' 4 R, R, Ry 14 @1)
2 Ry, . Ry, -
AU, :Q AR;, _ AR;, 4 AR;, _ AR33]
4\ R R, R, Ry,
(22)
zg [AR31] _[AR32] zo
2 R;, . R, .

According to this analysis, only the bridge circuit of group
Y is relative to the component F), while the other bridge
outputs are irrelevant.

In addition, the sensor contains the hardware that can
stabilize sensitivity over temperature. Specifically, this
compensation method optimizes the accuracy over a range
of -50 °C to +80 °C [17], [18].

6. CONCLUSIONS

A piezoresistive three-component force sensor intended
for characterizing and quantifying surface roughness is
proposed. A sophisticated EE structure based on cross-
beams is adapted to fulfill the specific criteria such as high
sensitivity, simple structure, and low anisotropic and
coupling nonlinearity. In order to find the optimum position
of piezoresistors, the strain, stress and deformation
responses at the specified positions are formulated through
the Finite Element method. 12 piezoresistors are connected
in three full-bridge configurations with each bridge output
representing a measuring force component. The results show
that the proposed sensor possesses high sensitivity and low
coupling error. With those revealed force information,
surface patterns and mechanical properties, such as softness,
friction, mechanical impedance, spring characteristics of
micromechanical structures, and micro force exerted by a
micro-actuator, can be characterized simultaneously and
rapidly.
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