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Abstract: Miniaturization precision positioning platforms are needed for in situ
nanomechanical test applications. This paper proposes a compact precision positioning
platform integrating strain gauges and the piezoactuator. Effects of geometric parameters
of two parallel plates on Von Mises stress distribution as well as static and dynamic
characteristics of the platform were studied by the finite element method. Results of the
calibration experiment indicate that the strain gauge sensor has good linearity and its
sensitivity is about 0.0468 mV/um. A closed-loop control system was established to solve
the problem of nonlinearity of the platform. Experimental results demonstrate that for the
displacement control process, both the displacement increasing portion and the decreasing
portion have good linearity, verifying that the control system is available. The developed
platform has a compact structure but can realize displacement measurement with the
embedded strain gauges, which is useful for the closed-loop control and structure
miniaturization of piezo devices. It has potential applications in nanoindentation and
nanoscratch tests, especially in the field of in situ nanomechanical testing which requires
compact structures.
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1. Introduction

Taking advantages of high stiffness, compact size, unlimited displacement resolution, large force
generation, fast response as well as low power consumption, piezoactuators have been widely used in
the fields of precision positioning [1-3], nanofabrication [4—7], micromanipulation [8—10], scanning
probe microscopes [11,12] and nanomechanical testing systems [13—16].

For different applications, various kinds of piezo driving platforms have been proposed by previous
researchers. One important category among them is the actuator that integrates displacement sensors
to realize high precision positioning via closed-loop control. Zhu [4], Kim [6,7] and Tian [17,18]
designed the fast tool servo to realize precision turning or grinding by integrating laser or capacitive
displacement sensors and piezoactuators. Shimamoto [14] proposed a nanoindentation tester by
integrating the piezoactuator and an optical fiber displacement sensor. Park [13] also presented a
precision indentation and scratching system by integrating the piezoactuator and a capacitive
displacement sensor. Shiou [19] developed a real-time control closed-loop micro-/nano-positioning
system by integrating a capacitive displacement sensor to overcome the problem of the hysteresis and
nonlinearity of the piezoactuator and to increase the positioning speed of the positioning stage. The
works mentioned above realize different applications by integrating the piezoactuator and commercial
displacement sensors. Though accuracy or resolution of these sensors is high, dimensions are a little
big which makes the size of the platforms large. For some special applications requiring limited
dimensions, such as in situ nanomechanical tests inside the scanning electron microscope, applications
of commercial displacement sensors are limited. In addition, complex mechanical assembly leads to
stiffness degradation and decreased platform sensitivity. Also measurement errors arise from the
installation of sensors or quality of measuring surface, so more compact structures and direct
measuring methods should be developed.

Fleming [20] presented a new technique of strain and force feedback scheme for reduction of creep,
hysteresis and vibration in piezoelectric actuated systems. The proposed scheme can be integrated into
the piezoactuator which minimizes parts count and overall system cost. In [21], a piezoelectric strain
sensor was bonded to a flexure-based nanopositioner as a displacement sensor for damping and
tracking control. With damping and integral tracking control, a closed-loop bandwidth of 1.86 kHz was
achieved. AFM imaging results demonstrate the efficacy of using a piezoelectric strain sensor for
damping and tracking control of high-speed nanopositioners.

In this paper, a compact precision positioning platform integrating strain gauges and a piezoactuator
is designed for a future application of in situ nanoindentation inside the scanning electron microscope.
Four strain gauges are glued at the root of two parallel elastic plates to measure the output
displacement of the piezoactuator directly. The work principle was introduced and the mathematical
model of the strain gauge sensor was established. Effects of geometric parameters of two parallel
plates on Von Mises stress distribution as well as static and dynamic characteristics of the structure
were studied by the finite element method. Results of the calibration experiment and output
performance testing demonstrate that the developed precision positioning platform has good linearity
and it can be integrated into an in sifu nanoindentation device to realize in sifu nanoindentation tests of
materials inside a scanning electron microscope.
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2. Configuration and the Work Principle

Figure 1 is the schematic diagram of the developed platform, which mainly consists of a
piezoactuator, four strain gauges and a flexure hinge frame. The piezoactuator is an AE0S05D16F type
piezoelectric stack (NEC Tokin) with maximum displacement of 17.4 £ 2.0 um and a maximum
generated force of 850 N. The strain gauges are BFC-350-3AA-11 type and the grid material is
constantan with a resistance of 350 Ohm. The flexure hinge frame has two parallel elastic plates
processed by wire cutting using the material 65 Mn and the strain gauges are adhered in the root of
plates with M-Bond 610 adhesive. These two parallel plates, the piezoactuator and the frame form the
positioning platform. Strain gauges and two parallel plates form the displacement sensor. The
piezoactuator will extend when voltage signal is applied to it, and then pushes the two parallel plates to
output precision displacement. At the same time, strain gauges will deform with deformation of the
two parallel plates, causing their electrical resistance to change.

Figure 1. Schematic diagram of the developed platform.
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The resistance change is converted to voltage change using the Wheatstone bridge as shown in
Figure 2, which is conveniently measured by an A/D card, so the precision positioning platform is
established. Compared with other platforms integrating commercial displacement sensors, such as the
laser sensor or the capacitance sensor, the proposed platform can be designed with kinds of structures
and also more compact because of the embedded strain gauges. The cost is also low.

Figure 2. Wheatstone bridge.
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3. The Mathematical Model of the Strain Gauge Sensor

Figure 3 shows the principle of the strain gauge. The resistance R increases when tension is applied
to it. In contrast, the resistance R decreases when it is compressed. Whether the force applied to the
strain gauge is tension or compression, is decided by the installation location of the strain gauge.

Figure 3. The principle of the strain gauge.

Tension: R increases

Compression: R decreases

Now we will illustrate the strained condition of each strain gauge in detail. For purposes of analysis,
the upper plate of the two parallel plates is simplified as shown in Figure 4. F' is the driving force
coming from the piezoactuator. /;, w; and ¢, are length, width and thickness of the elastic plate,
respectively. l,, w, and t, are the length, width and thickness of the strain gauge, respectively.
According to material mechanics, the location where strain gauges are installed in Figure 4 is
tensioned, so resistance of these two strain gauges increases and the strain can be expressed by:

o 3FI,
2EWt] (1

where E is the elastic modulus of 65 Mn.

Figure 4. The simplified upper plate with strain gauges.

V A Zl B w1
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Similarly, resistance of strain gauges installed on the lower elastic plate decreases. Assuming that
changes in resistance of strain gauges are AR;, AR,, AR; and AR, respectively, the voltage change in
Figure 2 can be expressed by:

AU:&(ARI_AR2+AR3_AR4) )
4 R R, R R,
The gauge factor Kj is defined as:
K[ZM(i=l,2,3,4) 3)

1

where AR; is the change in resistance caused by strain; R; is the resistance of the undeformed strain
gauge, and ¢; is strain.
Considering that four strain gauges are the same and the installation location is symmetric, if the

size of strain is &, then:
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So Equation (2) can be simplified to:
AU =E,Ke (6)

where K is the gauge factor of the used strain gauges.
4. Mechanical Design and Analysis

According to Equations (1) and (6), the voltage change AU is proportional to strain &, and geometric
parameters of two parallel plates and strain gauges will affect the strain significantly. Usually, as a user,
geometric parameters of the strain gauges cannot be changed, so the effects of the geometric
parameters of the strain gauges on the strain are not analyzed in this paper. In this section, finite
element analysis was carried out to study effects of geometric parameters of two parallel plates on
Von Mises stress distribution as well as static and dynamic characteristics of the precision
positioning platform.

4.1. Finite Element Analysis of Geometric Parameters of Two Parallel Plates

Figure 5 is the simplified model of the strain gauge sensor, mainly consisting of the elastic plate, the
strain gauge and the loading area. It is half of a single plate. Left middle point C and the right middle
point D of the upper surface of the elastic plate are shown in this figure.

Figure 5. The simplified model of the strain gauge sensor.
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The strain gauge is glued on the upper surface while the loading area is added on the upper surface
using Boolean operation of ANSYS 10.0 software. Elastic modulus and Poisson ratio of the elastic
plate are 206 GPa and 0.288 respectively. While for the strain gauge, they are set to be 150 GPa and
0.3. Solid 95 is selected to mesh the model and key portions are refined to improve the simulation
accuracy. On the left side of the elastic plate, all degrees of the freedom are constrained. The
displacement load of 10 pum is applied on the loading area along the negative y direction. The
symmetric boundary condition is applied on the right side. Basic parameters are set as follows:
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[y =36 mm, , =4 mm, w; = 6 mm, w, =5 mm, #; = 0.7 mm, #, = 0.05 mm. When analyzing effect of a
single parameter of the elastic plate, other parameters are set to be the values of basic parameters.

Because the strain gauge is glued on the upper surface of the elastic plate, strain of the strain gauge
can be thought as the same as that on the upper surface of the elastic plate. Accord to Hooke's Law of
Elasticity, strain is proportional to stress. Through analyzing stress distribution of the elastic plate with
different geometric parameters, as shown in Figure 4, the suitable installation location of the strain
gauge can be selected and effects of these parameters on Von Mises stress distribution can be studied.
In order to ensure that the plate has enough strength, stress distribution along the elastic plate is given.

Figure 6(a—) are Von Mises stress distributions of the elastic plate from the left middle point C to
the right middle point D of the upper surface with different length /;, different thickness # and
different width wy, respectively. Von Mises stress increases when length /; decreases, while stress of
the middle part is very low and the lowest stress trends to 0 MPa for different length /,. Like the result
of different length /;, Von Mises stress varies obviously with different thickness #; and it increases with
the increasing of thickness #. Being different from length /; and thickness ¢, Von Mises stress is not
sensitive to width change. So selection of length /; and thickness #; should be more careful.

Figure 6. Von Mises stress distribution along the elastic plate with (a) different length /;;
(b) different thickness #;; (¢) different width wy.

25 25
£ £
5
= 20 E—O
@ .
g 15 g 15
v v
g S
= =
[=] 5 g -
(=] (=]
> \ >
0 . 0 :
0 5 10 15 20 0 5 10 15 20
Location along plate (mm) Location along plate (mm)
(a) (b)
- 20
£ 18 — w;=5.0 .
= 16 — wi=5.5 }
: 14 - — W|:6.0 ..'q
% 12 e — M’|:6.5 ’v" |
L(;; 10 ha*-l-'-.. — 14/’|:7.0 ._,-"' ‘
8 e rAn
2 8 e s
Z e s A
S 4 N, \
2 .": -'f
" s 5
0 d 10 15 20
Location along plate (mm)
(c)

Also, there are some common characteristics for these three parameters. Because of existence of the
gauge, stress distribution has some variation though it is not sharp. Stress in the root of the plate or
near the loading area is larger than other places, so strain gauges are suitable to be glued in the root of
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the plate or near the loading area. Due to space limit near the loading area where the piezoactuator is
installed or stage existed, strain gauges were glued in the root of two parallel plates.

4.2. Static and Modal Analysis

In order to make sure that the flexure hinge frame has enough strength and good dynamic
performances, static and modal analysis of the structure were carried out. Geometric parameters of the
elastic plate are selected as follows. Length /; is 40 mm, width w; is 6 mm and thickness #; is 0.8 mm.
Considering that size of strain gauges is so small that they affect the flexure hinge frame very lightly,
the analysis model does not include these four strain gauges and the mesh model is shown in Figure 7.

Figure 7. The mesh model of the flexure hinge frame.
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The main purpose of static analysis is to verify the structure strength, so the worst condition that
two parallel plates have deformation of 18 um is applied on the area on which the piezoactuator is
installed. The upper surface is fixed. The analysis result is shown in Figure 8.

Figure 8. Stress distribution of the flexure hinge frame.
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The maximum stress is 33.19 MPa less than the yield strength of 65 Mn being 432 MPa. Like the
analysis results in Section 4.1, larger stress occurs in the root of parallel plates and near the loading area.
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Modal analysis is one of the effective methods to examine the dynamic performance of mechanical
structures and systems. From modal analysis, natural frequencies and mode shapes which are
important parameters when the structure subjects to dynamic loads can be obtained easily. Figure 9 is
the first three order mode shapes of the precision positioning platform, corresponding to the first three
order natural frequencies of 1,870, 2,499 and 4,597 Hz, respectively. Based on the analysis mentioned
above, the structure has a high first order frequency of 1,870 Hz and it can be used at high frequency

condition.
Figure 9. The first three order mode shapes of the precision positioning platform.
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5. Experiments

Figure 10 is a photograph of the developed precision positioning platform. The calibration
experiment was carried out to evaluate the performance of the developed strain gauge sensor. Output
performances of the platform were tested via the calibrated strain gauge sensor. The calibration
experimental setup is shown in Figure 11. In order to reduce external disturbances on sensing and
measurement system, the Newport precision vibration isolation table is used to mount the developed
platform. The LK-G10 type laser displacement sensor with resolution of 10 nm is used to calibrate the
developed gauge sensor.
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Figure 10. The photograph of the developed precision positioning platform.
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5.1. Sensor Calibration

The calibration experimental system was established as shown in Figure 11. We adjust the laser
displacement sensor to a suitable position so as to obtain the best measuring accuracy. Then we apply a
voltage signal to the piezoactuator, and record the output displacement and the output voltage
simultaneously. According to the recorded values, the curve between the output displacement (S/pum)
and the output voltage (U/mV) is drawn in Figure 12. The least squares fitting method is used to obtain
the relationship between these two sets of data. The slope of the fitted curve demonstrates the
sensitivity of the developed strain gauge sensor which is about 0.0468 mV/um. The linear correlation
coefficient R*is equal to 1, which indicates that the sensor has good linearity.

Figure 12. The curve between the output displacement (S/um) and the output voltage (U/mV).
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5.2. Output Performance of the Platform with Open-Loop Control

Considering the stiffness of the flexure hinge frame along driving direction of the piezoactuator, the
maximum steady-state output displacement of the precision positioning platform can be given as [3]:

K

pzt

Smax =———— 7
szt+Kﬂ1 ’ ( )

where Smax is the actual maximum steady-state output displacement of the precision positioning
platform. Sy is the nominal maximum output displacement of the piezoactuator. K, and Ky, are the
equivalent stiffnesses of the piezoactuator and the flexure hinge frame. The equivalent stiffness of the
used piezoactuator is about 48.9 N/um and the equivalent stiffness of the flexure hinge frame with the
structure illustrated in Figure 1 can be obtained by:

_ 32Ewg;

By ®

where b is width of the loading area.
According to the Formula (8), the stiffness of the flexure hinge is 0.618 N/um. Then the maximum
steady-state output displacement of the precision positioning platform can be given as:

48.9
= 27 § =0.9875S
48.9+0.618 ° 0 ©)

Corresponding to the maximum applied voltage of 150 V, the nominal maximum output
displacement of the piezoactuator is 17.4 + 2 um. Usually, the maximum applied voltage does not
exceed 100 V during the applications, especially for the nanoindentation application, so corresponding
to the maximum applied voltage of 100 V, the theoretical maximum output displacement is in the
range of 10.3 um~12.9 pm.

Figure 13. The output curve of the precision positioning platform with open-loop control.
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The open-loop control experiment was carried out to test the output performance of the precision
positioning platform manually and the results are shown in Figure 13. The step-curve is the measured
output curve. It mainly consists of two portions. One is the displacement increasing and the other is the
displacement decreasing, each of which has 20 steps corresponding to the voltage range of 0 V~100 V.
The maximum output displacement is about 11.62 um which is in the range of prediction values, and
each step is about 0.581 um. The dotted line is the reference curve. Comparing the measured curve and
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the reference curve, it can be concluded that the portion of the displacement increasing is nearly linear
but the portion of displacement decreasing expresses obvious nonlinearity, which is mainly caused by
the hysteresis of the piezoactuator. In order to solve the problem of nonlinearity, closed-loop control
should be developed by the embedded strain gauge sensor.

5.3. Output Performance of the Platform with Closed-Loop Control

The closed-loop control system is shown in Figure 14. The precision positioning platform is
designed to realize precision positioning of the diamond indenter during the indentation. Its compact
structure is very suitable for in situ nanoindentation inside the scanning electron microscope which
requires a compact experimental device. Control signal of the trapezoidal reference curve worked as
the displacement control mode during the indentation tests is sent to the piezo power with an internal
16-bit D/A card. Then the control voltage applies to the piezoactuator which will deform and push two
parallel elastic plates to output precision displacement. The embedded strain gauge sensor converts the
displacement signal to a voltage signal. The voltage signal is filtered and amplified by the amplifier,
and then converted to digital signal by an embedded 16-bit A/D card inside the computer. Comparing
the reference value and the actual value, the error value is obtained and sent to the piezo power
again. The process mentioned above is repeated until the actual value is approximately equal to the
reference value.

Figure 14. Schematic of the closed-loop control system.
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The closed-loop control curves are shown in Figure 15. Two different maximum output
displacements are selected to verify the feasibility of the control system in different ranges. Comparing
the measured curves and the reference curves, both the displacement increasing portion and the
decreasing portion have good linearity, demonstrating that the control system is functional, so the
designed precision positioning platform integrating strain gauges and a piezoactuator can be used for
the in situ nanoindentation application, which is the subject of our future work.
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Figure 15. The closed-loop control curves with different maximum output displacement.
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6. Conclusions

This paper proposes a compact precision positioning platform. Using the embedded strain gauges,
the output displacement of the developed platform is measured precisely. The work principle was
introduced and the mathematical model of the strain gauge sensor was established. Effects of
geometric parameters of two parallel plates on Von Mises stress distribution were studied by the finite
element method. Analysis results show that length /; and thickness ¢, affect the Von Mises stress of the
elastic plate obviously, while width w; has smaller effect. The stress in the root of the plate or near the
loading area is larger than other places, so strain gauges are suitable for gluing on the root of the plate
or near the loading area. Results of static and dynamic analysis of the structure demonstrate that the
structure has enough strength, with a high first order frequency of 1,870 Hz.

The calibration experiment of the strain gauge sensor was carried out. The linear correlation
coefficient R” of the calibration curve is equal to 1, which indicates that the sensor has good linearity.
Sensitivity of the developed strain gauge sensor was obtained and it is about 0.0468 mV/pm.

The output performance of the proposed platform with open-loop control was measured by the
calibrated strain gauge sensor. Corresponding to the maximum applied voltage of 100 V, the maximum
output displacement is about 11.62 um, agreeing well with the theoretical prediction values. With
open-loop control, the portion of displacement increasing expresses good linearity, but obvious
nonlinearity is observed during the portion of decreasing displacement.

The closed-loop control system was established to solve the problem of nonlinearity of the platform.
Experimental results demonstrate that for the displacement control process, both the displacement
increasing portion and the decreasing portion have good linearity, verifying that the control system
is functional.

Through analysis and experiments, we can conclude that the proposed compact precision
positioning platform was successfully designed. It has a small size but can realize displacement
measurements with the embedded strain gauges, which is useful for the closed-loop control and
structure miniaturization of piezo devices. It has potential applications in nanoindentation and
nanoscratch tests, especially in field of in sifu nanomechanical tests which require compact structures.



Sensors 2012, 12 9709

Acknowledgments

This research is funded by the National Natural Science Foundation of China (Grant No. 50905073,
51105163), National Hi-tech Research and Development Program of China (863 Program)
(863 Program) (Grant No. 2012AA041206), Key Projects of Science and Technology Development
Plan of Jilin Province (Grant No. 20110307), International Science and Technology Cooperation
Program of China (Grant No. 2010DFA72000) and Graduate Innovation Fund of Jilin University
(Grant No. 20121080)

References

1. Liu, Y.T.; Wang, C.W. A self-moving precision positioning stage utilizing impact force of
spring-mounted piezoelectric actuator. Sens. Actuators A 2002, 102, 83-92.

2. Sabri, M.F.M.; Ono, T.; Esashi, M. Modeling and experimental validation of the performance of
a silicon XY-microstage driven by PZT actuators. J. Micromech. Microeng. 2009, 19,
doi:10.1088/0960-1317/19/9/095004.

3. Tian, Y.; Shirinzadeh, B.; Zhang, D. Design and dynamics of a 3-DOF flexure-based parallel
mechanism for micro-nano manipulation. Microelectron. Eng. 2010, 87, 230-241.

4.  Zhu, W.H.; Jun, M.B.; Altintas, Y. A fast tool servo design for precision turning of shafts on
conventional CNC lathes. Int. J. Mach. Tool Manuf. 2001, 41, 953-965.

5. Wei, G.S.; Seok, L.H.; Rahmana, M.; Watt, F. A fine tool servo system for global position error
compensation for a miniature ultra-precision lathe. Int. J. Mach. Tool Manuf. 2007, 47, 1302—1310.

6. Kim, H.S.; Kim, E.J.; Song, B.S. Diamond turning of large off-axis aspheric mirrors using a fast
tool servo with on-machine measurement. /nt. J. Mach. Tool Manuf. 2004, 146, 349-355.

7.  Kim, H.S. Kim, E.J. Feed-forward control of fast tool servo for real-time correction of spindle
error in diamond turning of flat surfaces. Int. J. Mach. Tool Manuf- 2003, 43, 1177-1183.

8. Raghavendra, M.R.A.; Kumar, A.S.; Jagdish, B.N. Design and analysis of flexure-hinge
parameter in microgripper. Int. J. Adv. Manuf. Tech. 2010, 49, 1185-1193.

9. Carrozza, M.C.; Menciassi, A.; Tiezzi, G. The development of a LIGA-microfabricated gripper
for micromanipulation tasks. J. Micromech. Microeng. 1998, 8, 141-143.

10. Nah, S.K.; Zhong, Z.W. A microgripper using piezoelectric actuation for micro-object
manipulation. Sens. Actuat. A 2007, 133, 218-224.

11. Salapaka, S.M.; Salapaka, M.V. Scanning probe microscopy. /[EEE Control Syst. Mag. 2008, 28,
65-83.

12. Meyer, E.; Hug, H.J.; Bennewitz, R. Scanning Probe Microscopy: The Lab on a Tip;
Springer-Verlag: Heidelberg, Germany, 2004.

13. Park, J.; Kwon, K.; Bang, J. Development of a precision indentation and scratching system with a
tool force and displacement control module. Rev. Sci. Instrum. 2007, 78, 045102:1-045102:8.

14. Shimamoto, A.; Tanaka, K. Development of a depth controlling nanoindentation tester with
subnanometer depth and submicro-newton load resolutions. Rev. Sci. Instrum. 1997, 68,
3494-3503.



Sensors 2012, 12 9710

15.

16.

17.

18.

19.

20.

21.

Motoki, T.; Gao, W.; Kiyono, S.; Ono, T. A nanoindentation instrument for mechanical property
measurement of 3D micro nano-structured surfaces. Meas. Sci. Technol. 2006, 17, 495-499.
Michler, J.; Rabe, R.; Bucaille, J.L. Investigation of wear mechanisms through in sifu observation
during microscratching inside the scanning electron microscope. Wear 2005, 259, 18-26.

Tian, Y.; Shirinzadeh, B.; Zhang, D. A flexure-based mechanism and control methodology for
ultra-precision turning operation. Precis. Eng. 2009, 33, 160-166.

Tian, Y.; Zhang, D.; Shirinzadeh, B. Dynamic modelling of a flexure-based mechanism for
ultra-precision grinding operation. Precis. Eng. 2011, 35, 554-565.

Shiou, F.J.; Chen, C.J.; Chiang, C.J. Development of a real-time closed-loop micro-/nano-
positioning system embedded with a capacitive sensor. Meas. Sci. Technol. 2010, 21,
doi:10.1088/0957-0233/21/5/054007.

Fleming, A.J.; Leang, K.K. Integrated strain and force feedback for high-performance control of
piezoelectric actuators. Sens. Actuators A 2010, 161, 256-265.

Yong, Y.K.; Fleming, A.J.; Moheimani S.O.R. A novel piezoelectric strain sensor for
simultaneous damping and tracking control of a high-speed nanopositioner. IEEE-ASME T. Mech.
2012, doi:10.1109/TMECH.2012.2193895.

© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



