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ABSTRACT 
 

Cr/Si bilayer cantilevers for an integrated multi-axis tactile sensor were fabricated by Si 
surface micromachining process.  Among the cantilevers with various shapes, the rectangular 
and semicircular cantilevers were deflected upward with good controllability.  The maximum 
deflections were compared with those calculated by the finite element method.  Calculated 
deflections of Cr/Si cantilevers agree considerably with the experimental results.  So, it is 
considered that the analysis by finite element method is useful to optimize layer thickness and 
size to obtain Cr/Si bilayer cantilevers with accurate deflection. 

 
 

INTRODUCTION 
 

A cantilever is one of the basic and important components of various devices for many 
microelectromechanical systems (MEMS) [1,2], such as AFM probes [3], micro actuators [4], 
accelerometers [5], humidity sensors [6] and surface acoustic wave (SAW) devices [7].  
Recently, we have fabricated a stable and controllable cantilever with high precision as an 
intelligent tactile sensor [8-10].  It is proposed that an integrated multi-axis tactile sensor can be 
fabricated by using nano-scale thin film technology.  Both pressure and shear forces can be 
detected by measuring tiny piezoresistance in the cantilevers that are deflected upward, so that it 
could be employed for many applications, such as man-machine interface or robotics.   

It is considered that key issues for the integrated cantilever fabrication are, 1) Si LSI 
process compatibility from viewpoints of cantilever material and its fabrication process to 
integrate with signal processing circuit on one chip, 2) controllability of deflection of the 
cantilever, and 3) precise design based on results of finite element method (FEM) analysis.  We 
have found that SiGe epitaxial layer can be used to cause upward deflection of cantilevers.  
However, it is considered that more compatible materials for Si LSI process should be used 
instead of SiGe.  In this work, cantilevers made with Cr/Si bilayer structures for an integrated 
tactile sensor were studied.  Cr is very attractive because it is chemically stable and its linear 
coefficient of expansion is large, tensile strength is high and very effective to create upward 
deflection, so it is applied frequently to various MEMS devices. 
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CANTILEVER STRUCTURE FOR TACTILE SENSOR 
 

Schematic of cantilevers used for the tactile sensors are shown in figure 1.  Two pairs of 
faced cantilevers are placed and cross at a right angle.  A soft polymeric material covers all the  
cantilevers.  When vertical pressure is added to the elastic surface homogeneously, all 4 
cantilevers are deflected downward.  When shear stress is added to the elastic surface, the 
cantilevers deflect in opposite opposed directions.  When piezoresistive film is put on the 
cantilevers, the amplitude and direction of the deflection can be measured by changes in the 
piezoresistance, and so the shear or the pressure can be easily identified. 
 

EXPERIMENT 

 Figure 2 shows the fabrication process for a bilayer cantilever.  SOI (top Si layer: 0.5-
1.0 µm/buried oxide (BOX) layer: 1.0-1.5 µm/Si wafer: 600-700 µm) wafers were used for 
substrates (figure 2 (a)).  Cr as top layers was deposited by vacuum evaporation (figure 2 (b)).  
The thickness of Cr layer was 100 nm.  Next, the top layer and Si were etched by wet etching 
and reactive ion etching (RIE) to form windows to etch the sacrificial BOX layer.  Finally, the 
BOX layer was etched by buffered HF solution, rinsed by ultrapure water and dried in a vacuum 
after ethanol substitution to prevent the cantilever from sticking to the substrate surface.  The 
cantilever sizes were 5-500 µm.   

 Figure 3 shows a scanning electron microscope (SEM) image of Cr/Si cantilever.  It is 
found that cantilever deflects upward as designed.  The pattern of fabricated cantilevers are 
classified into three types, (a) rectangular shape without etching windows, (b) rectangular shape 

Figure 1. Structure of a proposed integrated multi-axis tactile sensor and measurement 
principle of pressure and shear forces. 

Figure 2. Fabrication process of a bilayer cantilever. (a) SOI wafer, (b) Cr top layer 
deposition, (c) window etching, (d) sacrifice layer etching and drying (cantilever is released). 
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with etching windows in the cantilever, (c) semicircular shape with etching windows in the 
cantilever, as shown in figure 4.  
 

RESULTS AND DISCUSSION 
 
 The deflection of cantilevers of various geometries was evaluated.  The maximum 
deflection was measured by the difference in focal point in an optical microscope between the 
substrate surface and cantilever edge.  Furthermore, the deflection of the cantilever was 
estimated theoretically by the finite element method (FEM).  ANSYS (Rel. 10.0) software was 
employed for FEM calculation.  Meshing of the cantilever models was done using both SOLID 
and SHELL elements.  The SOLID element has a basic shape for 3-dimensional FEM analysis.  
On the other hand, the SHELL element can only take account of bending and in-plane 
deformation without antiplane shear, compression and tension in thickness direction, which are 
negligible if the model thickness is much smaller than the model size. 
 First, the data calculated by using SOLID and SHELL elements are compared with 
measured data.  The material constants (Young's modulus, Poisson's ratio and coefficient of 

Table I. Material constants used for FEM analysis [11,12]. 

Si Cr
Young's modulus (GPa) 150 180

Poisson's ratio 0.25 0.35

CTE (10-6K-1) 2.6 8.5

Figure 3. SEM image of Cr/Si cantilever that has 10 µm width and 200 µm length. 

Figure 4. Typical images of the fabricated cantilever pattern observed by optical microscope, 
(a) rectangular cantilevers with 5 µm in width and 200 µm in length, (b) rectangular 
cantilevers with 45 µm in width, 485 µm in length and etching windows, (c) a semicircular 
cantilever with 100 µm in radius and etching windows. 
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thermal expansion (CTE)) are shown in table I.  Table II shows calculated and measured 
maximum deflection.  The cantilever width and length are 20 µm and 50 µm, respectively.  It 
is found that the maximum deflection calculated by using SOLID element is smaller than 
measured one, because of an inferior element shape [12].  Meanwhile, the maximum deflection 
calculated by using SHELL element agrees better with the measurements.  Therefore, SHELL 
elements are used in the following FEM analysis. 
 Figure 5 shows measured and calculated values of the maximum deflection of Cr/Si 
rectangular cantilevers (as shown in figure 4 (a)) as a function of cantilever length.  Although 

Table II. Comparison of maximum deflection between SOLID and SHELL elements in FEM 
analysis. Max. deflection (µm)

FEM (SOLID element) 1.21
FEM(SHELL element) 3.99

Measured 4±1
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Figure 5. Maximum deflections of rectangular Cr/Si cantilevers (width: 5-20 µm) as a 
function of the length.  Symbols: the experimental and lines: the calculated. 
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Figure 6. Maximum deflections of rectangular Cr/Si cantilevers with etching windows as a 
function of the length. (a) width: 45-55 µm, (b) width: 95-200 µm.  Symbols: the 
experimental and lines: the calculated. 



the measured data is scattered for the results from the long cantilever, a comparison of values 
calculated by FEM (lines) with the measured data gives good agreement for the short cantilevers. 
 The maximum deflections of rectangular cantilevers with etched windows (as shown in 
figure 4 (b)) as a function of the length are shown in figure 6.  Measured deflection of 
cantilevers  less than 200 µm in length considerably agree with that calculated by FEM.  
However, measured data for cantilevers that are 500 µm in length are smaller than calculated 
values.  Moreover, some cantilevers are twisted laterally as shown in figure 7.  It is considered 
that cantilevers that are too wide create deformation other than upward deflection and easily 
break in the fabrication process. 
 Figure 8 shows measured and calculated maximum deflections of semicircular cantilevers 
(as shown in figure 4 (c)).  Although measured and calculated data do not well coincide with 
each other for the cantilevers of 100 µm and 200 µm length, they have similar dependence on the 
cantilever length.  Therefore, it is considered that FEM analysis can be applied to optimization 
of layer thickness and size of Cr/Si cantilever.  

 

Figure 7. Image of laterally twisted Cr/Si cantilevers (width: 195 µm, length: 485 µm). 
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Figure 8. Maximum deflections of semicircular Cr/Si cantilever with etching windows as a 
function of the length.  Squares: the experimental and line: the calculated. 



CONCLUSIONS 
 

Cr/Si bilayer cantilevers for integrated multi-axis tactile sensor were fabricated by a Si 
surface micromachining process.  It is found that rectangular and semicircular cantilevers 
deflect upward as designed, based on optical microscope and SEM observations.  The 
maximum deflection of Cr/Si cantilevers agree with the results of some FEM analysis.  
However, the deflection of cantilevers with length of 500 µm disagrees with a result of FEM 
calculations because of lateral twist.  It is considered that the deflection of Cr/Si cantilevers can 
be controlled with a high degree of accuracy. 

 

ACKNOWLEDGMENTS 
 

This study was carried as a part of “Research and Development of Nanodevices for 
Practical Utilization of Nanotechnology” from New Energy and Industrial Technology 
Development Organization. 
 
  

REFERENCES 
 

1. M. T. Hou and R. Chen, J. Micromech. Microeng. 13, 141 (2003) 
2. M. T. Hou and R. Chen, J. Micromech. Microeng. 14, 490 (2004). 
3. R. Linnemann, T. Gotszalk, L. Hadjiiski and I. W. Rangelow, Thin Solid Films 264, 159 

(1995). 
4. E. S. Kolesar, P. B. Allen, J. T. Howard, J. M. Wilken and N. Boydston, Thin Solid Films 

355-356, 295 (1999). 
5. H. Hamaguchi, K. Sugano, T. Tsuchiya and O. Tabata, Proc. of 23rd Sensor Symposium, 

471 (2006). 
6. S. Chatzandroulis, A. Tserepi, D. Goustouridis, P. Normand, and D. Tsoukalas, 

Microelectro. Eng. 61-62, 955 (2002). 
7. T. Takagaki, Y. J. Sun, O. Brandt and K. H. Ploog, App. Phys. Lett. 84, 4756 (2004). 
8. K. Noda, K. Hoshino, K. Matsumoto and I. Shimoyama, 18th IEEE Int. conf. on Micro 

Electro Mechanical Systems, Miami, Florida, USA, 283 (January--February 2005). 
9. S. Yoshida, K. Mizota and H. Noma, Virtual Reality Society of Japan 11th Annual Conf., 

Sendai, Japan (September 2006). 
10. M. Sohgawa, M. Noda, Y. M. Huang, K. Yamashita, T. Kanashima, M. Okuyama and H. 

Noma, Proc. of 23rd Sensor Symposium, 165 (2006). 
11. “Rika Nenpyo”, edited by National Astronomical Observatory of Japan (Maruzen, 2000). 
12. K. E. Petersen and C. R. Guarnieri, J. Appl. Phys. 50, 6761 (2006). 
13. J. Kim, V. V. Varadan and V. K. Varadan, Int. J. Numer. Methods Eng. 40, 817 (1997). 


