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ABSTRACT 
 

Tactile sensors of Si microcantilevers with a piezoresistive layer have been proposed for 
detection of both normal and shear stresses.  Micro-cantilevers were fabricated by the surface 
micromachining of SOI wafers and were adequately inclined by controlling deflection with a Cr 
layer.  The cantilevers were embedded in the PDMS elastomer to create a human-friendly 
surface.  When a stress is applied to the surface of elastomer, the deformation of the cantilevers 
along with the elastomer is detected as a resistance change in the piezoresistive layer of the 
cantilevers.  The piezoresistive response of the cantilever was analyzed by FEM calculations.  
The fabricated tactile sensor is sensitive to both normal and longitudinal shear stresses and its 
responses agree closely with the calculated value.  Moreover, it has little sensitivity to shear 
stress in the transverse direction to the cantilever, which means that the tactile sensor can 
distinguish the direction of shear stress.  This sensor can be utilized for tactile sensing in human 
support robots.   
 
INTRODUCTION 
 

In recent years, human support robots for nursing-care have attracted much attention 
because of acceleration of the average age of the population [1].  If human support robots do not 
have the ability to recognize allowable forces for contact with the human body, there is 
possibility that the human is hurt by excess force.  To assure safety for the human body, human 
support robots require human-like tactile sensing.  However, tactile sensors with high resolution 
and sensitivity to both normal and shear stresses like the human tactile sense have not yet been 
realized.  It is believed that a tactile sensor for human support robots requires high sensor density 
on the robot's skin, ability to measure normal and shear stresses and a human-friendly surface. 

We have proposed tactile sensors for human support robots which can detect both normal 
stress and shear stress and have a human-friendly surface [2].  In previous work, we have 
examined Si LSI process compatibility on the premise of integration with signal processing units 
and controllability of deflection of the cantilevers [3]; it has been found that out-of-plane 
deflection control by the addition of a Cr thin film layer is suitable for fabrication of tactile 
sensitive cantilevers.  In this work, tactile sensor devices were fabricated by using cantilevers of 
Cr/Si and its performance was characterized in response towards normal stress and shear stress.   



 
 
EXPERIMENT 
 
 Figure 2 shows a cross-sectional view of the fabricated cantilever.  Cantilevers are 
adequately inclined by Cr layer as a deflection control layer.  To form p-Si layer as 
piezoresistors, boron ions were implanted in the surface of the active Si layer of SOI wafer 
(active Si layer: 2.5 µm, buried oxide (BOX) layer: 1.0 µm), and the wafer was annealed in N2 
atmosphere at 900°C for 30 min.  The density of impurities is about 1018 cm-3 and depth of p-
layer is about 700 nm.  Then a SiN layer to insulate between Cr and p-Si layers was deposited by 
LPCVD with a thickness of about 200 nm.  Cr thin film (the thickness of about 100 nm) was 
deposited as the deflection control layer by vacuum evaporation and patterned by conventional 
photolithography process.  The cantilever pattern was formed by etching SiN and Si layer of the 
area other than the cantilever.  A Au/Cr layer (thickness: ~500 nm) to form an electrode was 
deposited and patterned by a lift-off process.  Finally, etch holes for sacrificial etching were 
made by photolithography and the BOX layer was etched in buffered HF (NH4HF2: 20%) for a 
few hours and then the cantilever structure was released from the substrate.  After the cantilever 
was released, a mixture of base resin and curing agent for PDMS (SILPOT 184, Dow Corning 
Corp.) was coated on the substrate and dried in air at room temperature for 1 day.  
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Figure 1.  Schematic illustration and operation of proposed tactile sensor. 

 
Figure 2.  A cross-sectional view of the cantilever of the tactile sensor. 



RESULTS AND DISCUSSION  
 
Configuration of fabricated tactile sensor 
 
 Figure 3 (a) shows a photograph of the cantilever before embedding in the elastomer.  
The distance between the unetched line and the tip of the cantilever is 500 µm.  It is observed 
that the cantilever structure has curved away from the substrate and has upward deflection as 
designed.  The longitudinal direction of the cantilever is directed to <110> direction in Si (100) 
plane.  After curing the elastomer, the tactile sensor chips were die-bonded on a printed board 
and connected electrically to the board by Au-bonding wire.  A photograph of the completed 
sensor device is shown in figure 3(b).  The chip size is 1 cm square; 16 cantilevers can be 
included in one chip. 

 
Analysis of deformation of cantilever and sensor output 
 
 Deformation of the cantilever induced by internal stresses of the multilayers has been 
evaluated by finite element method (FEM) using ANSYS (Rel. 11.0) software.  The cantilever 
models were meshed by using SHELL elements which can only take account of bending and in-
plane deformation without antiplane shear, because thickness of cantilever is much smaller than 
the lateral size [3].  First, the initial inclined shape of the cantilever is calculated as deflection 
induced by a difference in thermal expansion among the layers.  The material parameters used 
for FEM calculation are shown in Table I [5, 6].  The element size for the mesh is several 
micrometers.  The calculated initial tip height of the cantilever is 106 µm. 
 

Table I.  Material parameter for FEM calculation. 
 Young�s modulus (GPa) Poisson�s ratio CTE (10-6K-1) 
Si 150 0.25 2.6 
SiN 300 0.24 3.2 
Cr 180 0.35 8.4 

 
In addition, deformation of the elastomer is calculated by using rubber elasticity theory [7]. 
Deformation due to a normal stress, σz, is calculated by the following equations: 
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Figure 3.  Photographs of (a) fabricated cantilever without elastomer, (b) tactile sensor chip (and
a dime). 
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where Ee, λ and d are the Young�s modulus, the extension ratio and the initial thickness of the 
elastomer, respectively.  On the other hand, deformation in the case of shear stress along the 
longitudinal direction of the cantilever, sl, is calculated by the following equation: 
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where γ is shear strain.  Figure 4 shows the deformation ratio (strain) for an applied normal stress 
and shear stress.  The Young�s modulus of PDMS is about 1 MPa. 

 
Assuming that the tip of the cantilever moves perfectly together with the elastomer, the change in 
tip height of the cantilever, ∆h, is expressed as follows: 
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where h is the initial tip height of the cantilever (h = 106 µm from the calculation described 
above).  Similarly, lateral displacement of the tip of the cantilever, ∆l, is expressed as: 
    γhl =∆ .      (5) 
The internal stress distribution in the cantilever was obtained by FEM calculation with the base 
of the cantilever fixed and constant displacement applied from calculations using by eqs. (4) or 
(5) to the tip of the cantilever.  The change rate of piezoresistance in the cantilever is expressed 
as the product of the piezoresistive coefficient and the integral of the stress, σ, obtained by FEM 
calculation along the path of current flow: 
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where subscript l and t represent the longitudinal and transverse direction, respectively, and r is 
the current path length.  If current flows in the <110> direction in (100) plane of p-Si, 
piezoresistive coefficients πl and πt are 7.2×10-10 Pa-1 and -6.6×10-10 Pa-1, respectively [8].  The 
calculated resistance change rate to a normal stress of 5 kPa is 3.5×10-5.  On the other hand, the 
calculated value for a shear stress of 5 kPa is 2.1×10-4.  Therefore, the response of this sensor to 
shear stress is more sensitive than the response to normal stress. 
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Figure 4.  Calculated deformation ratio of elastomer for normal and shear stresses. 



 
Measurement of piezoresistive response under normal and shear stresses 
 

The surface of the fabricated tactile sensor was depressed by a flat plate to measure the 
response to normal stress.  Reference force and moment were measured by a 6-axis force sensor 
(UFS 2A-05 Nitta Corp.).  The normal stress was calculated by dividing the reference force by 
the contact area.  The resistance due to piezoresistance was measured by a high-precision digital 
multimeter (R6581 Advantest).  Figure 5 (a) shows the resistance change rate of a fabricated 
sensor as a function of applied normal stress.  The open diamond in figure 6 shows the resistance 
change calculated by using FEM.  This value agrees well with the measured one.  To measure 
the response against shear stress, the tactile sensor was pressed and moved laterally.  Shear stress 
was calculated by dividing the reference moment by contact area and distance between the center 
of the reference sensor and the contact point to sensor surface.  Figure 5 (b) shows the resistance 
change rate as a function of shear stress.  The resistance change rate for 5 kPa of shear stress in 
the longitudinal direction to the cantilever is about 1×10-4, which is smaller than calculated value 
(2.1×10-4).  It is believed that this error is due to neglecting other forces besides simple shear in 
the PDMS deformation calculations.  On the other hand, the sensitivity to shear stress in the 
transverse direction in relation to the cantilever is smaller than that for the longitudinal direction.  
It means that the tactile sensor can distinguish the direction of shear stress.  

 
CONCLUSIONS 
 

Tactile sensors for human support robot application having Cr/Si cantilever structure and 
a human-friendly surface have been fabricated by using surface micromachining and PDMS 
coating, and characterized.  Cr/Si cantilevers have upward initial deflection as designed.  The 
fabricated tactile sensor is sensitive to both normal and shear stresses in the longitudinal 
direction to the cantilever.  On the other hand, the sensitivity to shear stress in the transverse 
direction in relation to the cantilever is much smaller than the sensitivity in the longitudinal 
direction; thus, the tactile sensor can distinguish the direction of shear stress.  The responses of 
the tactile sensor against normal and shear stresses were measured as piezoresistance change and 
the deformation and stress distributions were estimated by using FEM calculation.  It is found 
that calculated sensitivity found by the FEM almost agrees with the measured sensitivity.  The 
proposed tactile sensor can be utilized for sensing both normal and shear stresses in the human 
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Figure 5.  Resistance change rate of tactile sensor as a function of normal stress. 



support robot and the sensitivity of tactile sensor can be improved much further by designing 
with FEM estimation. 
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