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ABSTRACT: A new low-power micro electromechanical capacitive strain sensor that is 

capable of measuring large values of strain was designed and patented.  The design is a 

significant departure from conventional comb finger configurations currently used in 

capacitive strain sensors.  It consists of multiple sets of three beams, of which two are bent 

and located on either side of a horizontal straight beam.  Each set of three beams acts as a 

differential capacitor as the bent beams deflect when the surface to which they are attached 

comes under strain.  The benefit of this simple micro-scale device, which is under 1 mm
2
, is 

that it does not require custom electronics for the conversion of differential capacitance to 

voltage. It is temperature-resistant, which makes it suitable for both indoor and outdoor 

applications, even in extreme climates.  The sensor lends itself to integration of onboard 

wireless data transmission and remote self-generating power supply to make this a stand-

alone measurement and communication device.  Due to its versatility, scalability, 

robustness, and ease of fabrication, this sensor shows exceptional promise in a wide range 

of Structural Health Monitoring applications. 

 

 

1. INTRODUCTION 

 

MEMS capacitive strain gauges, where the strain is translated into deflections on beams 

that cause a change in the capacitance of the system, have the following benefits  

 

• High sensitivity  

• Low temperature dependence  

• Less turn-on drift  

• Low-noise 

• Large dynamic range 

• Compatibility with CMOS electronics 

• Simple mechanical structure 

• Low power consumption. 

 

A simplified schematic of a capacitive MEMS strain sensor employed in the prototype 

system developed at the Berkeley Sensor and Actuator Center (BSAC) and Case-Western 

Reserve University is shown in Figure 1a. Suster et al. (2004).  A SEM photo of four such 

sensors connected in parallel (to enhance the output capacitance values four-fold) is shown 
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in Figure 1b. Chaimanonart et al. (2004). The device consists of three amplifying bent 

beams, critical for improving device sensitivity, with comb fingers positioned at the 

structural center. These fingers translate the horizontal displacement under strain to a 

vertical movement in its 37 comb fingers. The gauge length is 1mm and the bend angle (α)  

is 5.7°. The thickness is 20 microns and the minimum air gap between the vertical fingers is 

3.6 microns. 

 

In Figure 1a, an externally applied strain introduces a small lateral displacement, ∆x, which 

will result in an enhanced beam deflection along the vertical axis, upward for the Ctop and 

Cbottom beams and downward for the center beam, Ccom. The Ctop and Cbottom electrodes thus 

form a set of linear differential capacitors (Cs+ and Cs-) with respect to the Ccom electrode, 

serving as a common reference electrode. It has a capacitance of 0.44 pico farads (pF) with 

a differential sensitivity of 265 atto farads (aF) per microstrain (µε).  Mechanical thermal 

noise (Brownian motion) is much lower by several orders of magnitude than the minimum 

detectable signal requirement when operated in air, so it eliminates the need for costly 

vacuum packaging. 

 

Unlike measuring resistance, circuits for measuring capacitance in the past were 

substantially more intricate since the change in capacitance is very small. This is frequently 

the case in MEMS where capacitance values are on the order of 1 pF and change in 

capacitance is as small as a few femto farads (fF). However with the recent commercial 

availability of highly sensitive interface electronics that can detect very low capacitances 

these difficulties can be overcome by introducing new geometries, other than the standard 

comb design. 
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Figure 1a.  MEMS Capacitive Strain Sensor , Suster et al. (2004). 
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Figure 1b.  SEM of Fabricated Strain Sensors, Chaimanonart et al. (2004). 

 

2. DEFICIENCIES IN EXISTING CAPACITIVE STRAIN SENSING SYSTEMS 

 

Though the existing sensor shown in Figure 1b is a highly sensitive device, it has the 

following limitations: 

 

• The maximum measurement range is only 1000 µε  

• The environment in which it can operate needs to be controlled 

• The interface electronics have to be custom designed for the device.  

 

This sensor was specifically designed for measuring the strain on a rotating shaft and 

therefore, it is not suitable for detecting higher strains particularly those required in 

structural health monitoring (SHM) applications. 

 

In a controlled environment, the existing comb design will work because the displacements 

are small, the rotations for the central segment are small, and the length of the comb fingers 

is also correspondingly small. The assumption of the comb fingers behaving as parallel 

plates is only valid within the limits of the existing design. If larger strain values are to be 

measured, this will require a much longer middle section for the 37 fingers (about 300 µm 

longer) because larger gaps are needed between the fingers.  This in turn will result in 

larger deflections of the center segment.  Therefore, to measure large values of strain, a 

complete redesign of the sensor without a comb configuration is required as illustrated in 

Figure 2. 
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Figure 2. Effect of larger strain measurements on the comb design strain sensor. 

 

 

3. DESIGN OF A NEW MICRO ELECTROMECHANICAL CAPACITIVE STRAIN 

SENSOR (MECASS) 

 
Although research in micro electromechanical systems (MEMS) is relatively new, 

much work has been done on discrete devices. However, relatively few complete systems-

on-a-chip (SOCs) have been developed. In the case of a strain sensing system, MEMS will 

allow for micro-scale integration of all components with enhanced functionality and such 

systems will gain greater acceptance leading to widespread usage. When compared with 

current resistance strain gauges used in SHM applications which require long wires to 

attach to data acquisition systems and where wireless transmission capability cannot be 

seamlessly integrated into the sensor, a complete integrated system is very desirable.   

 

3.1 System Components 

 

Apart from the sensor itself, the other critical components in designing a real-time MEMS 

capacitive strain sensing system include a self-generating power supply, compatible 

interface electronics and logic control, and wireless data transmission capability. These 

components are shown in Figure 3. 

 

Larger Strain Values 
 

Larger Deflection at Midspan 

       Larger Comb Finger length   

Larger Tip Displacement 

Need Larger Gaps Between Fingers 

Larger Rotation 

Longer Midspans 



 

 

 

4th International Conference on Structural Health Monitoring of Intelligent Infrastructure (SHMII-4) 2009 

22-24 July 2009, Zurich, Switzerland 

 

 5  

 
 
Figure 3. Components of a strain sensing system. 

 

 

3.2 MECASS Requirements 

 

This paper deals with only the development of the sensor component with the primary 

constraint of compatibility with off-the-shelf voltage conversion electronics. The following 

requirements were also deemed desirable: 

 

• Robustness - Withstand harsh environmental conditions required by SHM 

applications 

• Manufacturability - Fabricate using standard MEMS materials and tools 

• Low Power Consumption –  approximately 30 mW.  

• Low Temperature Dependence - Operate outdoors in extreme weather conditions 

• Compatibility with Conversion Electronics - Must have capacitance output in steps 

of 20 fF 

• Large Operating Range - Measure large strains  

• Adequate Sensitivity - Suitable for SHM applications. 

 

3.3 MECASS - Principle of Operation 

 

This paper deals with a patented new device (US Patent No. 7,380,461 issued June 3, 2008) 

which consists of two bent beams on either side of a horizontal beam that act as differential 

capacitors. It can be seen from Figure 4 that as the ends under strain displace symmetrically 

in opposite directions on the X-axis, the bent beams are deflected downward. The top beam 

is now closer to the center beam, which increases the capacitance between the two. The 

bottom beam moves away from the center, which reduces the capacitance in the lower part. 

The center beam elongates only on the horizontal axis. 

 

The dimensions of the MECASS sensor were optimized using Finite Element Analysis 

software.  Details of the structural optimization and the electrical simulation can be found 

in the Doctoral Dissertation of the first author Majeti (2007).  The optimized configuration 

had a bend angle of 8
0
, center segment length of 700 µm, and end segments of 150 µm on 

either side.  These dimensions are shown in Figure 5.  
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Figure 4. Structural Deflections under strain. 
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Figure 5. Optimized bent beam configuration of 150-700-8. 

 

 

 

 

4. DISCUSSION OF ELECTRICAL ANALYSIS RESULTS 

 

The capacitance measurements for various anchor displacements (that would occur under 

strain) obtained from Intellisuite simulation software are given in Figure 6.  
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Figure 6. Total change in capacitance vs anchor displacement at each end. 

 
From the figure, it can be seen that the slope of the capacitance-displacement curve in the 

linear range (0.3 to 1.5 µm corresponding to 600 to 3000 µε) is approximately 11 fF per µm 

of displacement.  (One µm of total displacement at both ends corresponds to 1000 µε).  

This translates to a slope of 0.011 fF per µε. 

 

Because the selected interface electronics require an input resolution of about 20 fF, it can 

be seen that if multiple sets of the 3-beam structures are used in parallel, the capacitance 

would be multiplied by the number of sets used. A configuration using eight sets of beams 

in parallel in recommended and this would give a total capacitance of 0.088 fF per µε.  The 

minimum strain step is 20/0.088 = 227 µε. This corresponds to a stress in steel of 

approximately 40 MPa.  

 

Having eight sets of beams still keeps the total “height” of the structure around 1 mm (same 

as its “width”) and a 1 mm
2
 device is considered to be within the MEMS scale.  Due to 

parasitic capacitance, it is not advisable to increase the number of beam sets beyond eight. 

 

5. CONCLUSION 

 
With the advent of new micro fabrication techniques it is now feasible to manufacture 

MEMS scale sensors that are smaller, more accurate, more robust and more efficient than 

ever before.  Of the various active strain sensors, this paper focuses on differential 

capacitive strain sensors. The only type of capacitive micro strain sensor available today 

consists of a comb design that does not lend itself to the measurement of strains beyond 

1000 µε. 
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There is a need for a new sensor which can monitor large strains (>1000 µε) to predict 

failures of structures due to high strain. This paper describes the patented design of a new 

micro electromechanical capacitive strain sensor that has low power consumption, 

temperature resistance for outdoor applications, compatibility with commercially available 

interface electronics, and capability for easy integration with wireless data transmission 

components.  The beams are anchored at both ends with a temperature-resistant epoxy.  

 

When the change in capacitance at various strains was charted, it is found to be linear in the 

range of 600 to 3000 µε. It is proposed that a set of eight such 3-beam units be connected in 

parallel for an eight-fold increase in the output capacitance. The design satisfies the input 

requirements for the off-the-shelf capacitance to voltage conversion electronics.  

 

The simulation results showed that MECASS has sufficient sensitivity and a high operating 

range that make it well-suited for providing threshold strain measurements on high strength 

materials. The only limitation of this device is that this increased operating range is 

achieved at the expense of lower sensitivity.  

 

This sensor meets the requirements for a MEMS strain gauge that can operate with low 

power (30 mW) using commercially available interface circuitry, in harsh environments 

having large temperature fluctuations, and with sufficient sensitivity to detect changes in 

strain and can meet the demands for a very high operating range required by new high 

strength materials. Some possible civilian applications are monitoring strains in strands of 

cables in cable-stayed bridges and guyed masts where the conventional wired strain gauges 

cannot be used because of the locations of the critical sections (which are hundreds of 

meters above ground).  A possible military application is the monitoring of strains in the 

welds of gun turrets subjected to high dynamic stresses.  
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