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ABSTRACT

Microelectromechanical systems (MEMS), a new field of technological advances, consists of integrated devices 

or systems that combine electrical and mechanical components. Such systems are commonly fabricated using 

silicon, the most dominant material in MEMS devices [1]. These systems can sense, control and actuate on the 

micro scale. MEMS applications include accelerometers, pressure, chemical and flow sensors, and optical 

scanners. We have explored an optical floating-element fluid shear stress sensor that permits the 

direct measurement of wall shear stress based on geometric Moiré interferometry. The characterization of this 

device includes sampling the displacement of the sensor with variable mean shear stress, and the calculation of 

the actual mechanical displacement to check for accuracy of linear output from the sample data.

INTRODUCTION

The Flow of fluid over a surface is a phenomenon that occurs anywhere, for instance in our blood vessels, on 

the body of the car, and in a pipe. The motion of a fluid with respect to a surface creates a boundary layer. Flow 

in this layer may be laminar or turbulent which is determined by the Reynolds number. Fox and McDonald 

defined Reynolds number as “the ratio of inertia to viscous forces” [2], however there is not unique value at 

which transition from laminar to turbulent flow occurs in a boundary layer. Laminar flows refer to flows that go 

slowly and smoothly, where particles of fluid move parallel to a surface wall. On the other hand, turbulent flows 

refer to flows with fast velocities that are highly unsteady due to more interaction between the surface and the 

fluid. The detection and control of turbulent flows has been of importance not only in the fluid mechanics but also 

in the chemical and environmental community because of negative effects on viscosity, drag, and shear stress. 

The development of an optical floating-element shear stress sensor in this work was motivated by a need for a 

direct measurement of shear stress in a water recovery system. Such systems are important for the treatment 

of wastewater to produce potable water. Measurements of time resolved shear stress give information on 

flow separation, transition from laminar to turbulent flow, and re-attachment. In this project, we explored and 

tested the functionality of a MEMS optical floating-element flow shear stress sensor (Fig.1). Schmidt defined 

a floating-element shear stress sensor as “an element that is free to displace laterally against the restoring force 

set up by springs, flush mounted into the wall” [3]. The floating element sensor is an example of direct 
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force measurement. Geometric Moiré interferometry was used as the optical detection principle to measure 

the displacement of the floating element.

 
Figure1:  Microscopic top view of the floating-element. 

A geometric Moiré interference pattern is formed when light impinges on two overlapping gratings with 

different spacing of pitch. A grating is defined as a repetitive series of dark and light bars. When superimposing 

two sets of gratings of slightly different pitch creates a new image with black as well as illuminated sections of 

a specific period known as the Moiré effect. When the top grating attached to a floating element is displaced due 

to shear stress, it will create a linear amplified fringe shift that can be used to calculate the displacement of 

the floating element. Therefore, the sensor provides a direct indication of the impinging flow. The optical 

detection scheme is based on the detection of the Moiré fringe pattern motion using a CCD imaging array. 

Further, this paper will explain in more detail wall shear stress, the Moiré effect, and the sensor design 

specification in the background section followed by the settings of the actual experiment that includes sampling 

the displacement of the sensor with variable mean shear stress and the calculation of the actual 

mechanical displacement for a given shear stress. At last, the results of the experiment will be discussed.

BACKGROUND

Wall Shear Stress  

The motion of a fluid with respect to a surface creates a boundary layer (Fig.2) due to the no-

slip boundary condition. The no-slip boundary condition describes the absence of fluid motion on a 

fixed surface. When the fluid comes in contact with the surface, it creates a force [4]. The 

force perpendicular to the surface is pressure while the force parallel to the surface is known as 

shear stress. Measurement of time resolved shear stress gives information on the condition of the 

flow (laminar or turbulent), flow separation, and re-attachment. In other words, being able to 

measure skin-friction will help to measure, analyze, and control flow as it interacts with the 

surface. Further, if we want to measure shear stress in a fluid pipe, it is necessary to have a small 

device for high spatial and temporal resolution [5]. Therefore silicon-micromachined flow sensors 

have been developed to measure flow, shear stress and accurately capture the turbulent 

flow fluctuations.



 
Figure 2: Boundary Layer, courtesy of V. Chandrasekaran. 

Moiré Effect 

The Moiré effect is one of the optical detection techniques used as a measurement tool for 

the determination of relative displacement [6]. According to Post and Ifju, “The Moiré fringes are 

broad dark and light bands formed by the superposition of two amplitude gratings each comprised 

with opaque bars and clear spaces” [7]. If we have a set of fringes (Fig. 3), and we overlap them (Fig. 

4), we create a pattern whose displacement is proportional to the physical displacement. Such a 

Moiré pattern originates from the geometric distribution of light passing through the gratings.

 
Figure 3: Gratings of 19mm (a) and 20mm (b) pitch [8]. 



 
Figure 4: Moiré Pattern of 19mm and 20mm pitches [8]. 

The displacement of the fringes is determined as follows [7]:

 
Δ=δ[G/g1],

where G is the fringe pitch, g1 is the pitch of movable grating, and G/g1 is the  

amplification factor.

The Moiré effect may be considered as a spatial amplifier as can be seen by the amplification factor 

from the above formula. 

The optical floating-element sensor consists of a floating micro-machined silicon plate held by 

four tethers patterned with a grating on the bottom surface and a lower Pyrex plate also patterned with 

a set of gratings on the top surface (Fig. 5). When the device is illuminated from the bottom of the 

Pyrex, the movement of the upper plate in contrast with the bottom one will produce a shift in the 

two gratings. Since light is transmitted through the superposed top and bottom gratings, a Moiré 

fringe pattern is created. When the floating element is displaced due to the shear stress, it will create 

a linear amplified fringe shift that can be used to calculate the displacement of the floating element. 

The MEMS optical flow-element shear stress sensor was previously developed in the 

Interdisciplinary Microsystems group [8]. 



 
Figure 5: A Schematic of the fabrication sequence: (A) Etch 2 μm recess on SOI 

wafers and deposit and pattern device gratings (0.25 μm - Al). (B) Deposit 0.25 

mm of aluminum on the Pyrex wafer and pattern handle gratings. (C) Anodically 

bond Pyrex and SOI wafers. (D) Aligned DRIE up to the recess to release the 

floating element [8]. 

 
Sensor Design Specification 

In order to measure shear stress, for instance in a fluid pipe, it is necessary to have a small device 

for spatial and temporal resolution. Therefore micromachined silicon flow sensors have been 

developed to measure flow, shear stress and accurately capture the turbulent flow fluctuations 

[5]. Silicon micromachining is a process that creates microscopic mechanical parts out of the 

silicon substrate, for instance the tethers of this sensor. According to Naughton and 

Sheplak, “micromachined wall shear stress sensors can be grouped into two distinct 

measurement classes: direct techniques such as floating-element type devices, or indirect 

techniques such as thermal and optical sensors” [5]. The sensor specified below uses direct 

techniques to measure the force produce by the shear stress on the floating element. The MEMS 

optical floating-element flow shear stress sensor consists of a 1280μm x 400μm silicon floating 

element of 10μm thickness, suspended 2.0μm above the surface of a Pyrex wafer by four tethers (Fig. 

6). The Moiré fringes are realized by pattern aluminum lines with varying pitch on both the bottom of 

the floating element and on the Pyrex wafer [8].



 
Figure 6: Top-view and cross sectional schematic of the first-generation optical shear stress sensor 

[8].

EXPERIMENTAL

For this experiment, a sensor with a set of gratings of 9.9μm and 10μm was used. The sensor die 

was flush-mounted in a Lucite plug with back-side imaging optics and a Thomson-CSF TH78CE13 

linescan CCD camera (Fig. 7). The CCD camera contains an array of 1 x 1024 pixels, each having a 

width of 10μm. The package was mounted in a 2-D flow cell that provides a variable mean shear 

stress. The Moiré fringe was captured using the CCD camera. First, we started by grabbing a live image 

of the sensor with no flow (zero shear stress) using a frame grabber. Then, flow was turned on 

and several images were taken at different pressure levels. Once all the images were collected, it 

was necessary to calculate the displacement of the floating element by taking the no-flow image 

and comparing it with the ones of active flow. Using Matlab, a least squares curve fit was applied to 

the recorded intensity pattern obtained for a given shear stress input. The following formula was 

applied for the least-squares curve fit [8]:

 
y(x) = A0 + A1*sin(A2*x+A3)

 
where A0 is the offset, A1 is the amplitude, A2 is the frequency, and A3 is the phase.

 
The least squares method assumes that the best-fit curve is the curve that has the minimal sum of 

least square errors from a given set of data. The intensity frequency for such a curve needed 

was determined using the least square procedure to fit a sinusoidal intensity pattern to the 

measured pattern (zero shear stress) and then determine the amplitude, DC offset, frequency, and 

phase of the sinusoid. Once the frequency was determined, then it was used as a constant for 



the remaining sample data.

 

 
Figure 7: Schematic diagram of optical testbed for sensor characterization.

The same procedure is used for a each shear stress and the corresponding intensity pattern to 

obtain new phase of the sinusoid. By looking at the phase shift, that is the phase between the no-

flow pattern and the rest of the data, the number of pixels shifted by the Moiré fringe is calculated. 

Based on the Moiré optical amplification, the corresponding mechanical displacement of the 

floating element was determined using the following formula

 
Sensor Displacement= [ΔMoiré shift *g1]/ G

 
where DMoiré shift= (Φ2-Φ1)/ frequency and 1/G= (1/g1)-(1/g2).

 
The sensor displacement gives a direct measurement of the wall shear stress. The displacement, Δ, 

of floating element as a function of wall shear stress is given as follows [5]:

 
Δ= τw (LeWe/ 4Et)(Lt/Wt)3[1 + 2(LtWt/LeWe)]

 
where τw = shear stress, Lt= tether length, Wt= tether width, t= tether thickness, and E=elastic 

modulus of tether (Fig. 8).



 

 
Figure 8: Schematic plan view and cross-section of a typical floating-element sensor [5].  

METHODS

The recorded Moiré intensity pattern for a shear stress of 0 Pa and 1.6 Pa is shown in grayscale in Fig. 

9 and the relative intensities are shown vs. pixel number in fig. 10. The Moiré pattern was found to 

have a spatial period of 943μm, before the 5x optical amplification, compared to the physical 

grating period of 9.9μm. The Moiré amplification for the sensor was found to be 95.3 compared to 

the theoretical value of designed 100.

 
Figure 9: Moiré fringe pattern for shear stress of 0 Pa (a) and 1.6 Pa (b) as seen by 

1024 pixel linescan camera. Successive frames from the camera are stacked vertically 

within each rectangle.



 
Figure 10: Measured relative pixel intensity overlaid with least squares curve 

fit for 0 Pa and 1.6 Pa of shear stress.

Furthermore, the number of pixels shifted by the Moiré pattern was determined for a range of 

applied shear stress. The results are shown in Fig. 11 and 12. The mechanical sensitivity found from 

the slope of this curve is 0.56μm/Pa, while the optical sensitivity of the Moiré fringe after the 5x 

optical amplification is 266.84μm/Pa.

 
Figure 11: Mechanical displacement of the floating element of the shear-stress sensor. 



 
Figure 12: Number of pixels shifted by the Moiré fringe in pixels for a given shear stress.

CONCLUSION

Using MEMS technology for development and packaging, an optical flow shear stress sensor utilizing a 

geometric Moiré based transduction technique was statically characterized with applied shear stress from 0.1Pa 

to 1.6Pa. In general, a linear trend was seen between the mechanical and optical displacement and the applied 

shear stress, showing the potential utility of this sensor and transduction technique. Future work includes 

rigorous dynamic and static characterization, noise floor studies, and sensitivity analysis to non-shear stress inputs.
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