
Serial No.       641.135 

Filing Date     27 August 1996 

Inventor Nadolink. Richard H. 

NOTICE 

The above identified patent application is available for licensing. Requests for information should be 
addressed to: 

OFFICE OF NAVAL RESEARCH 
DEPARTMENT OF THE NAVY 
CODE OOCC3 
ARLINGTON VA 22217-5660 

^C 9fc <tfr 
*4te <&& 

<*fe 10 * 

19970103 077 
"^ved for public retease; 

DistributionUrfin^i 



1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

Navy Case No. 77285 

METHOD FOR MONITORING SURFACE STRESS 

STATEMENT OF GOVERNMENT INTEREST 

The invention described herein may be manufactured and used 

by or for the Government of the United States of America for 

Governmental purposes without the payment of any royalties 

thereon or therefor. 

CROSS-REFERENCE TO RELATED PATENT APPLICATIONS 

This patent application is co-pending with two related 

patent applications entitled "Photoelastic Stress Sensor", Serial 

No. 08/605,291, filed January 17, 1996, and "System for 

Monitoring Surface Stress and Other Conditions in Structures" 

(Navy Case No. 77286), filed the same date and by the same 

inventor as this patent application. 

BACKGROUND OF THE INVENTION 

(1) Field of the Invention 

The present invention relates generally to methods of 

monitoring stress in structures, and more particularly to a 

method for monitoring shear stress at a structure's surface. 

(2) Description of the Prior Art 

Shear stress experienced at a structure's surface due to a 

flow of fluid or gas can be determined indirectly by measuring 

the velocity profile next to the surface, and then taking the 
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material derivative.  Mathematically, this is expressed by the 

relationship 

du- u—1 (1) 

where T is the shear stress at the surface; 

ß  is the viscosity of the gas or liquid; 

u is the streamwise velocity; and 

y is the vertical distance from the surface.» 

While many methods exist to make direct measurements of ß,   u, and 

y, this is not a direct measurement of surface stress r. 

Another indirect method of measuring stress is through hot 

wire anemometry where a thin wire or film is attached to the 

surface and heated externally through a control instrument (e.g., 

a wheatstone bridge).  The flow over the surface cools the wire 

or film and the amount of supply voltage necessary to control a 

constant temperature is related to the surface shear stress by 

King's Law. 

Methods of direct measurement of surface stress often 

require a floating element to be provided as part of the surface. 

A strain gauge is used to measure the movement of the floating 

element in the presence of flow.  The floating element, no matter 

how small, must maintain a physical and electrical connection to 

and through the surface in question.  Because of the difficulties 

associated with maintaining such physical and electrical 

connections, measurements can be contaminated by the connection 

geometry.  Thus, the resulting stress measurement includes the 
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drag on the element due to flow plus the non-zero "tear" drag or 

thrust that occurs due to the connection mechanisms. 

Other direct measurement methods require the illumination of 

active elements located on a surface of the material being 

examined.  However, the use of active element coatings, e.g., 

liquid crystal coatings, requires that the coating element be 

electrically energized before measurements can be taken.  This 

requires connections that could contaminate the flow. 

Furthermore, liquid crystal coatings can be affected by the 

ambient temperature of the surrounding flow. 

SUMMARY OF THE INVENTION 

Accordingly, it is an object of the present invention to 

provide a method of monitoring stress at the surface of a 

material. 

Another object of the present invention is to provide a 

method that provides for the direct measurement of surface 

stresses caused by a flow of a liquid or gas. 

Still another object of the present invention is to provide 

a method that can be used to monitor flow-induced surface stress 

without interrupting the flow. 

Other objects and advantages of the present invention will 

become more obvious hereinafter in the specification and 

drawings. 
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In accordance with the present invention, a method of 

monitoring stress at the surface of a material is provided.  A 

piece of single crystal, silicon is embedded in the material such • 

that the silicon is flush with the surface.  The silicon is 

illuminated with infrared radiation having a wavelength in the 

range of 800-1100 nanometers.  Isochromatic fringe patterns 

projected from the silicon are monitored directly.  The fringe 

patterns serve as a direct indication of the amouiVt of stress 

experienced at the surface of the material. 

BRIEF DESCRIPTION OF THE DRAWING(S) 

Other objects, features and advantages of the present 

invention will become apparent upon reference to the following 

description of the preferred embodiments and to the drawings, 

wherein: 

The sole figure is a schematic view of an apparatus 

configured for monitoring shear stress at the surface of a 

material as caused by a flow of liquid or gas over the surface of 

the material in accordance with the method of the present 

invention. 

DESCRIPTION OF THE PREFERRED EMBODIMENT(S) 

Referring now to the sole figure, the present invention will 

be described for the application of monitoring and measuring 

shear stress experienced at the surface of a material due to a 

flow over such surface.  The surface to be examined is referenced 
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by numeral 100 and the flow causing the stress to be detected and 

measured is referenced by flow arrow 200.  As will become 

apparent from the following description, surface 100 is 

representative of any surface exposed to a flow such as an air, 

land or undersea vehicle, or a static structure such as a 

building, bridge, etc.  Flow arrow 2 00 is representative of any 

liquid or gaseous flow that may induce stress at surface 100. 

In accordance with the present invention, a sma11 piece or 

wafer 10 of semiconductor grade, single crystal silicon is 

embedded in surface 100.  Wafer 10 is in contact with the 

structure forming surface 100 and, typically, is made flush with 

surface 100 so that it is not directly affected by flow 2 00 and 

so that wafer 10 does not disturb flow 200.  Wafer 10 is 

preferably, but not necessarily, backed by a mirror 12 or other 

reflective surface.  A radiation source 14 and radiation 

detector/imager 16 are positioned remotely from surface 100.  The 

radiation source 14 referred to is a conventional, commercially 

available product for use as a component in various electro- 

optical systems.  More specifically, in accordance with the 

present invention, a source 14 is employed which is capable of 

illuminating wafer 10 with near-infrared radiation in the 800- 

1100 nanometer wavelength range.  The radiation detector/imager 

16 referred to is also a conventional, commercially available 

product capable of focusing in the context of the distance 

between detector/imager 16 and surface 100.  A variety of such 
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source and detector/imager devices are listed in the product 

catalogue of Edmund Scientific Company, Barrington, New Jersey. 

Illumination by source 14 and monitoring by detector/imager 

16 typically occurs in a plane that is normal to wafer 10.  As 

shown, illumination from source 14 can occur along angle $ir   with 

respect to dashed line 18 representative of a line normal to 

wafer 10.  Monitoring of wafer 10 would be accomplished by 

focusing detector/imager 16 from a position on th(| same or 

opposite side of line 18 along angle 92  where 6{  and 62  can be 

acute angles eguivalent. or different in magnitude. 

Alternatively, both the illumination of wafer 10 and monitoring 

(i.e., observation and/or imaging) of the resulting effects can 

occur directly above wafer 10 along line 18. 

The principle of operation of the present invention depends 

upon the birefringent phenomenon.  Many materials are optically 

sensitive to stress and strain, i.e. they possess the optical 

properties of polarizing light when under stress and of 

transmitting light or the principal stress planes with velocities 

dependent on the stresses.  Transmission of stress planes is 

known as birefringence or double refraction.  When wafer 10 is 

subjected to the specified radiation from source 14, the 

birefringent effect causes the light to emerge refracted into two 

orthonormal planes.  Because the velocities of light propagation 

are different in each direction, the light waves experience a 

phase shift.  When the light waves are recombined at 

detector/imager 16, regions of stress where the wave phases 
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cancel appear black, and regions of stress where the wave phases 

combine appear light.  Therefore, in photoelastic surfaces where 

complex, fast changing or 3-D stress distributions are present, 

light and dark fringe patterns (isochromatic fringes) are 

projected from wafer 10.  The fringe patterns are direct 

manifestations of stress which can be observed and/or imaged by- 

detector/imager 16.  The use of mirror 12 aids in the direct 

monitoring of the fringe patterns from positions formal to wafer 

10 or positions angularly displaced from normal line 18 as shown 

in the figure.  A quantitative measure of surface stress can thus 

be achieved by calibrating images of the fringe patterns with 

their respective known levels of stress. 

In order to stimulate the above described photoelastic 

effect, it is necessary to make wafer 10 transparent.  The 

crystal structure of semiconductor grade, single crystal silicon 

can be made optically transparent by radiation having a 

wavelength between 800-1100 nanometers. 

The advantages of the present invention are numerous.  The 

semiconductor•grade, single crystal silicon requires no 

electrical stimulation.  Thus, it is well suited to be embedded 

in a surface that is to be examined for flow-induced stress since 

the flow need not be disturbed.  The present invention provides 

for direct measurement of stress with no moving parts.  The 

single crystal silicon is a material that is highly corrosion 

resistant.  In addition, the single crystal silicon can be 

activated and read from positions that are remote from the 
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surface in question over a variety of angles of illumination and 

observation.  The single crystal silicon is easily conformed in 

size and shape to the surface to be examined.  The simplicity of 

the present invention results in an inexpensive approach to 

monitoring and measuring surface stress in a material that can 

be, but need not be, flow-induced. 

The present invention could be adapted for use in the 

measurement and monitoring of stresses induced in*essentially all 

types of structures.  The completely passive nature of the 

embedded wafer allows for remote monitoring continuously or 

periodically.  An example of this would be the application of the 

embedded wafer in a bridge structure at a critical stress point. 

The wafer could be monitored remotely through the optical process 

described above.  The level of induced stress could be obtained 

by comparison with previous or ground truth measurements.  The 

present invention is a simple and inexpensive approach that can 

be extended to monitor changes in stress in the full range of 

wind or water tunnel type environments i.e., subsonic, supesonic, 

etc.  For example, the necessary conditions of team focus may be 

transmitted through transparent test sections of wind or water 

tunnel facilities of all kinds, and also through viewing windows 

of towing tanks and basins, where hydrodynamic models (containing 

the embedded sensors) are being evaluated.  The present invention 

could also monitor changes in stress on the actual surface of 

virtually any structure, e.g., submarines, aircraft, buildings, 
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etc. 

In addition, the present invention would allow a silicon- 

based sensor to be used in a dual mode.  For example, the silicon 

substrate of a semiconductor pressure transducer could be used to 

monitor stress as described above while the pressure transducer 

functioned in its normal pressure sensing capacity.  This would 

make it possible to use one sensor to obtain a variety of 

measurements simultaneously for a structure in guestion. 

It will be understood that many additional changes in the 

details, materials, steps and arrangement of parts, which have 

been herein described and illustrated in order to explain the 

nature of the invention, may be made by those skilled in the art 

within the principle and scope of the invention. 
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Navy Case No. 77285 

METHOD FOR MONITORING SURFACE STRESS 

ABSTRACT OF THE DISCLOSURE 

A piece of single crystal silicon is embedded in a material 

such that the silicon is flush with the surface thereof.  The 

silicon is illuminated with infrared radiation having a 

wavelength in the range of 800-1100 nanometers.  Isochromatic 

fringe patterns projected from the silicon are monitored as a 

direct indication of the amount of stress experienced at the 

surface. 
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