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Absolute shape measurements using high-
resolution optoelectronic holography methods

Cosme Furlong Abstract. Characterization of surface shape and deformation is of pri-
Ryszard J. Pryputniewicz, FELLOW SPIE mary importance in a number of testing and metrology applications re-
CHSLT—Center for Holographic Studies and lated to the functionality, performance, and integrity of components. In

Laser micro-mechaTronics this paper, a unique, compact, and versatile state-of-the-art fiber-optic-
Mechanical Engineering Department based optoelectronic holography (OEH) methodology is described. This
Worcester Polytechnic Institute description addresses apparatus and analysis algorithms, especially de-
Worcester, Massachusetts 01609-2280 veloped to perform measurements of both absolute surface shape and
E-mail: cfurlong@wpi.edu deformation. The OEH can be arranged in multiple configurations, which

include the three-camera, three-illumination, and in-plane speckle corre-
lation setups. With the OEH apparatus and analysis algorithms, absolute
shape measurements can be made, using present setup, with a spatial
resolution and accuracy of better than 30 and 10 wum, respectively, for
volumes characterized by a 300-mm length. Optimizing the experimental
setup and incorporating equipment, as it becomes available, having su-
perior capabilities to the ones utilized in the present investigations can
further increase resolution and accuracy in the measurements. The par-
ticular feature of this methodology is its capability to export the measure-
ments data directly into CAD environments for subsequent processing,
analysis, and definition of CAD/CAE models. © 2000 Society of Photo-Optical
Instrumentation Engineers. [S0091-3286(00)02601-5]

Subject terms: CAD/CAE models; fiber optics; optoelectronic holography; shape
and deformation measurements; surface tiling.

Paper SM-26 received July 30, 1999; revised manuscript received Aug. 6, 1999;
accepted for publication Aug. 6, 1999.

1 Introduction capable of providing 3-D surface shape and deformation

Characterization of shape and changes in the state of defordata compatible with CAD methodologies is described. The
mation of components is a very important issue in many OEH system can be arranged in m“'?'p'e.coﬁf'gumt'of‘s’
applications involving concurrent engineering, because which include the three-camera, three-illumination, and in-

these quantities are directly related to the functionality, per- plane speckle correlation. In particular, the procedures and

. : : : one specific OEH experimental setup utilized to perform
for_mar_we, and integrity of components Of intereharac surface shape characterization of components are described
terization of surface shape can be applied to many areas

S ; . . - herein.
which include reverse engineering, quality control, and tri-
bology. Measured shape can be applied to define computer
aided desigrfCAD) models from existing components, so
those CAD models can be applied to the computer aided2 Description of the OEH System
engineering CAE) analysis or to the manufacturing aspects

of existing components. In addition, the measured surface |, \qastructive testing of mechanical componéAtsBe-
shape can be applied to determine the dimensional accuracy, g noninvasive and providing qualitative and quantitative
of manufactured components and also to temporally char-ji_field information are some of the main advantages of
acterize changes in their geometry when subjected to dif- oEy over other experimental techniques. In addition, it
ferent types of tribological conditions. _ requires much less mechanical stability than that required
_Shape and deformation can effectively be determined i, conventional holographic interferometry. With the OEH,
with quantitative optical techniques, which can provide it js possible to perform static and dynamic investigations
nondestructive, noninvasive, remote, and full-field-of-view of mechanical comfonents subjected to a large variety of
information about the object of interest subjected to realis- |oading conditions:*® Furthermore, it is possible to mea-
tic loading and boundary conditioRs.For certain applica-  sure the shape of mechanical components using optical
tions, determination of surface shape and deformation usingcontouring™® Combination of these capabilities makes the
the same experimental setup is required. In addition, it is OEH a powerful engineering tool that can be effectively
also required that the experimentally obtained data be com-utilized to study and optimize mechanical componénts.
patible with other engineering analysis tools, e.g., CAD/ Implementation of recent technological advances in com-
CAE software. In the following sections, a unique fiber- puter and fiber optic technologies to the OEH system has
optic-based optoelectronic holograph§OEH) system dramatically increased the versatility of the OEH method

OEH has been successfully applied to different fields of
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LDD

Fig. 1 Fiber-optic-based OEH setup arranged to perform high-
resolution surface shape measurements: LDD is the laser diode
driver, LD is the laser diode, Ol is the optical isolator, FCA is the
fiber coupler assembly, WM is the optical wavelength meter, IP is
the image-processing computer, FA is the single-mode fiber optic
directional coupler assembly, XY is the X-Y translational stage,
CCD is the CCD camera, RB is the FC-connectorized reference
beam, OL is objective lens, Ol is the object under investigation, IT is
the interferometer, and OB is the FC-connectorized object beam.

and has added the possibility of using it in on-site investi-

gations in order to study and diagnose problems in indus-

trial environments.

2.1 Experimental Arrangement

Figures 1-3 depict major components of a currently opera-

tional OEH system specifically set up to perform high-

Fig. 3 Fiber-optic-based OEH setup arranged to perform high-
resolution surface shape measurements: LD is the laser diode, LDD
is the laser diode driver, FA is the single-mode fiber optic directional
coupler assembly, XY is the X-Y translational stage, IH is the inter-
ferometric head, and Ol is the object under investigation.

side is set to horizontal principal orientation in order to
match the main polarization axis of the LD output. After
the Ol, light is launched into a single-mode fiber optic di-
rectional coupler assembl(i#A), Fig. 2, by means of a fiber
coupler assemblyFCA), which is composed of a GRIN
lens, a five-degree-of-freedom stage, and an FC/AP con-
nector port. The main components of the FA are three
single-mode fiber optic directional couple(®C;, DC,,
DCy), four piezoelectric cylinderdPZT,, PZT,, PZT,,
PZT,), and FC-connectorized 1/Os. Table 1 summarizes
major features of the FA, indicating that the OEH setup can

resolution surface shape and deformation measurerfients.Pe arranged in the following modes, depending on the ex-

The light source is an infrared master-oscillator—power—
amplifier (MOPA) laser diode(LD) driven by a controller
(LDD), with an operational wavelength centered at 994 nm
(at 25°Q, capability of wavelength tuning by thermoelec-
tric diode stage cooling, and horizontal linearly polarized
output(Fig. 1). The output of the LD is directed through a
Faraday optical isolatofOl) providing backreflection iso-
lation to —41 dB at 968 nm. The Ol provides 47 deg po-
larization rotation at 994 nm, and the polarizer on its input

Attenuation, dB

-0,=110 | L0, =110
-0,=109 | L,_0,=109
1,-0,=109 | 1,-0,=109
T-0,=117 | L-0,=117

Splitting, %

O3

Fig. 2 Single-mode fiber-optic-based directional coupler assembly
(FAin Fig. 1): I, I, are the FC-connectorized input fibers, DC;, DC,,
and DC; are the directional couplers, PZT,, PZT,, PZT5, and PZT,
are the ceramic piezoelectric cylinders, and O,, O,, O3, and O, are
the FC-connectorized output fibers.

perimental requirements:

1. one illumination and three reference beams
2. one reference and three illumination beams
3. four illuminations.

In the experimental arrangement shown in Figs. 1 and 3,
the OEH is configured in the mode with one illumination
and three reference beams. In this mode, the higher output
beam from the FA is utilized as the object be&@B) to
illuminate the object of interegDl), and one of the lower
output beams is used as the reference béaB). Object
and reference beams are recombined in the interferometer
(IT), and the resultant detected irradiances are transmitted
to an image-processing comput#®) through the use of a
CCD camera providing video frames with a resolution of
512x480 pixels and digitized to 8 bits. The two additional
lower output beams are utilized for monitoring the optical
characteristics of the LD. Specifically, one of the lower
output beams is utilized as input to the optical wavelength
meter(WM), providing absolute wavelength measurements
with a resolution of 0.0001 nm, and the additional lower
output beam is utilized for monitoring the optical power of
the LD. In this experimental configuration, the ceramic pi-
ezoelectric cylinder PZT (Fig. 2) is controlled by the IP
and used for application of phase-stepping algorithms. In
addition, the ceramic piezoelectric cylinder contained in the
RB can be utilized for quantitative analysis of time-average

Optical Engineering, Vol. 39 No. 1, January 2000 217
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Table 1 Major features of the single-mode fiber optic directional coupler assembly.

Input port Mode Application
Iy One illumination and three reference beams Three-camera
[ One reference and three illumination beams Three-illumination
Iy Four illuminations In-plane speckle correlation

interferograms in situations requiring chgracteriz_ation of n’'th known phase step appropriately calibrated for the op-
both  surface shape and dynamically induced tical wavelength ;. Equations1)—(3) characterize the ac-

deformations:® _ quired first set of phase-stepped speckle intensity patterns.
InFigs. 1and 3, the IT, OB, OL, CCD, RB, and required " The second set of phase-stepped speckle intensity pat-
hardware are mounted on a mechanical fixtneerfero- terns is acquired after the wavelength of the LD has been
metric head, Ih, which in turn is assembled onto a&Y modified to\,. Therefore, the detected irradiances result-
translational stage, with each axis having an independenting from the combined observed and reference-beam irra-
positioning resolution of 0.um. diances characterized by the wave numbet X, are de-

The OEH setup shown in Figs. 1-3 uses the two-
wavelength technique for generation of interferometric
depth contours related to the geometry of the object under

scribed by

investigation. 1(u,v)=1g(u,v)+ly(u,v)
2.2 Optical Contouring with the Two-Wavelength X o Ag(u,v)+Ay(u,v)+ 6], 4
Technique

To dletern;]ine ;urlface shape USiRg. the .OEH'ﬁthE WO~ \where A y(u,v) is the spatial optical phase difference re-
wavelength optical contouring technique is appfiethe = g ing from the change in the wave numbers and related to
technique is based on the utilization of a coherent and PO~ the absolute shape of the object under investigation,&nd

larized light source with wavelength tuning capabilities. In- he | th k h iatel i
terferometric depth contours, related to the geometry of the 'S the iImposem'th known phase step appropriately call-

object under investigation, are generated by speckle phasdrated for the optical wavelengtk,. With the OEH, the
correlation of two sets of phase-stepped speckle intensitytWo sets of phase-stepped speckle intensity patterns are pro-
patterns, each set acquired at two different wavelengihs ~ c€ssed in the display and data motiés the display mode,
and,. interference patterns are processed and displayed at video

Phase-stepped speckle intensity patterns are generateﬁpeeds and are modulated by a cosinusoidal function of the
by considering the interaction of object and reference orm

beams having complex light fields,(u,v) andF,(u,v),

with (u,v) representing the discrete coordinates defining Q,(u,v)=4l(u,v)co§Ay(u,v)/2]

the image plane of the CCD camera. After beamsplitting,

and considering tha'th phase step, the detected irradiance ={[11(u,v) =1 3(u,v)+11(u,v) = 13(u,v)]1?
resulting from the combined observed and reference-beam _ , v 2172
irradiances characterized by the wave numbefX, is de- FH2(UV) = (U V) F15(Uv) =1a(u V) T35
scribed by )

— . *
In(UV)=[Fo(Uv) +F(U)]-[Fo(Uuv) +Fi(Uv)] which represents an 8-bit image obtained after applying

=lg(u,v)+Iy(u,v)cogAp(u,v)+ 6,1, (@h) four phase steps daf,= 6/,=0, @/2, 7, and 37/2 to each set
of phase-stepped speckle intensity patterns represented by
where Egs.(1) and(4). This display mode is used for adjusting, in
real time, the contouring parameters for OEH investiga-
lg(u,v)=lo(u,v)+1.(u,v) 2 tions. The data mode is used for performing quantitative
) ) ) investigations’:6 In the data mode, additional images are
is the background irradiance, and generated: a 16-bit sinusoidal image,
IM(U!V):Z[IO(U!V)'Ir(uvv)]l/z (3)
N(u,v)=161%(u,v)sinA y(u,v)
is the modulation irradiance. In Eg€l)—(3), 1,(u,v) and ) )
I,(u,v) are the observed and reference beam irradiances, =4{[11(u,v) = I5(u,v)][15(u,v) =1 4(u,v)]
respectivelyA ¢(u,v) = ¢do(u,v) — ¢, (u,v), with ¢,(u,v) —[15(uv) = (U T (uv) = Hhu) b, (6)

representing a random phase due to light scattering from
the object of interest ané,(u,v) representing a uniform
phase from a smooth reference beam; ant the imposed and a 16-bit cosinusoidal image,

218 Optical Engineering, Vol. 39 No. 1, January 2000



Furlong and Pryputniewicz: Absolute shape measurements using high-resolution . . .

Start Eq. (9). Pixels with phase information satisfying the crite-
o Removelow Apply digal n]si(sue :}e)dg;t;on rion set _by Eq(lO) are removed from furt_her processing by
invalid pixels Dia ) data images ‘l application of a binary mask to the data imag&si,v) and
D(u,v). Once low-modulation pixels have been removed,
l ® Ay(u,v) modulo 27 is evaluated, and, depending on the
Evaluate: Ay, v) Revevaluate: Ay(e,v) characteristics of the resulting wrapped phase data image,
[ecuction digital speckle noise reduction algorithms may be applied.
l The phase-unwrapping algorithm continues by selecting a
{ location in the image planeug,vg) in which to apply the
Identify an initial | | Pixel processing based | |  Correct phase initial condition A'}/(UO,VO):A')/O, around which an un-
valid pixel on a FIFO queue discontinuities wrapping propagation wavefront based on a first-input,
first-output(FIFO) queue develops. At the end of the FIFO
gueue, phase restoration is applied in order to recover phase
empty? information at locations in the image plana,¢) where
Output: continuous ' 5 low-modulation pixels were initially removed. The result is
phase distribution Phase restoration ¢ a continuous spatial phase distributidry(u,v) related to
the absolute shape of the object under investigation.
Fig. 4 Flow chart of the phase-unwrapping algorithm applied to pro- Determination of the actual absolute shape is performed
cessing of Ay(u,v) modulo 27 phase maps. by mapping the continuous spatial phase distribution data

into a domain defined by physical variables of interest. This
is accomplished by observing that the optical phase change
Ay due to a change in wave numbers from/2 ; to 27/\,

_1qa12
D(u,v)=16l}(u,v)cosh y(u.v) can be expressed as

=4{[11(u,v) = I5(u,v) 11 (u,v) = I5(u,v)]

+1(uv)=l4(uw) ] 5(u,v)=14(u,v)]}, (7 2 2 2
[12(uv) = L) U = Ul () sy=2TopL 2T op- 2T op, an
soAy(u,v) can be evaluated using 32-bit arithmetic, as 2 !

N(u,v ; ; .
Ay(u,v)=arctar% _ DEu vi whereA is the equivalent wavelength given as
:arcta+_ (=12 (=1 = (1= 1)(11—1%) RS "
(=13 (=19 + (= 1) (1515 VSV
8

where some of theu(v) arguments have been omitted for and OPL is the optical path length defined as the distance

clarity. From Eq.(8) it can be observed that the spatial [T the pointof illumination, X,,y1,2,), to a point on the
phase distribution represented hy/(u,v) is a discontinu- ~ ©Piect of interest,Xp,yp,zp), to the point of observation,
ous function wrapped modulom2 which must be further ~ (X2.Y2,22). Geometrically, Eq(11) represents phase con-
processed in order to obtain a continuous spatial phase disfours, which are the result of the intersection of constant
tribution by application of phase-unwrapping algorithms. Optical phase surfaces of revolution with the surface of the
The flow chart in Fig. 4 depicts the main procedures of one Object under investigation.

of the phase-unwrapping algorithms develdpien the ap- By considering Fig. 5, Eq(11) can be expressed as
plications described in this paper. According to Fig. 4,
phase unwrapping is initialized by first removing the pixels
in the image planey,v) containing low-phase-modulation
information. Pixels with low modulation, are identified by
evaluatingly,(u,v) as

T
Ay= T{[(XP_Xl)Z"_(yP_YﬂZ

+(zp—21)1Y+ |2~ 25}, 13

Im(UV) = (I =1+ 11 =152+ (1= 14+ 15—1})2
—2[(11— 1) (1= 1)+ (= 1)(15=1D] (9 provided that the magnification factdk, andM,,, which
allow the transformation N ,u,M,v)—(xp,yp), are

and by setting a minimum modulation threshold valie known and a telecentric lens system is used.

so that Since the image planai(v) is parallel to the reference
coordinate systenx,y) (Fig. 5 and the magnification fac-

Iw(u,v)<Mq, (10 tors M, and M,, can be measured directly using tKeY

translational stage, the only unknown degree of freedom is
in which M+ is typically selected as a multiple of the stan- the surface height represented by the coordinate component
dard deviation of the modulation intensity represented by zp, which can be evaluated from E@L3) to be

Optical Engineering, Vol. 39 No. 1, January 2000 219
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Py 2.3 Camera Calibration Methods

A (x772)) Speckle intensity patterns are acquired with an imaging
(x2:¥2:2,) Nt ' system containing an array of lenses, which form and
project the image of a scene of interest onto the image
plane (,v) located at the CCD of the CCD camera. There-
fore, characterization of the properties of the imaging sys-
tem is necessary in order to quantitatively determine imag-
ing parameters of interest, which facilitate accurate
determination of surface shape information from both the
continuous spatial phase distributioldy and the

Contour depth, 2

*

Surfaces of . X . . .
constant optical  (xp,yp,2p) illumination-observation geometry characterizing the ex-
phase perimental conditions. Quantitative characterization of the

N

properties of the imaging system is obtained by application
Surface under of camera calibration methos.

investigation Characterization of the imaging system is accomplished
by considering the projection of poiRtlocated at the sur-
face of interest, with coordinateB=(x,y,z)", onto the

x point m located on the image plane, with pixel coordinates

Fig. 5 Geometrical representation of the two-wavelength optical
setup used in the determination of surface shape. P, is the point of
illumination, P, is the point of observation, P is a point on the sur-
face under investigation, and the plane (x,y) is parallel to the image

m=(u,v)", as the transformation

plane (u.v). U G112 C12 Qi3 Q14 X
V|=| 021 G22 O23 Q24 )Z/
S O31 032 Q33 Qa4 1
1 QI Q14
A T P P
2 Zl+ A,yz__z2) = q2 q24 1 :Q 1/ (15)
o
qg Q34
A 2
X (XP_X1)2+(YP_Y1)2+Z§_(AYE_Q) .
(14) in which
Determination of surface shape, characterized by the co-
ordinate componerep, using Eq.(14) requires the knowl-
edge of: _ B — ! (16)
u=g, V=g

1. The continuous spatial phase distributitdy appro-
priately transformed from theu(v) to the Xp,yp)
domain. This transformation is accomplished by

characterization of the magnification factdvk, and are defined by a scalar fact® for S#0, andQ is the
My . projection perspective matrp®’ By application of camera

. The optical wavelengths, and \,, utilized during  calibration methods, the matrQ, specifying the transfor-
the recordings of the two sets of phase-stepped mation from the 3-D space to the 2-D image plane, is de-
speckle intensity patterns. These parameters are meatermined, and the engineering metrics characterizing the
sured directly with an in-line wavelength meter WM  imaging system are extracted frog . _
(Fig. 1), providing an accuracy of-0.0001 nm. Determination of t_he projection perspective maigxis

. The coordinates of the points of illumination, Performed by selecting at least 12h points of known
(X1,Y1,21), and observation,x,y,,z,). These pa-  coordinatesx;,y;,z) in a selected 3-D space and, by ap-
rameters are obtained by positioning the illumination Plication of image-processing techniques, identifying their
point (OB, Fig. 1) at a known distance from the point  corrésponding coordinates;(v;) in the image plane of the
of observation. The point of observation, in turn, is OEH’S imaging system. Figure 6 depicts a perspective view
determined by applying camera calibration methods, ©f the solid block used for calibration of the OEH's imag-
which provide an accurate position of the optical cen- INg System. The block contains 27 marks of known
ter C of the imaging system. The point of observation (Xi.Yi.z) coordinates.

is assigned to the coordinates@®f The camera cali- With a known set of X;,y;,z) coordinates and their
bration methods used to characterize the location of corresponding pointsu,v;), application of Eqs(15) and
C are described in Sec. 2.3. (16) yields

220 Optical Engineering, Vol. 39 No. 1, January 2000
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Fig. 6 Solid block, 50x25x 25 mm?, used to calibrate the imaging
system of an OEH setup. The block contains 27 marks of known
(x,y,2) coordinates (centroids).

Fig. 7 Two samples of the paraboloid-of-revolution model. The
pieces are 229.0 mm in height with a cylindrical base diameter of
0 0 0 0 x vyvi z 1 -—viXx —Viyi —Vizi —V; 76.12+0.040 mm (as measured with conventional contact tech-
niques). The parabolic section of one of the pieces is to be mea-
sured using the OEH method.

Xi ¥ z 1 0 0 0 O —uxi -—uwy —-uz -—u

(17) middle cylindrical section with diameter 69.45.040 mm
and height 47.480.060 mm, and a top parabolic section of

which is a system of equations of the forng=0, where sp_ecific geometrica_l charactgristics to be det.ermined. It is

A is a 12<2M matrix of rank 11, withM being the number this parabolic section that is measured using the OEH

of calibration points utilizedg is the unknown vector con- ~ Method.

taining the components of the mati@}, and0 is the null

vector. In order to solve Ed17), it is necessary to impose 3.1 Experiment Planning: Parameters and

constraints on the system of equations in order to assure Conditions

that convergence to the trivial solutiap=0, which has no

physical significance, is avoided. Constraints are deter-

mined from the orthogonality conditionpgs|?=1 and

(g:X03) - (g2xg3)=0. OnceQ has been calculated by ap-

plication of constrained optimization methdtfthe optical

centerC of the imaging system is then evaluated as

“(G11 12 O13 G1a Go1 G2z Oz Uzs Ga1 sz Oss Gad) =0,

Determining the appropriate parameters and conditions be-
fore performing a specific shape characterization experi-
ment requires the selection of a feasible measuring resolu-
tion and accuracy. The resolution in the measurements is a
function of the number of pixels in the CCD camera, as
well as of the magnification factordf, and M,,, of the

T\, -1 imaging system, whereas accuracy in the measurements is a
X X2 q% G14 function that depends dh:
Y| =l Y2|=—| Q@2 O24], (18

1. the accuracy to which the continuous spatial phase

—

e V22 RE Gas distribution Ay(u,v) is determined, which in turn

which can be applied to Eq14) for surface shape mea- depends on ) ) o

surement. a. the accuracy in the image acquisition process, for
which low noise in the CCD camera and relating

3 Applications signal conversion and processing boards are re-

In this section, the OEH system and analysis algorithms, quired ) ) i

described in this paper, are utilized as reverse engineering b. the appropriately calibrated phase-stepping algo-

tools with the purpose of facilitating the definition of rithm for generation of speckle correlation inter-

a CAD model from an existing component, for use in ferograms and data images

CAE and/or computer-aided manufacturingCAM) C. the effective processing @ y(u,v) modulo 27

applications . . .
Figure 7 depicts two samples of the component of inter- - € magnitude of the equivalent wavelengtand its

est: a paraboloid of revolutich’ The model is a turned accurate charac_terizfation o _
228.1+0.010-mm-high aluminum piece, specified by three 3. the accurate calibration of the imaging system, which

different geometrical section@s measured with conven- provides imaging metrics that are useful in determin-
tional contact techniqugsthe cylindrical base with diam- ing the points of illumination X, ,y;,z;) and obser-
eter 76.1220.040 mm and height 48.410.060 mm, the vation (X5,Y,,25).

Optical Engineering, Vol. 39 No. 1, January 2000 221
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30.897 mm
28.43 Nin

@

Fig. 8 Measurement of absolute shape: (a) one of the six OEH
interferograms obtained at 60-deg increments of the rotational
stage, (b) corresponding analysis showing 106,269 pixels with
shape information. Camera range 9403 mm, providing a spatial
resolution of 0.1975 mm/pixel and a contour depth uncertainty near
10 pm.

Once the required resolution and accuracy in the mea-
surements have been selected, the feasible experimental p
rameters and conditions are determined by minimizing the
uncertainty in the contour depi#h, which is related to the
accuracy in the measurementh is evaluated by consid-
ering the contour depth, obtained from Eq(14) as the

Height, mm
12

/

MIN

MAX
0.000 31.831

MEAN
3.857

SIGMA
6.587

o
Z—oxis, mm 10

S

[

113.35 mm

20 30 40
axis, mm

(b)

10
Radial
(a)

Fig. 9 Measurement of absolute shape: (a) 3-D wire-frame repre-
sentation obtained by sampling Fig. 8(b) every 6 pixels, (b) mea-
sured data points and curve fitting results corresponding to the me-
ridian curve of the paraboloid-of-revolution section. The meridian is
defined by a parabolic equation of the form y=0.1097x? [mm], ob-
tained with a confidence interval near 10 um.

typical results obtained after measuring a full rotational
section of 113.35 mm in height. Figure 8 depicts

%ne of the six interferograms and the corresponding analy-

sis results, illustrating a 2-D representation of the measure-
ments containing 106,269 pixels with shape information
at a resolution of 0.1975 mm/pixel and a contour depth
uncertainty, related to the accuracy in the measurements,

distance corresponding to two consecutive phase contoursyear 10um. Figure 9a) depicts a 3-D wire-frame represen-

(Fig. 5 as

h=2Zp;—=2Zp1=h(Ay,AX1,Y1,21.Xp,Yp 22), (19

which indicates that the contour depth is a function of the
experimental conditions defining the geometry of the ex-
perimental setupxy, Y1, Z1, Xp, Yp, Z2, as well as of the
experimental parametersy and A. Therefore,sh can be
evaluated as

2

|+

dh 2
1/2
: (20)

h h
X,

oh= A

2 2
o(A y)) + é‘xl)

)+

dh )2(
ngyP +

d(Ay)

dh
+ (_ 5y1 - 521
ay1 Jz,
2
+ ( 622)

in which 8(Ay), Xy, 8y1, 621, Xp, dyp, 6z, are the
uncertainties in the corresponding variables, andis the
uncertainty in the equivalent wavelenghth given as

IA 21172
e |

3.2 Representative Measurements

Figure 3 depicts the experimental arrangement with the
object of interest mounted on a 1/60-deg resolution rota-
tional stage and positioned at 948-mm camera rangeA

full rotational section of the sample is measured at a con-
stant y position of the X-Y translational stages using

2
+

dh

h
9z,

2

+ (21

J
5A:[ m57\1

tation of the shape analysis obtained by sampling Fib). 8
every 6 pixels, while Fig. @) shows the measured data
points as well as curve-fitting results corresponding to the
meridian curve of the paraboloid-of-revolution section.
Curve-fitting results indicate that the meridian is defined by
a parabolic equation of the form=0.109%?, obtained
with a confidence interval within the uncertainty in the
measurements.

The (x,y,2 data clouds obtained from every 60-deg sec-
tion can be imported into a CAD environmé&hfor further
processing and analysifig. 10. The process by which a
single geometrical CAD surface is assembled from indi-
vidual (x,y,2 data clouds is known asling. Tiling is a

=10l x|

[ Ealo) [T e el

£l

e info View Ui

O0|=|8|@5)

i
s

Fig. 10 Measurement of absolute shape: subsampled (x,y,2) data
clouds of measured sections imported into a CAD environment (Pro/
Engineer); (a) single section and (b) tiled sections used for defining

six 60-deg rotational stage increments. Figures 8—10 showthe geometry of the entire component.
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current CAD problem that requires further investigations, 2. R.J. PryputniewiczZiolographic Numerical AnalysjsCenter for Ho-
which could guarantee the generation of an accurate single

geometrical CAD surface representation. (1992.
. . 3. C. M. Vest,Holographic InterferometryWiley, New York (1979.
4 Conclusions and Recommendations 4. K. A. Stetson and W. R. Brohinsky, “Electro-optic holography sys-

P _ - - tem for vibration analysis and nondestructive testin@pt. Eng.
An OEH system arranged in a one-camera configuration to 26(12), 123412391987,

perform optical contouring using the two-wavelength tech- 5 Rr. 3 pryputniewicz and K. A. Stetson, “Measurement of vibration
niqgue has been presented. Representative measurements patterns using electro-optic holographyPtoc. SPIE1162 456-467
shown provide a spatial resolution of 1978n and an (1989.

accuracy near 1@um at 94G-3-mm camera range, which

lographic Studies and Laser micro-mechaTronics, Mechanical Engi-
neering Department, Worcester Polytechnic Institute, Worcester, MA

6. C. Furlong, “Hybrid, experimental and computational, approach for
the efficient study and optimization of mechanical and electro-

are considered sufficient for reverse-engineering purposes.  pechanical components,” PhD Dissertation, Worcester Polytechnic

Resolution can be increased by changing the camera range, Institute, Worcester, MA1999.

using a different lens system, or using a denser CCD array, 7. O.D. Faugeras, T. Luong, and S. Maybank, “Camera self-calibration:

whereas accuracy can be increased by using smaller con- theory and experiments,” iffroc. 2nd European Conf. in Computer

p p A _ Vision, G. Sandini, Ed., pp. 321-334, Springer-Verlag, Beflif92.
tour depths, which requires a wide range tunable laser. Ac 8. G. H. Golub and C. F. Van Loamatrix ComputationsThe Johns

curacies of betteri than 18m can be achieved for wave- Hopkins University Press, Baltimord@991).
lengths characterized with an accuracy of 0.0001 nm, an 9. R. J. Pryputniewicz, “Holographic analysis of body deformations,”
equivalent wavelengtiA of 2 mm, a camera range of 750 Ph.D. Dissertation, University of Connecticut, Storrs, @976.

10. Pro/Engineer,Pro/Scan-Tools. User's Guide v. 20.®arametric

I I I ithi 0, -
mm, an imaging system calibrated to within 5% uncer Technology Corporation, Waltham, MAL999.

tainty, andAvy determined to within 5% uncertainty. Fur-
ther developments include the implementation of a fully
automatic OEH shape-measuring system, which may re-
quire the incorporation of a more suitable tunable light
source and an image-processing system with better capa:
bilities than the ones utilized in the present investigations.
In addition, further investigations pertaining to surface til-
ing of different range views are required in order to obtain
an accurately defined CAD model.
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