Plastic Surface Strain Mapping of Bent Sheets by

Image Correlation

by Wei Tong

ABSTRACT—A technique using a single CCD camera, a pre-
cision rotation/translation stage, a telecentric zoom lens, and
digital image correlation software is described for measuring
surface profiles and surface plastic strain distributions of a
bent thin sheet. The measurement principles, based on both
parallel and pinhole perspective projections, are outlined and
the relevant mathematical equations for computing the pro-
files and displacement fields on a curved surface are pre-
sented. The typical optical setup as well as the experimental
measurement and digital image correlation analysis proce-
dure are described. The maximum errors in the in-plane and
out-of-plane coordinates or displacements are about +5 and
+25 um, respectively, and the maximum errors in surface
strain mapping are about 0.1% or less based on a series of
evaluation tests on flat and curved sample surfaces over a
physical field of view of 15.2 x 11.4 mmZ2. As an applica-
tion example, the shape and surface plastic strain distribu-
tions around a bent apex of a flat 2 mm thick automotive alu-
minum AA5182-O sheet, which underwent a 90° bend with
three bend ratios of 2¢, 1, and 0.6, are determined using the
proposed technique.

KEY WORDS—3D surface profiling measurement, 3D sur-
face deformation field measurement, sheet metal forming, op-
tical strain mapping method

Introduction

In many sheet metal forming processes, an initially flat sheet
metal blank is often stamped into the complex shape of a de-
sired product. The success of such a manufacturing process
depends on avoiding severe strain concentrations that may
lead to necking and ductile damage of the sheet metals while
achieving excellent dimension accuracy of the formed part.!
Some sheet metal forming operations are primarily in-plane
stretching and drawing, but there are many other processes
such as bending, flanging, and hemming that result in large
out-of-plane displacements over a relatively small lateral di-
mension, and thus large curvatures and strain concentrations.
For example, sharp bending of copper alloy sheets and hem-
ming of steel sheets are widely used in making various electri-
cal connectors and automotive components, respectively.?3
Hemming of 5XXX and 6XXX series automotive aluminum
alloys is often more problematic (because of surface cracking
and shear banding) as these aluminum alloy sheets have lower
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ductility than low-carbon automotive steel sheets. There is
a need to measure the maximum plastic surface strain and
strain gradients at the sharp bend apex of formed parts for
selecting more suitable aluminum alloys and optimizing the
hemming process parameters.

Digital image correlation (DIC) has been increasingly
used in recent years for whole-field surface strain mapping
applications in many materials and mechanics research labo-
ratories, in part due to the availability of many in-house and
commercial software tools.”~'® Because of the optimization
of many factors including the quality of images acquired
and the algorithms and parameters adapted in image corre-
lation processing, good reliability and accuracy of the strain
mapping results can now be achieved routinely.'® For strain
mapping of the planar deformation and motion of a flat ob-
ject, the errors in global average strain and local pointwise
strain variations can usually be limited to 10 and 100 pstrain
or less, respectively.'> 16 Using proper image magnifications
and decorated surface contrast patterns, large plastic strains
and high strain gradients over small gage dimensions (only a
fraction of the original sheet thickness) of the necking region
in thin sheets can be easily mapped out in detail.'” However,
when it is necessary to measure the three-dimensional (3D)
surface profile and its strain distributions by DIC, an elaborate
procedure for camera calibration and lens corrections is usu-
ally required.'®=22 In general, a dual-camera imaging system
is used and the calibration of each camera is carried out by a
nonlinear optimization of about 10 or more intrinsic and ex-
trinsic parameters using precision square grids or cross-line
gratings and multiple out-of-plane translations.!?"?° When a
single camera system is adopted, the additional calibration
of the projector!® or multiple in-plane translations>' may be
used. Again, multiple image correlation processing steps and
a nonlinear optimization procedure are required to estimate
the 10 or more camera parameters. When the 3D surface pro-
file is known to be cylindrical and the deformation is symmet-
ric about the cylindrical axis, a single camera imaging system
with minimum calibration requirements has also been used
for surface strain mapping.?

Here we present a simpler technique for measuring both
the surface profile and its surface plastic strain distributions
of a 3D object using a single camera imaging system with a
telecentric zoom lens and a rotation/translation stage. In the
following, the measurement principles, based on both parallel
and pinhole perspective projections, are first described. The
feasibility of the proposed technique is then assessed through
a set of evaluation tests. The experimental procedure and re-
sults are given in detail for both surface profiling and surface
strain mapping measurements. The measurement errors are
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Fig. 1—Typical optical setup (a) and definitions of the physi-
cal and image coordinate systems (b) used for 3D surface
profiling and strain mapping measurements. The letter “A” on
the 3D object (a cylindrical rod) is used to illustrate the object
orientation in the digital images

assessed and the robustness of the technique is discussed in
terms of its tolerance for misalignments of the optical setup
and the uncertainty of the rotation angle readouts. Finally,
the advantages of using a single camera system for 3D sur-
face profiling and strain mapping are elucidated and potential
applications of the proposed technique in sheet metal form-
ing research are emphasized through an example of a bent
automotive aluminum sheet.

Measurement Principles

The measurement principles based on both parallel and
pinhole projections are described in this section, and the rel-
evant mathematical equations for computing the 3D surface
profiles and displacement fields are derived.

Optical Setup and the Two Coordinate Systems

Figure 1 shows a typical measurement setup consisting of
acombined rotation and translation specimen stage, a telecen-
tric zoom lens, a CCD camera, and a computer (for acquiring
digital images from the camera and for image processing and
data analysis). It is assumed that the optical axis of the imag-
ing system is parallel with the Z-axis of the specimen stage
and a flat object with its surface aligned with the XY -plane on
the specimen stage is imaged digitally with pixel coordinates
(i, j); see Fig. 1(b). The intercepting point between the XY -
plane and the optical axis defines the origin of the physical
coordinate system (X = Y = Z = 0). Itis not necessary that
the optical axis should intercept the axis of the rotation stage
(but the rotation axis should be parallel with the X-axis of the
physical coordinate system and lies within the XY-plane).

Surface Profiling by the Parallel Projection Method

A parallel projection is usually assumed when an image
is formed by scanning optical means (such as the secondary
electron images obtained in a scanning electron microscope;
see Brandon and Kaplan®3). If one uses a telecentric lens
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and maintains a long effective object-to-lens distance in the
conventional optical image formation (see Fig. 1), a parallel
projection may also be an excellent approximation. The mea-
surement consists of taking digital images of a sample placed
on the rotation stage platform at three different orientations,
as shown in Fig. 2(a). With the distance between a point A on
the 3D sample surface and the rotation axis O (assumed par-
allel with the X-axis) being R, the angle between the line OA
and the Z-axis being a, and the magnitude of both positive
(from OA to OA™) and negative (from OA to OA™) rotations
being 6, we can write the physical coordinates of the same
surface point at the three different orientations based on three
recorded digital images as (see Fig. 2(b))

X =BG —io),
Y =—B( — jo) = Rsina, (1a)
Z = Rcosa,

Xt =np (it —io),
Y*=—B(j* —jo) = Rsin(a+6), (1b)
ZT = Rcos(a+9),

X~ =B (i~ —io),
Y= =-B(j” —jo)=Rsin(@—0) . (lc)
Z~ = Rcos(a—9),

Here, (i, j),(i*, j*),and (i~, j ) are the pixel coordinates
of the digital image projections k, k™, and k™ of the surface
point at three orientations A, AT,and A™, (ig, jo) are the pixel
coordinates of the image center, f is the digital image pixel
scale in the vertical direction of digital images (i.e., the phys-
ical dimension of an object along the Y -axis per pixel), and n
(>0) is the average aspect ratio of the vertical dimension over
the horizontal dimension of pixels (accounting for possible
non-square pixels of digital images). Through some algebraic
manipulations, we can determine the Z-coordinate as
Yt-y-  BUY-JT) _ BAj

Z= - =— - = —. (2
2sin 6 2sin 0 2sin 6

In summary, by recording three images of the sample at
three different orientations of the rotation stage, we can mea-
sure the surface profile of the sample by (assuming even that
there is an offset (Y, Zg) between the rotation axis and the
X-axis)

X=np@—io), Y =Yo=—-B( —jo),

o, _ _BGT=i) _ _BA) )
Z—Zo= 2sin® T 2sin0°

Surface Profiling by the Pinhole Projection Method

The optical setup shown in Fig. 1 can be better described
by a pinhole perspective projection model '#=2! for a video
camera/lens unit; see Fig. 3. The schematics without and with
an offset (Y, Zp) between the rotation axis and the X-axis
are shown as cases a and b in Fig. 3, respectively. Again,
we can write the physical coordinates of the surface point at
three different orientations based on the recorded images and
pinhole projection image formation as

X =BG —io) (1 —Z/Do).
Y —Yo=—B(j —jo) (I — Z/Dy) = Rsina,  (4a)
Z —Zy= Rcosaq,
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(a) Three Rotation Stage Positions for 3D Measurements

Reference Plane  Zoom Lens Image Plane

(b) The Corresponding Image Formation by Parallel Projection
Fig. 2—Schematic diagram of three orientations of the
rotation stage used for 3D surface profiling measurements
by parallel projection. A small rectangular strip on the top of

the cylindrical rod, as shown in Fig. 1(a), is used to indicate
the object orientation relative to the rotation stage

Xt =np (" —io) (1 - Z*/Do),
Yt —Yo=-B(jT —jo) (1 —Z%/Dy) = Rsin(a+6),

Zt —Zo=Rcos(a+0),
(4b)

X~ =08 (i~ —io)(1-2/Dy),

Y~ —Yo=—-B(j" —Jjo) (1 —Z /Do) = Rsin(a—6) .

Z~ —Zo= Rcos(a—0),
(4¢)

Here, (Yy, Zp) is the location of the rotation axis (O’ in
Fig. 3(b)), Dy is the effective distance between the reference
plane (the XY-plane of the physical coordinate system) and
the lens, and B is the digital image pixel scale that is defined
here as the physical dimension along the Y-axis of an object
at the observation depth Z = 0 per pixel. If we know the
offset (Yo, Zo) between the rotation axis O’ and the origin of
the physical coordinate system O, we can solve for (X, Y, Z)
from the following equations

X=nmB@ —io)(1—=2/Do),

—B (j* — jo) {Do — (Z — Zo) cos 6 + (Y — Yy) sin 6}
= Do (Y — Yg)cosO + Do (Z — Zgp) sin 6,

—B(j~ — Jjo) {Do — (Z — Zo) cos 6 — (Y — Y) sin 6}
=Dy (Y —Yy)cosO — Do (Z — Zp) sin 6,

&)
or
X=wp—io(1-%).
Bt +i"—2jo) sinO
Y =Y,
o [1+(B/D0)28j] sin20—P/Do A j cos28’ (6)
Z =20+ —BA j cos 0+2B%/Dyd j sin O

[1+(B/D0)28j] sin20—B /Dy A j cos 26 ’
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Fig. 3—Schematic diagram of 3D surface profiling measure-
ments by pinhole projection: (a) the rotation axis of the stage
coincides with the point “O” (the intersection of the camera
optical axis with the X=Y plane); (b) the rotation axis of the
stage is located at the point O’ with a coordinate of (Y ,Zy).
Note that the rotation axis of the stage is assumed to be
parallel with the X-axis (see Fig. 1(a)). The parameter a
is the effective focal length of the camera unit in a pinhole
camera model

where Aj = j*—j~anddj = (j* — jo) (j~ — Jjo).If there
is a significant offset component Zy, it may be determined
by combining eqs (4) and (6)

Zo+Z'
Y—Yo=Y’=—B(j—jo)<1—%), )
0

DyY’

Zo=Dy—Z + ——,
B — Jjo)

®)

where Y =Y — Ygpand Z' = Z — Zg are given in eq (6).
If Zo = 0 or Zy/Do«1, we can compute (¥ — Yp) from the
second equation in both eqs (4) and (6) and the difference
may be used to assess the validity of the pinhole perspective
projection model or the amount of the telecentric zoom lens
distortion. When B/ Dg«1, eqs (6) are reduced to eqs (3).

Measurements of Surface Displacement Fields

We can determine the surface displacement distributions
of a 3D object by measuring the surface profiles before and
after the object undergoes deformation and rigid-body motion
using the same optical setup (for simplicity, assume the same
rotation angles are used in both measurements). Using the
three images acquired at three different orientations of the
object after deformation an(i nptifgn, we can compute the
new physical coordinates (X .Y, Z) of a surface point by
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using eq (6) as

)?=X+U=n60—i0)(1—0%)’

S —B(7++7_ —2jo) sin
Y=Y+V =Y, = = s
+ o+ [1+(B/D0)28j] sin20—B /Dy Aj cos 26
= —BAJcos 9+2B2/D03751n9
Z=7Z4+W=2Z BA; cos = .
+ o+ [H—(B/DO)ZSJ']sinZG—B/DoAj cos 26
)

Here, G, }),(ﬁ, 7*), and (i", ;’) are the image pixel co-
ordinates of the deformed surface point at three different
orientations of the rotation stage, and Aj = jt -,
3j = (j* —Jjo) (j~ — Jo). Surface strains can then be com-
puted based on the six in-plane gradients of these three La-
grangian displacements U, V, and W (see the appendix in
Tong!!).

Tracking Image Pixel Coordinates by Digital Image
Correlation

As shown in the previous sections, the key to realizing
accurate measurements of surface profiles and surface dis-
placement fields is to know precisely the pixel coordinates
of the image projection k, k™, and k= of a surface point at
different rotation orientations A, A*, and A~. Fortunately,
the image pixel coordinates after an object undergoes motion
and deformation can be easily determined with subpixel ac-
curacy by DIC.>~16 A sum-squared-difference correlation co-
efficient accounting for variations in the local average bright-
ness and contrast, a typical subset of 40 x 40 pixels, and a grid
spacing of 10 pixels in both directions were used in the follow-
ing image correlation analysis. Details of DIC and its specific
implementation in a surface deformation-mapping program
SDMAP used in this investigation are given elsewhere.! !

Experimental Procedures and Results

Several evaluation tests have been carried out to assess the
feasibility of the proposed technique for accurately measur-
ing surface profiles and surface displacement fields of a 3D
object. The experimental procedure and results of these tests
are described in the following.

Experimental Setup

A simple optical configuration was set up on an optical
table following very closely the schematic diagram shown in
Fig. 1. The specimen stage consisted of a rotation stage (New-
port Model 481-A) mounted on top of a matching XYZ trans-
lation stage (Newport Model 460A). The rotation stage had a
resolution better than 0.01° and a fine adjustment range of 5°.
The translation stage had a maximum travel of 13 mm along
each axis, a minimal incremental motion of about 1 pwm, and
the maximum angular deviation between axes of the transla-
tion stage was less than 0.01°. The zero degree position of
the rotation stage was aligned with the XY -plane of the XYZ
translation stage. A 0.5 inch high-resolution black-and-white
CCD video camera (Model OS-40D, Mintron Enterprise
USA) was mounted facing the combined rotation/translation
stage at the other end of the optical table. A Computar 55mm
F/2.8 telecentric zoom lens (Edmund Scientific Co.) was at-
tached to the CCD camera. A desktop computer with a vari-
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able scan monochrome PCI frame grabber (Model DT3152,
Data Translation, Inc.) was used to acquire 640 x 480 8-bit
grayscale digital images from the CCD camera NSTC video
output. Each image was acquired by averaging over a total
of 60 video frames so the intrinsic noises in the digital im-
ages could be reduced significantly.!> A DIC software pack-
age SDMAP, developed at Yale University, was also installed
on the computer for image correlation processing and data
analysis. !4 1>

A proper camera alignment was crucial for accurate and
reliable 3D measurements using the proposed technique here:
(a) the optical axis of the camera-lens unit should be perpen-
dicular to the XY -plane defined by the XYZ translation stage;
(b) the rotation axis should be parallel with the X-axis of the
coordinate system; (c) the rotation axis should lie on the XY -
plane (see Fig. 1 for the definitions of both the physical and
image coordinate systems). The alignment step (a) was car-
ried out first by visual inspection of the image of a precision
square grid pattern. The grid pattern was attached to a flat
block that was mounted on the rotation stage platform and
the surface of the flat block was set to be parallel with the XY -
plane of the stage. We first adjusted roughly both the camera
and stage until there was no apparent distortion of the grids
in the images. The fine adjustment was then performed with
the help of the Z-axis translation of the sample stage. We ac-
quired the digital images of the grid pattern before and after
a translation in the Z-direction and then obtained the image
displacement map between them using DIC. An excellent
alignment was achieved when the image center had no or
very little displacement upon a finite Z-axis translation. The
alignment steps (b) and (c) were realized by using a rotation
stage that was specifically designed to mount concentrically
onto the XYZ-translation stage (such as the Newport stages
used here).

The digital image scale p was determined by placing an
object with a known dimension along the Y-axis at the refer-
ence plane position (Z = 0) and recording a digital image of
the object. The camera/lens unit used in the tests has an im-
age pixel scale p of 0.024 mm pixel~'. The pixel aspect ratio
of digital images used in this study was determined to be n
= 1.01634 40.00095 based on four in-plane rotation tests.>!
The effective object-to-lens distance Dg used for the pinhole
projection method was obtained by recording two images of
a flat object before and after a Z-axis translation Wy. The
flat object had a fine random contrast pattern and was placed
at the reference plane (Z = 0) before the translation. The
average displacement gradients i, and v, between the two
images were computed by the DIC program SDMAP and the
effective object-to-lens distance of the pinhole camera model
was given by

2
D0=W0<1+_ ) 1

Uy + Uy

A flat object with a random contrast pattern was translated
0.05 inch (1.27 mm) both towards and away from the cam-
era and three digital images were recorded. The average dis-
placement gradient of the two image pairs was 0.001648.
Consequently, the estimated effective object-to-lens distance
Dg was 771.9 mm. The apparent working distance of the lens
was measured to be about 155 mm from the XY -plane and the
much larger value of Dy (almost five times the lens working
distance) reflects the telecentric characteristics of the zoom
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lens used. Finally, the pixel coordinates of the ideal digital
image center were chosen to be simply (ig, jo) = (320,240)
for the 640 x 480 grayscale digital images used in these eval-
uation tests. We can also measure directly the image center
coordinates of the camera/lens unit by recording two images
of a flat object placed on the specimen stage before and after
zooming (instead of a translation in the Z-axis of the XYZ
translation stage). The image center is the image point where
there is zero displacement. A zooming test was conducted
and the image center was found to be (318.6, 235.5), which
is rather close to the ideal case of (320, 240).

Profiling of a Flat Surface

The first evaluation test was carried out to measure the sur-
face profile of a flat copper block (25 x 25 x 5 mm?) placed
on the platform of the rotation stage. This test was used to
assess the errors in out-of-plane topography measurements
and to compare the difference in results between the parallel
and pinhole projections. As shown in Fig. 4(a), three images
of the copper block were acquired with the rotation stage at
0°, +10°, and —10° positions, respectively. The copper block
surface was sprayed with fine and random black-and-white
paint speckles. The three images were first processed con-
secutively by the DIC program SDMAP and the image coor-
dinates (i, j),(i+, j+), and (i_, j_) of the flat surface were
saved to a file. The SDMAP program was then used to further
process the data using eq (3) or eq (6) to generate the surface
profile data set after supplying the required input parameters
(the image scale B, the image center (ig, jo), the effective
object-to-lens distance Dy, and the rotation angle 0).

The surface profiling results are shown in Figs. 4(b) and
(c). The measurement shows that the surface is indeed rather
flat (the standard deviation from a flat surface is about 2-3 pm
and is of the same order of the surface roughness of the copper
block) but is tilted slightly from the reference plane (Z = 0);
the tilt angles between the flat surface and the X-axis and
Y -axis are about 1.4° and 1.9°, respectively. The maximum
differences between the results by parallel projection and the
results by pinhole projection are respectively 3,2, and 23 pm
for the three physical coordinates. These differences are only
slightly above the uncertainty of the measurement system
(the combined errors in rotation angles and image correlation
are estimated to be approximately 1-2 pm for the X and
Y coordinates and less than 10 wm for the Z coordinates).
The relatively small differences in results between these two
projection methods reflect the effectiveness of the telecentric
zoom lens used in the camera setup (here |Z| /Dy <1/1800).

Profiling of a Cylindrical Surface

The second evaluation test was carried out to measure the
profile of a cylindrical surface of an aluminum block (25 x 20
x 10 mm?). The aluminum block surface was also sprayed
with fine and random black-and-white paint speckles. The
three digital images acquired with the rotation stage at 0°,
+10°, and —10° orientations are shown in Fig. 5(a). Following
the procedure described in the previous section, the surface
profiling results can be obtained by the SDMAP program
and are summarized in Figs. 5(b) and (c). Again, little point-
by-point difference (at most 13-23 pwm) is found between
the profiling results by the parallel projection (eq (3)) and the
profiling results by pinhole projection (eq (6)). The measured
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surface profile matches the cross-sectional shape (YZ-plane)
of the aluminum block rather well (see Fig. 6).

3D Surface Strain Mapping Calibrations

The third evaluation test was performed to assess the error
levels in surface strain mapping upon the rigid-body mo-
tion of the flat copper block used earlier. In addition to the
three images described earlier in the section Profiling of a
Flat Surface, the copper block was rotated to 6 = —5° posi-
tion as the “deformed” shape. Three images were then taken
with the copper block at positions of 6 = —5°, +5°, and
—15°, respectively. The six images of the original and ro-
tated copper block constituted the required image set for 3D
surface strain mapping measurements. The six images were
processed again consecutively by the DIC program SDMAP
and the image coordinates (i,j),(i“‘,jﬂ,(i‘,j‘),(ii}),
G T +), and (7 = J ’) of the copper block were saved to
a file. The SDMAP program was then used to further pro-
cess the data file to generate the surface profiling and strain
mapping data set using eqs (6) and (9) after supplying the
required input parameters: the image scale p, the image cen-
ter (io, jo), the effective object-to-lens distance Dy, and the
rotation angle 6.

The 3D surface displacement fields upon rotating the cop-
per block (6 = —5°) are shown in Fig. 7(a) and the corre-
sponding surface strain mapping results are presented in Fig.
7(b). The local strain levels over the entire three maps range
from 0.03% (E; component) to 0.1% (E, component). The

average strains over the entire maps are E,;pe = 8 X 1079,
Eyyave = 248 x 1075, and E 4y, = —361 x 107°, respec-
tively. As the copper block only rotates about the X -axis with-
out deformation, these strains can be treated as the error levels
of the measurements using the current camera/lens unit and
rotation/translation stage alignments.

Surface Strain Mapping of a Bent Aluminum Sheet

Finally, the proposed technique was applied to measure the
plastic surface strain distributions of a flat sheet metal piece
after 90° sharp bending. A flat aluminum AA5182-O sheet
(50 mm long, 25 mm wide, and 2 mm thick) printed with ran-
dom permanent ink patterns on its surface was first digitally
imaged at three rotation stage orientations (see Fig. 8(a)). Us-
ing a special wrap-type sheet metal bending apparatus (Olin
Metal Research Labs, New Haven, CT; see also Mandigo2
for details), the aluminum sheet was then subjected to a 90°
bend with a radius r = 2 mm along the Y -axis (the so-called
bend ratio r/t was 1 or r = 1¢, where 7 is the sheet thickness).
The bent aluminum sheet, with its bend apex facing the cam-
era, was then imaged again at three rotation stage orientations
(see Fig. 8(b)). The use of the permanent ink pattern was pre-
ferred over the conventional sprayed paint speckles because
the permanent ink patterns were found to be more resistant
to cracking and decohesion after large straining at the bend
apex. Digital images of the ink patterns on the bent aluminum
sheet, as shown in Fig. 8(b), remained of high quality with
no apparent degradation.

Following the procedure described in the previous sec-
tion, the six images of the aluminum sheet were processed
consecutively by the DIC program SDMAP and the image
coordinates of the aluminum sheet after rotation and bend-
ing were saved to a data file. The SDMAP program was then
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Fig. 7—(a) Measured 3D surface displacement fields of a flat copper block after a 5° rotation about the X-axis (units in mm).
(b) In-plane surface strain mapping results upon the 5° rotation of the flat copper block

used to further process the data file based on the pinhole pro-
jection method to generate the surface profiling and strain
mapping data set after supplying the required input param-
eters. The shape of the bent aluminum sheet is found to be
similar to that of a cylindrical surface (see Fig. 9(a)). The mea-
sured profile along the Y-axis is found to match very closely
the side-view shape of the bent aluminum sheet (Fig. 9(b)).
The surface strain mapping results (the true strain component
Ey) are presented in Fig. 10 as (a) a two-dimensional (2D)
strain map and (b) a one-dimensional (1D) distribution profile
across the bend apex. The plastic strain component E, across
the bend apex is found to be non-uniform and the maximum
true strain at the bend apex is about 33.9% for the bend ratio
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of 1¢. The normal strain along the X-axis (perpendicular to
the bend) and the shear strain in the XY -plane are 0.4% or less
at the bend apex, indicating that the bend apex surface is in
a predominantly plane strain state. The aluminum sheet was
bent with two other radii of 4 and 1.2 mm, respectively, and
the resulting distributions of the true strain component E, are
shown in Figs. 10(c) and (d). The maximum true strains at
the bend apex are about 21.3% and 39.2%, respectively, for
the bend ratios of 2¢ and 0.6¢.

Discussion

By placing a rotation stage concentrically on a XYZ trans-
lation and using a telecentric zoom lens that is commonly

© 2004 Society for Experimental Mechanics



(b) The Bent Aluminum Sheet

Fig. 8—Three digital images of a flat aluminum sheet (a) and
the three digital images after the aluminum sheet was bent
with a bend ratio of 1t (b) acquired at three rotation stage
orientations (6 = 0°, +5°, and —5°). This set of six images
was used to measure both the profile and plastic surface
strain distributions around the bend apex region

The Bent Aluminum Sheet

Measured Profile s
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(@) (b)

Fig. 9—Measured surface profiling results of the bent alu-
minum sheet with a bend ratio of 1£ (a) topography plot; (b)
comparison of the measured surface profile Z(X,Y) at a fixed
X and the cross-sectional side view of the bent aluminum
sheet

adapted in machine vision applications, the proposed 3D sur-
face profiling and strain mapping technique achieves nearly
the parallel projection condition found commonly in scanning
microscopy.?>2* It completely avoids the nonlinear optimiza-
tion process of determining the camera parameters and the
associated multiple translations and image processing steps.
Both the alignment and calibration of the optical setup are
more easily accomplished using off-the-shelf optical compo-
nents and a DIC program. The concentric positioning of the
rotation stage (i.e., its rotation axis is aligned with the X-axis
of the physical coordinate system defined by the camera/lens
and it lies within the XY-plane so Zp = 0 or more practically
Zo/Dp«1) is the most critical part of the optical setup of this
technique. The residual errors of the measurements should
be primarily due to the second-order distortion of the tele-
centric zoom lens. The overall errors in both profiling and
strain mapping of curved surfaces of a given optical setup
can be quickly assessed following the examples described in
the previous sections. The effects of the lens distortion, the
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image center offset, rotation angle errors, and small optical
misalignments on the accuracy of 3D surface profiling and
strain mapping measurements are further discussed here.

By profiling and strain mapping a flat surface described
in the previous section, the lens distortion can be examined
by comparing the difference in (Y — Yy) computed using the
second equation in both eq (4) and eq (6). It is found that
the difference in (Y — Yp) is rather small (the average value
is only 0.5 pwm) and increases with the distance away from
the optical axis (the image center). Small image center off-
sets of 5-10 pixels (due to the error mounting the zoom lens
onto the CCD camera, etc.) do not affect greatly the accuracy
of the profiling measurements. By varying the image center
coordinates within 10 pixels during the post data process-
ing, only small but mostly constant shifts in the X, Y, and
Z coordinates of up to 200, 200, and 5 pm are detected, re-
spectively (similar to an in-plane rigid body translation). The
displacement gradients induced are negligible (e.g., dW/dY
is about 0.006% or 60 wm mm™~! per off-center pixel). When
a 0.5° error is assumed in the rotation angle readout, small
variations in the X, Y, and Z coordinates of about 1, 5, and
2 wm are detected, respectively. The in-plane displacement
gradients induced are negligibly small but the out-of-plane
displacement gradient component dW/dY (the profile slope
change) is about 0.2-0.3% (i.e., 5-6 pm mm~! per degree).
Recalling that the Newport Model 481-A rotation stage has a
resolution better than 0.01°, the uncertainty in rotation angles
of 0.1° or less can be realized in the experiments. As only the
square of dW/dY is used for computing the in-plane surface
strains (see the appendix in Tong'!), so the error in surface
strains due to the uncertainties in rotation angles of even 1°
is less than 0.004%.

One of the major sources of error in strain mapping may
be due to the fact that the flat surface of an undeformed ob-
ject may have some tilt from the reference XY -plane initially.
In other words, the true specimen coordinate system x’y’z’
defined in terms of the flat surface may not coincide with the
coordinate system defined by the camera/lens unit. A tilt of 2°
can indeed induce an error of about 0.2—0.3% in strains. Nev-
ertheless, the tilt angles can be determined from the profiling
measurement of the flat surface before the bending operation
and the tilt effect of the flat surface can be easily corrected by
a simple 3D coordinate transformation between the two co-
ordinate systems XYZ and x’y’z’. The strain errors can thus
be reduced to the level of £0.02% or less.

Both the image pixel scale § and the effective object-to-
lens distance Dy can be determined within an accuracy of
0.05% or better with the aid of image correlation and they
have minimal effects on the accuracy of both profiling and
strain mapping measurements. If the digital image pixels are
far from squares and the measurement object undergoes some
in-plane rotation or shearing, then the aspect ratio value of
pixels is needed in the image processing step to reduce er-
rors in strains. Calibration of the average aspect ratio of the
digital image pixels can be performed following the simple
procedure suggested elsewhere.!>?! The pixel aspect ratio
of digital images used in this study was determined to be
n = 1.01634 £0.00095 based on four in-plane rotation tests.
The effects of non-square pixels were automatically corrected
during the image correlation processing step of the data anal-
ysis using the in-house built software SDMAP.

Compared with most of the dual camera optical setups
for 3D surface profiling and strain mapping applications, the
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Fig. 10—The measured true bend strain distributions around the apex of the bent aluminum sheet: (a) 2D mapping results
(bend ratio = 11); (b) 1D profile of the bend strain variations across the bend apex (X = 2.3mm, bend ratio = 1%); (c) 1D profile
of the bend strain variations across the bend apex (bend ratio = 2{); (d) 1D profile of the bend strain variations across the bend
apex (bend ratio = 0.61). The side views of the three bent aluminum sheet samples are also shown in (b)—(d)

single camera system described here has many advantages,
including the capability for close-up applications (a smaller
field of view and higher spatial resolution of the strain fields
and sharper profiles), fewer requirements on hardware and
alignments, and reduced errors due to the camera-to-camera
difference. The software implementation of the proposed
technique can also be used for microscale profiling and strain
mapping applications using scanning optical microscopy and
scanning electron microscopy.?-2*

Conclusions

A simple technique based on a rotation/translation stage
and a telecentric zoom lens has been shown to be able to
measure accurately the surface profile and plastic strain dis-
tribution of a 3D bent sheet by either the parallel or pinhole
projection methods. The maximum errors in the in-plane and
out-of-plane coordinates or displacements are about 5 and
425 pm, respectively. These correspond to about 0.2 and 1
pixel or about 0.026% and 0.13%, respectively, of the diag-
onal dimension of the imaged region. Upon the correction
for the tilt of the initially flat surface, the maximum errors in
surface strain mapping are found to be about 0.1% or less.
The proposed technique is particularly suitable for measuring
plastic strain distributions around sharp bends in many sheet
metal forming applications.
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