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Three Dimensional Imaging of
LIGA-Made Microcomponents
Nickel and nickel-alloy microparts sized on the order of 5–1000 microns have been
imaged in three dimensions using a new microscopic technique, Digital Volumetric
aging (DVI). The gears were fabricated using Sandia National Laboratories’ LIGA te
nology (lithography, molding, and electroplating). The images were taken on a m
scope built by Resolution Sciences Corporation by slicing the gear into one-micron
slices, photographing each slice, and then reconstructing the image with software
images were matched to the original CAD (computer aided design) model, allowing L
designers, for the first time, to see visually how much deviation from the design is ind
by the manufacturing process. Calibration was done by imaging brass ball bearings
matching them to the CAD model of a sphere. A major advantage of DVI over scan
techniques is that internal defects can be imaged to very high resolution. In ord
perform the metrology operations on the microcomponents, high-speed and high-pre
algorithms are developed for coordinate metrology. The algorithms are based on a l
squares approach to data registration the$X,Y,Z% point clouds generated from the com
ponent surface onto a target geometry defined in a CAD model. Both primitive geom
element analyses as well as an overall comparison of the part geometry are discu
Initial results of the micromeasurements are presented in the paper.
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Introduction
Large-scale machines such as turbine blades, gears, prec

ball bearing surfaces, injection molds, and automotive bodies
be measured with relative ease and high accuracy using tod
technologies. A variety of metrology systems have been de
oped to take coordinate information directly from the surface o
manufactured part such as a coordinate measurement ma
~CMM! or a laser scanner. Nominally, these systems are emplo
in parts having a size scale of 10 mm or larger. However,
small-scale geometries~i.e., microelectromechanical system
~MEMS!! such a technology does not exist.

Accordingly, a nondimensional comparison makes current
erances of MEMS products comparable to tolerances achiev
in 18th century. The small size of MEMS products either mak
them inaccessible for existing metrology instruments or makes
use of such instruments inefficient. Micromachines are rap
moving from the laboratory to the marketplace, consequently
need for precise metrology has come about. However, the suc
of micromachines has been severely limited by the fact that th
presently exists no means to inspect microcomponents consi
of complex geometries. This eliminates the possibility of feedb
based on geometry for component quality control. The lack
such a capability results in two major issues for microfabricati
First, there is no means to verify that a part is produced corre
resulting in decreased yield rates. Second, only simple parts
as prismatic components that are 2 or 2.5 dimensions~2D! in
nature can be produced with high confidence and high yield r
using tools adapted from the semiconductor industry.

A typical integrated circuit~IC! these days has linewidths in th
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x-y plane below 1 micron, and film thicknesses perpendicula
the wafer plane on the order of 0.1–1.0 micron. IC’s are
microscale objects, scaled from 0.1 to 100 microns. Many ma
facturers offer machinery for measuring on these scales wit
high level of accuracy and repeatability.

With three dimensional~3D! mesoscale~1 micron to 10 mm in
x, y, and z dimensions! parts and devices, new techniques a
needed to measure and evaluate the manufacturing process
vances in feature-based metrology and computational geom
have changed the paradigm for the inspection of large-scale c
plex geometries. Where feature precision is concerned, a si
scalar measurement is no longer enough information to adequ
describe a complex geometry. Two-dimensional devices can
understood with one-dimensional measurements. Th
dimensional parts require 2D information, or a picture, to descr
them. A gear, for instance, requires multiple measurements,
cluding hub diameter, pitch, addendum and dedendum circles
volutes, top and bottom surface finish, sidewall finish, sidew
angle and tooth thickness, radius of curvature, and circularity
addition, for reliability, information about theinternal structure of
the part is of great importance. All manufacturing processes h
bias and error, and although topside measurements are t
throughout the process, no information is obtainable about
deep holes and sidewalls until finished parts are available a
release from the substrate.

The challenges of imaging complex shapes with dimensi
below 10 mm are considerable. First, handling and holding
sample can be problematic. Any technique to mechanically g
the part will distort it, and hide part of the device from the lig
source. Vacuum techniques do not work on trusslike parts,
adhesives can distort parts and leave residues. Other prob
related to imaging small parts involve moving them so that e
side can be imaged and getting images from the inside of h

e
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@1#. If the part is simply set on a stage, it cannot be manipulate
see the sides and bottom. Moving the imaging lens presents a
set of problems.

Examining these parts with any microscope using a po
source of illumination gives a 2D picture, and determining t
exact location of a rounded edge is difficult. Plus, depth-of-fi
limitations prevent a complete picture from emerging. Scann
electron microscope~SEM! studies are useful, but still give
distorted 2D image that cannot be rotated or examined. Any te
nique that uses a point source of photons for the stimulus ca
have information return to the imaging optics from surfaces m
than about 10 deg away from vertical. No information about
interior of the part is available with low-energy photons.

Three-dimensional imaging is well developed by the medi
industry@2#. To obtain useful information, 3D imaging operation
have been divided into four categories@3#: preprocessing, visual
ization, manipulation, and analysis. There are a number of ev
ing techniques that can digitize the surface of a microcompon
generating thousands or even millions of$X,Y,Z% data points
from the surface of a part which are currently being studied to
these operations on micromachines, among them holograph@4#
and x-ray techniques@5# and a CMM using a silicon cantileve
microprobe work@6#.

Ideally, micron resolution over a scale of 1000 microns in
three coordinate axes is desirable. The only technique avail
today is Digital Volumetric Imaging~DVI !, which was originally
developed for imaging tissue samples@7#. There has been particu

Fig. 1 „a… 3D images if tissues. A false color chick embryo. „b…
A plant root, also in false color. The ‘‘bounding box’’ surround-
ing the object is an aid to the eye and can be removed with
software. Further processing can enhance different details of
objects imaged with DVI.
814 Õ Vol. 126, NOVEMBER 2004
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lar success for the 3D imaging of developing embryos@8#. Figure
1~a! is an example of a chick embryo where the eye and spine
clearly be seen, and Fig. 1~b! is an example of a plant stem
Considerably more detail is available than can be seen in th
images. Inorganic materials as diverse as paper and a cotton
have also been imaged. DVI solves the problems listed above
embedding the part in a matrix. At the scales we are intereste
the matrix will not distort the metal object sufficiently to matte
and moving the part is unnecessary since the whole devic
imaged and can be viewed at all angles and internally with
software. Besides being able to measure parts in 3D within R
View ~the DVI software!, a point cloud of the surface can b
extracted and compared to a model. DVI is a destructive te
nique, but it allows for the 3D rendering of internal defects at ve
high resolution. The loss of a single sample in a mass produ
part is a small trade-off for the unique information available. D
structive metrology is common in medicine; for example, biop
analysis by histologic microscopy is destructive to both the pat
and the sample, but remains the standard of diagnosis in muc
modern medicine. SEM analysis can also be considered des
tive, since metal plating and mounting of parts can render th
useless for their intended purpose.

In this paper we discuss a new technique to image hard m
micromachines fabricated using the LIGA process at Sandia
tional Laboratories in California. Sample preparation and imag
take about a day, similar to transmission electron microsc
~TEM! analysis. Measurement errors are determined by calib
ing the system with ball bearings, the most precise 3D objects
have been able to identify.

The LIGA Process
LIGA is a micromachining technique that does not fit well in

either of the two principle methods of miniature manufacturin
surface and bulk micromachining@9#. Figure 2 shows a cross
section of the LIGA manufacturing process. A metal plating ba
is deposited on a substrate, typically silicon. A PMMA~poly me-
thyl methacrylate or Plexiglas! sheet is glued onto the substrat
After being machined to the correct thickness, the wafer is
posed to a high-energy~10-keV! x-ray beam generated in a syn
chrotron. The mask used to block the x-rays and define the pa
is a gold film on a thin~low-Z) silicon substrate. The advantage
LIGA over UV lithography is the ability to expose very thic
resists and the ability to achieve very vertical sidewalls in
completed parts.

After exposure, the pattern is developed in an organic solut
leaving a deep PMMA mold on a metal plating base. The mold
filled in with metal by electroplating. Nickel is the most commo
metal but other metals, such as copper, nickel-iron, or nickel
balt are sometimes used. Due to nonuniform current density in

Fig. 2 The LIGA process. After plating, the PMMA is dissolved
and the parts are released from the substrate.
Transactions of the ASME
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plating bath, the mold is overplated, requiring a final lapping
make the surface uniform. The individual piece parts are relea
from the substrate, sorted, and shipped to the customer. Sandi
achieved molds over 1000mm deep, although typical parts ar
300–800mm thick, with dimensions in the plane of the wafe
varying from a few microns to millimeters. Linewidth is dete
mined by the resolution achievable on the gold mask. The mas
made using conventional UV~365-nm! lithography in thick, posi-
tive photoresists. A gold thickness of;20mm is typically used,
limiting horizontal resolution to;5 microns. The best aspect ra
tio achieved is better than 10:1@10#.

DVI 3D Metrology Experimental Setup

The DVI Process and Apparatus. The Digital Volumetric
Imaging process that was used to image LIGA parts is an ap
cation of Block Face Imaging, a patented technology@11# for
generating a stack of 2D digital images that are properly re
tered and can be converted into a fully three-dimensional dig
data set. The 2D images are obtained using a light microsc
The sample that is to be imaged is first embedded in an appro
ate solid medium referred to as the sample block. The sam
block is mounted in the optical apparatus and the face of the b
is prepared by removing the excess front surface. The block
is illuminated and a 2D image is taken of the freshly cut fa
either in fluorescence or reflection mode or both. Monochrom
or multicolor images can be generated. The slices removed ca
saved for chemical analysis, if desired. The proprietary emb
ding medium is designed so that the fluorescence or reflec
comes only from the front surface of the sample. After the ima
are taken, a microtome cuts a controlled thickness from the f
surface~sectioning!. A second 2D image is taken. This process
surface removal and imaging is continued until the embed
sample is completely imaged. The system is illustrated in Fig
The stack of 2D images is then converted into a 3D data set.
data set can then be viewed as a 3D object from any orienta
and 2D cross sections can be viewed at any location within
object@12#. Measurements can be made on these images and
ous analyses can be performed.

The Resolution Sciences Corp. Digital Volumetric Imaging s
tem comprises an optical microscope, a microtome for block f
cutting, a robotic motion control system, a digital camera, a fra
grabber, and a personal computer that provides image collec
supervisory control and user interface~Fig. 3!.

The optical system is a modified Nikon fluorescence mic
scope. The illumination source can be either a xenon or merc
arc lamp. Filters are used to select the desired illumination wa
length bands. A wavelength-selective beam splitter reflects
illumination beam into a standard microscope objective lens
focuses the beam onto the block face. The fluorescent or refle
light coming from the block face returns through the object
lens and is converted into an approximate plane wave. The b
splitter transmits this beam to a rotating filter wheel that sele

Fig. 3 A schematic of the Digital Volumetric Imaging process
Journal of Manufacturing Science and Engineering
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the desired wavelength bands to produce multicolored image
set of lenses focuses the beam onto the CCD chip of the Ko
202932044 pixel digital camera, model Megaplus 4.21.

The block face is sectioned with a diamond knife using a
botically controlled microtome~Olympus, Melville, NY!. The mi-
crotome moves the sample toward the cutting plane a dista
equivalent to the cut thickness. It then moves the sample ac
the knife edge to cut sections from the block surface that ra
from 0.25 to 4.4mm in thickness. The microtome then returns t
block face to the imaging position with reproducibility better th
100 nm.

Supervisory control is done through a personal computer.
robotic control uses a DCX-AT2000 motion control board fro
Precision MicroControl~Carlsbad, CA! that is located in the PC
It controls a filter wheel, a shutter, and the vertical and forwa
movements of the sample block by the microtome. Stepper mo
are used. The PC also houses a PCI–DVK digital camera interface
board from Engineering Design Team~Beaverton, OR!. The PC
does the image collection and provides a user interface.

Sectioning the Block Face. Cutting the LIGA parts and othe
hard materials for DVI imaging presents challenges. The mic
tome technology was developed for cutting biological materia
TEM users in the materials science have begun to apply this t
nology in the past two decades@13–16# to some very hard mate
rials with success as new techniques were developed. Altho
their cut sizes needed for TEM are much smaller, 0.1mm square
by 30 nm thick, and therefore they use an ultramicrotome,
have been guided by their experience. DVI images samples h
millimeter dimensions and minimum cut thicknesses of 200
with thousands of cuts for each 3D image. The sample is fi
embedded in a plastic block that can be mounted in the microto
chuck. The several types of cutting problems that had to be so
include knocking the remaining section of the part out of t
embedding material, knife nicks that produce striations on
block face alter the reflection characteristics of both the emb
ding medium and the sample, and a stick-slip cutting mechan
that produces a ‘‘washboard’’-like surface on the embedding m
dium, altering its reflection characteristics. The latter two effe
would damage image quality and prevent accurate determina
of the sample surface. The stick-slip problem could be sev
enough to bend the block and cause the knife to dig into
sample, stopping the microtome movement and damaging
sample. The proper choices of embedding material, surface a
sion additives, sample orientation, location of the sample in
block, and embedding technique are critical to successfully c
ting these samples so that we obtain an accurate image. Dev
ment of reliable cutting methods has allowed us to cut and im
many kinds of LIGA parts~copper and various nickel alloys! on a
routine basis. Work remains to be done and will be the subjec
a future paper.

Image Collection. A microscope objective lens is selecte
that will give the desired resolution and field of view~FOV!. A
compromise is generally required since higher resolution mea
smaller field of view. Table I provides typical values. The ima
resolution is limited by the camera pixel resolution, given in c

Table 1 Magnification, field of view and resolution of images

Objective lens
magnification

FOV
~mm!

Resolution
~mm/pixel!

23 8.8 4.4
43 4.4 2.2
103 1.77 0.88
203 0.88 0.44
403 0.44 0.22
NOVEMBER 2004, Vol. 126 Õ 815
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umn 3. The lens resolving power is greater than the pi
resolution for these lenses, although they are close at the3
resolution.

The sample block is mounted in the microtome and the mo
control system moves it near the focal plane of the lens. The
monitor shows a black and white image for each color so that
operator can focus the sample, adjust the camera gain and e
sure, and monitor the system operation. A grid is embedded a
front of the block so that these gain and exposure adjustment
completed before the sample comes into view. The only im
processing done at this stage is to replace bad camera pixels~pix-
els that have an excessive dark current drift!. Upon completion of
the imaging for the entire sample, the dataset, a stack of 2D
ages, is transferred over the network to another computer for
age processing.

Image Processing. After the dataset is captured on the ima
ing machine, it is transferred to another PC dedicated to im
processing. A variety of image processing tools are available,
pending on the sample needs. The hard materials are usually c
a thickness different from the pixel resolution so the appropr
number of frames can be averaged to produce a square v
Pixel drift can be corrected. Infrequently a residue from the c
ting process sticks to the block face and shows in the image.
defect can be removed with the software, as can other noise.
fects can easily be seen with the eye as one ‘‘flies’’ through
image, making them easy to find and remove, or simply ignore~a
few such defects in a thousand images does not affect the ov
image!. Registration shifts that occur if the imaging process
interrupted can be corrected. Many other tools are available
needed. After the necessary image processing is completed
final step converts the 2D stack into a proprietary 3D format. T
sample can now be viewed as a full 3D image using the Res
tion Sciences Corp. proprietary visualization software, RESVi

RESView: Viewing and Analyzing the 3D Image. The
RESView software package allows the user to view the 3D im
from many perspectives and to view 2D images cut through
object at any location within the object. The microscope system
calibrated so that accurate dimensional measurements ca
made on the sample. Various tools for image analysis are a
able. For example, when multicolor images are analyzed, ite
can be segmented based on color, then counted and/or sized

Two modes of imaging were tested for LIGA materials: a
flection mode where the sample had a high gray level and
background was dim, and a fluorescence mode where the em
ding material was made fluorescent and had a high gray level
the sample was dark. The fluorescence mode was found bes
samples having narrow regions and for frangible materials
silicon. The reflection mode is better for solid metal objects t
do not have narrow regions and necessary if you want to obs
internal cavity defects. The reflection mode was used for all
samples described in this paper.

The reflection images are monochromatic with the sample h
ing a much higher gray level than the surrounding backgrou
RESView allows you to separate the object from the backgro
using a gray level threshold; all pixels above the threshold set
are retained and the remaining pixels are set to zero. Figu
shows a 3D image and 2D cross section a of a microgear,
former obtained using the threshold method. Segmenting the
age, that is, isolating the sample from the background, has b
developed considerably for 2D imaging@2#. The more sophisti-
cated methods provide smoothing at the edge region to minim
noise, then use a derivative algorithm to locate the edge, ofte
a subpixel accuracy. To apply this approach to any image, a
essary requirement is that the image does not go into saturatio
the region of the edge. For the LIGA parts in this cutting/imagi
development stage, it was necessary to keep the image satu
Also, 3D extensions of the 2D algorithms cited above have not
been incorporated into RESView. For these reasons, segment
816 Õ Vol. 126, NOVEMBER 2004
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was done using an extension of the thresholding algorithm
described in the following paragraph. The edge detection accur
for these images is on the order of62 pixel for each edge. Future
efforts to improve the image/cutting and the 3D edge detect
will allow subpixel edge detection and dimensional accuracies
1 mm or less.

A continuity requirement that all pixels above the threshold
continuous from the starting point~selected by the user! allows
use of a lower threshold. This method was used to segmen
solid samples for this paper. For example, a threshold value of
gray levels~8 bits! was used for the gear. Once the solid part h
been segmented, surfaces can be isolated using a 3D form
threshold edge detection algorithm in RESView. After reviewing
number of 2D images, the user sets a threshold at which the
face of the part is thought to exist. A binary mask of the 3D ima
is created. Voxels~3D pixels! whose intensity values are greate
than or equal to the threshold are assigned a 1; voxels wh
intensity values are less than the threshold are assigned a 0.
edge is defined as any ‘‘1-valued’’ voxel that has at least one f
in contact with a ‘‘0-valued’’ voxel. The 3D image is then ren
dered displaying only the surfaces of the part. This is illustrated
Fig. 4~c!.

Now that the critical surface detection step has been perform
RESView can export the 3D image in ASCII format as a cloud
Cartesian coordinates~point cloud!. The 3D point cloud is im-
ported intoPARAFORM software and scaled according to the res
lution at which it was imaged.

Discussion
Figure 4 shows data that were taken from a nickel-alloy mic

gear produced using the LIGA process. The point cloud shown

Fig. 4 „a… 3D image of LIGA gear: After the stack of 2D images
has been converted to the proprietary format, a 3D image
emerges. This 3D rendering can be cropped and rotated. „b… 2D
cross section showing one slice of a gear. „c… Surface detec-
tion: RESView software performs an edge threshold surface
detection algorithm on a 3D dataset, enabling the metrological
inspection of complex 3D geometries. The above image of a
LIGA gear has been cropped from above to demonstrate that
interior image information has been removed, leaving only
sidewalls. The surface generated is 1 voxel thick throughout.
„d… CAD model of a gear. See Table 2 for details.
Transactions of the ASME
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consists of approximately 650,000 points, making it a relativ
small point cloud. The major diameter of the gear is appro
mately 520mm.

The gear was embedded in Resolution Science’s epoxy poly
material and was mounted in the microtome holder. A 0.
micron-thick section was cut from the top of the specimen usin
45-deg, atomically sharp diamond microtome blade. Appro
mately 500 images were taken using this method. The accu
lated errors in theZ motion are a potential problem, but can b
corrected for with the use of standard, accurate spheres. DV
still a developmental technique, applying a life science imag
technique to hard materials. Future papers will be forthcomin

Because the slice thickness of 0.55mm differs from the CCD
image resolution of 1.77mm/pixel, it becomes necessary to ave
age serial sections together to preserve isotropy of the entire
dataset, generating cubic voxels rather than rectangular pri
Averaging intensity values between two or three thin section
permissible because the vast majority of pixel intensity val
among the serial sections are in the 254–255 range~these values
occur along the interior of the cross section in areas of h
reflectance!.

The 3D gear image was then visually inspected using Res
tion Science’s RESView software, Fig. 4~a!. With the exception of
a few particles suspended inside the hub of the gear, the da
was free of unwanted artifacts. The unwanted particles prob
resulted from a polymer chip that clung to the block face after o
of the sections was imaged. They were removed from the d
using RESView’s object isolation algorithm thresholded at f
color range~0–256! in order to preserve edge information. Th
gear was thus isolated from any noise in the dataset. No sur
artifacts resulting from the microtoming process could
detected.

In order to perform 3D metrology on the gear, part surfaces
to be isolated. RESView’s edge threshold algorithm was use
determine the outer surfaces of the part. Figure 4~b! shows a cross
section of the gear. To determine the appropriate threshold v
for the algorithm, the edges of various cross section images w
inspected to determine the range color values in the edge. T
values ranged from approximately 150 along the outside surfa
to 254 on the part interior. A mean threshold value of 203 w
chosen for the edge detection algorithm, yielding a 1-voxel-th
surface point cloud as shown in Fig. 4~c!. To confirm that a valid
edge threshold was chosen, the dataset was exported at va
thresholds ranging from 0 to 254~the highest color value in the
dataset!. Using different threshold values did not alter the me
surements taken in Paraform~described below! beyond the volu-
metric resolution of 1.77mm as long as the threshold was s
using a value contained in the edge.

The voxel coordinate information was exported in an ASC
point cloud format and was imported into Paraform’s inspect
module. The point cloud was scaled by a factor of 1.77 in orde
allow for point-to-point calculations in units of microns. Th
original CAD model for the gold x-ray lithography mask~Fig.
4~d!! was then imported into Paraform for comparison. The ext
sion height~height in thez direction along the axis of the gear! of
this model was based on the intended, final lapped height of
finished gear, 150mm.

After point cloud registration to the CAD model, Fig. 5, colore
error maps were generated to show any normal point-to-sur
deviations between the CAD model and the 3D data. Calculat
were also performed to measure the dimensions of certain
geometries in the gear such as the hub radius, tooth thickn
addendum circle, and various sidewall angle deviations.

Analysis of Data
To validate component geometry in three-dimensional spa

the point cloud that is generated~e.g., $X,Y,Z% points from the
surface of the part! must be compared to a CAD model. Tw
major issues must be addressed for this comparison. The first
Journal of Manufacturing Science and Engineering
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align the point cloud and the CAD model into the same refere
frame. This process is called registration and is equivalent to
turing or datuming when inspecting on a CMM. The second is
is the assignment of each point to the proper surface of the C
model. This paper addresses registration. For a treatment o
point to surface assignment see Refs.@17,18#.

The mathematical basis for point cloud to CAD model regist
tion is based on a least squares optimal fit minimizing
normal distance between each point to the closest surfac
the model. Consider a set ofn coordinate data points,P
5$p1 ,p2 , . . . ,pn ;piPR3%, measured from a surface,S, mod-
eled by the parametric equationS(u,v) that maps the parameter
uPR andvPR in R3. The distance from a given pointpi in P to
S is defined as the magnitude of the vector from the closest p
on S to pi and is depicted by the magnitude ofdi in Eq. ~1!.

idi i5min
u,v

ipi2S~u,v !i (1)

The u andv that provide the solution to the minimization in Eq
~1! clearly depend on the value ofpi , and therefore, the optimalu
and v are a function ofpi . These optimal values are hereaft
referred to asuci andvci whereuci5u(pi) andvci5v(pi).

As stated before, the coordinate frame of the measurement
tem and the coordinate frame of the CAD model rarely coinci
The deviation of the point set frame from the model frame can
quantified by the sum of thedi squared as shown in Eq.~2!. The
di values are squared to eliminate vector direction issues an
target the vector magnitude.

f 5(
i 51

n

idi i25(
i 51

n

~di
T
•di ! (2)

The points inP are rigid bodies in three-dimensional space an
therefore, can move in six degrees of freedom. The six deg
consist of three orthogonal translations and three orthogonal r
tions. The translations can be formulated into aR3 vector to be
added to the points inP, and the rotations formulated into aR333

orthogonal matrix. Defining the translation vector ast and the
rotation matrix asR, Eq. ~3! reveals the means of transformingP
into a new coordinate frame.

pi85Rpi1t (3)

The translation vector,t, is simple to understand, but the rotatio
matrix is more complex. Various ways of representing the para
eters that specify this matrix have been used in the solution of
registration problem. One of the more simple approaches is
use of the angles of rotation about the three principal axes

Fig. 5 Error map: By performing normal point-to-surface cal-
culations, Paraform’s inspection module creates an error map
of the LIGA gear that shows clearly where deviations from de-
sign geometry occur. Deviations are strongest near the gear
hub. The error scale is in units of microns.
NOVEMBER 2004, Vol. 126 Õ 817
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fixed coordinate system. Using this approach,R is a function of
ux , uy , anduz , whereu i represents the angle of rotation abo
the i th axis. Consideringt to consist oftx , ty , and tz , the six
degrees of freedom can be collected in to the followingR6 vector
of parameters:

X5@ux uy uz tx ty tz# (4)

Now, Eq. ~3! reassembles into a function ofX given by

pi85pi~X!5R~X!pi1t~X! (5)

Substituting Eq.~5! into Eq. ~1! yields

di~X!5p~X!2S~uci~X!,vci~X!! (6)

In Eq. ~6!, the minimization is now represented by the substitut
of uci andvci into u andv in Eq. ~1!. Also, uci andvci are now
shown as functions ofX sinceuci andvci are functions ofp, and
p is a function ofX. Substituting Eq.~6! into Eq. ~2! mapsf into
a function ofX as shown below in Eq.~7!.

f ~X!5(
i 21

n

~ idi~X!i2! (7)

In order to transform the coordinate frame of the point set s
that it coincides with the coordinate frame of the model as m
as possible, the functionf must be minimized with respect to th
six rigid body transformation parameters specified inX. The X
that provides this minimum is the solution to the registrati
problem.

The functionf is nonlinear and requires iterative minimizatio
routines to solve for the optimalX value. Iterative minimization
typically involves successively changing the value ofX by a cal-
culated step vector until the minimum is achieved. The proced
must converge or move closer to the solution after every iterat
The iterations cease when the convergence criteria have been

From multivariate calculus, forX* to be a local minimum, it is
necessary that

¹ f ~X* !50 (8)

and

¹2f ~X* ! is positive semidefinite (9)

The most common convergence criterion is that the gradient of ,
represented by Eq.~8!, is close to zero within a given toleranc
The functionf may be twice differentiable inX, but the gradient
as well as Hessian as given by Eqs.~8! and~9!, respectively, may
not be easily obtained due to the nonlinearities involved. If t
information can be calculated, both can then be used in the it
tive minimization to determine step size and direction.

The Hessian provides information on whether a minimum o
maximum of the function occurs at the stationary point defined
Eq. ~8!. However, the iterative nature of optimization routin
already provides this information since one can observe wheth
function is increasing or decreasing from one iteration to the n
The second-order information is useful for determining step s
and directions, but not required for determining whether the g
has been obtained. The calculation of first-order information
valuable not only for step calculation but also for convergen
determination. Methods that do not use gradient information o
approximation thereof are heuristic and cannot be as exac
gradient-based methods. In inspection applications where leve
certainty and precision must be maintained, gradient-based m
ods are essential. Finite difference gradients can be employed
are computationally expensive in terms of time. Analytical gra
ents, if available, provide faster minimization without large co
putational expense.

Analytical gradients for simple shapes can be calculated i
straightforward manner. Typically, analytic expressions for
point to surface distance,di , are available for simple shapes~e.g.,
planes and quadric objects such as spheres and cylinders!. For
818 Õ Vol. 126, NOVEMBER 2004
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higher-order polynomials such as Bezier orb-spline surfaces, the
problem is more complex. Consider a parametric spline surfa
S, of orderm. In order to determine the parameters correspond
to the closest point onS, the following nonlinear system of equa
tions must be solved.

]di

]u
5

1

2

1

ipi2S~u,v !i F ~pi2S~u,v !!T
•

]S~u,v !

]u G50 (10)

]di

]v
5

1

2

1

ipi2S~u,v !i F ~pi2S~u,v !!T
•

]S~u,v !

]v G50 (11)

This system can be reduced to

~pi2S~u,v !!T
•

]S~u,v !

]u
50 (12)

~pi2S~u,v !!T
•

]S~u,v !

]v
50 (13)

Equations~12! and~13! above represent two 2m21 degree poly-
nomials in bothu andv. As this system is extremely nonlinear,
must be solved numerically. Typically, Newton methods@19# are
employed to solve foru andv. Such procedures are often referre
to as point projection, and many texts provide detailed algorith
addressing this problem@20#. Point projection must be performe
for all points in the setP to determineuci andvci .

Now, consider the problem of finding the gradient off . By
taking the derivative off with respect to an arbitrary member ofX
defined asj one can gain insight into the registration ofS to P.

] f

]j
52(

i 51

n S di•
]di

]j D (14)

Given thatdi can be found by the procedures discussed in the
paragraph, let us concentrate on theR3 vector derivative ofdi .
Equation~15! showsdi as a function ofj.

di~j!5pi~j!2S~uci~j!,vci~j!! (15)

The partial ofdi is then

]di~j!

]j
5

]pi~j!

]j
2

]S~uci~j!,vci~j!!

]j
(16)

The partial ofpi can be calculated as shown in previous resea
@21#, but the partial ofS has yet to be discovered. Using mult
variate chain rule@22#, the partial ofS can be broken down into

]S~uci~j!,vci~j!!

]j
5

]S~uci ,vci!

]u

]uci

]j
1

]S~uci ,vci!

]v

]vci

]j
(17)

The partials ofS with respect tou andv can be determined from
standard routines@19#. The problem is now reduced to finding th
partials ofu andv with respect toj. The parametersu andv are
given by the system of equations in Eqs.~10! and ~11!. This
system is rewritten here to show the dependence onj.

~pi~j!2S~uci~j!,vci~j!!!T
•

]S@uci~j!,vci~j!#

]u
50 (18)

~pi~j!2S~uci~j!,vci~j!!!T
•

]S@uci~j!,vci~j!#

]v
50 (19)

While the partials cannot be supplied by solving the system ab
for differentiable expression ofu andv, a large amount of infor-
mation is available after a point projection has been performed
pi at a given value ofj. In his research, Tucker@23# has developed
the partials ofu andv with respect to the rigid body paramete
based on information available once point projection has b
performed. Using these results, analytic gradient information
used in the minimization of the sum of the squares@23–25#.
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Results
The alignment of the 670,000 points to the target CAD mo

was completed using algorithms based on complete gradien
formation using an enhanced Gauss Newton approach. The t
CAD model was comprised of all analytic surfaces consisting
1814 planes and 32 cylinders~see Fig. 4~d!!. The nomenclature
used for the CAD model is presented in Fig. 4~d! and Table 2.
Registration time was approximately 2 min on a PC using
2-GHz Pentium IV processor with 500 Mbytes of RAM. Figu
4~e! shows a colored error map for normal point-to-surface dev
tions between the CAD model and the 3D data. Resolution of
original images is much greater than can be seen in the vers
printed here.

Calculations were also performed to measure the dimension
certain key geometries in the gear such as the hub radius, t
thickness, addendum circle and various sidewall angle deviati
The results of these analyses are presented in Table 3. Becau
addendum circle datum was available in the CAD model, t
dimension was measured using measuring point-to-point
tances. Ten diameters were measured on three separate cros
tions throughout the extrusion height of the gear to compute
addendum circle radius. It should be noted that large deviation
gear thickness are expected due to the LIGA release and lap
process. For this gear, the sidewalls should be perpendicular t
base and top of the gear. Table 4 presents the mean sidewa
viation for the various features. To generate the values in Tab
sidewall deviation values for each individual surface were de
mined and subsequently averaged.

3D Metrology Using Digital Volumetric Imaging. Using
DVI techniques for data collection and Parafor
~www.paraform.com! software for analysis and inspection,
664-mm ~nominal!, 62-tooth nickel gear was imaged and me
sured. Both absolute dimensions and sidewall angles were ex
ined. Additional software capabilities could enable the exami
tion of gear tooth involutes, pitch, and other critical data. Valu
for the absolute dimensions and the sidewall angles can be fo
in Tables 3 and 4. For most of the gear geometries, there w
several surfaces with the same nominal dimensions. For exam
there are two half cylinders that comprise the inner hub, both

Table 2 Gear nomenclature

A Inner hub
B Outer hub
C Web ring
D Addendum circle
E Keyway flat
F Web arm
G Gear profile

Table 3 Absolute dimensions for gear geometry. * Because no
addendum circle datum was available in the CAD model, this
dimension had to be taken by hand by measuring point-to-
point distances. Ten diameters were measured on three sepa-
rate cross sections throughout the extrusion height of the gear.
Paraform software provided the distance calculation.

Feature

Nominal
dimension

~mm!

As-built
dimension

~mm!
Deviation

~mm!

Inner hub radius 100 101 11
Outer hub radius 150 151 11
Web circle radius 275 275 0
Addendum circle radius 264 659* 25
Gear thickness 150 161* 111

*As mentioned before, such large deviations in gear thickness were somewha
pected due to the LIGA release and lapping process.
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which should have a radius of 150mm. In making such measure
ments, the mean values between all related geometries were
culated and presented.

In addition to providing statistical information about certa
absolute dimensions in the dataset, the inspection module
Paraform allowed for visual inspection of surfaces through er
mapping~Fig. 5, Fig. 6~b,c!!. As can be seen in Fig. 5, the gea
varies from the CAD model in unpredictable ways. This particu
gear varies about65 mm from various nominal surfaces, mainl
the top and bottom profiles of the gear. One would expect s
large deviations along the axis of the gear due to the proces
which the plated gears are lapped and removed from the PM
molds. Dark areas at the tips of the gear are places where dat
missing.

As good as the images created by DVI are@7# as discussed in
the experimental section, some challenges need to be overc
for cutting hard materials. For example, the diamond microto
blades used to slice off the thin sheets of metal/embedding p
mer are almost ‘‘atomically sharp’’ at the beginning of the cutti
sequence.~We were unable to resolve an edge on the blade us
an Hitachi 2700 SEM.! The hardness~values ranging from 500 to
700 HV! and high strength (sy values raging from 1.0 to 1.4 GPa!
of the metal, as compared to tissue and polymer samples, c
and degrades the knife edge, causing striations in the cut f
These striations can introduce noise at the surface boundarie
the part, producing artifacts at that location in the segmented
face. A single blade was used for all cuts on a given sample,
was typically sent for resharpening after a each sample. Bla
last for numerous cuts on soft materials, and blade damage
not typically show up when cutting soft materials. Experimen
are currently underway to determine a better cutting material~bo-
ron nitride or various carbides! or a better angle to use at th
cutting edge. One of the authors of Ref.@15# has stated to us tha
the choice of diamond knife brand is more critical than we h
anticipated@26#; thus we will also test different knife brands fo
effectiveness in cutting. We also plan to develop a surface lu
cation technique. Hard LIGA plating materials such as nickel
loys often resist cutting so strongly that parts are ejected from
embedding polymer before they can be fully imaged. Use of
adhesion promoter~below! alleviates this problem.

The tables presented represent the mean sidewall deviatio
the various features. Paraform software provides informat
about the sidewall deviation for each individual surface, and th
values were then averaged for presentation purposes.

System Calibration
Resolution Sciences currently calibrates its microscopes wi

NIST-traceable line scale, which provides accountability for m
surements in thex andy directions. There is currently no way t
characterize the entire 3D precision of the system, due to
unavailability of a traceable 3D standard. We decided to use
bearings as calibration standards. Precision steel balls canno
easily cut using DVI do to their extreme hardness, although b
bearings possibly represent the ideal 3D calibration standard
to the extreme precision with which they can be made@27#. Work
continues to learn how to cut high-precision steel balls as the id
calibration of the system.

To calibrate the system, we imaged several inexpensive o

sixteenth in.~1.588 micron! (F 1
1660.001 in.) brass ball bearing

t ex-

Table 4 Sidewall angles for LIGA gear

Feature Angular Deviation~degrees!

Inner hub 0.4
Outer hub 0.3
Web circle 0.2
Web arms 0.3

Keyway flats 0.1
NOVEMBER 2004, Vol. 126 Õ 819
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Fig. 6 „a… A DVI image of a brass ball bearing. „b… That same ball imaged
relative to a sphere model, showing surface defects. „c… A DVI image of
another ball matched to a CAD model of a sphere, which shows imperfec-
tions in the manufacturing process. The region at the top is missing data
where the remaining partial sphere fell out of the mold. „d… A SEM image of
a brass ball for comparison. DVI shows surface phenomena that cannot be
seen by SEM. The original DVI images are in color. These ball bearings have
been measured by a variety of techniques. Using calipers, the ball mea-
sured 1.54–1.57 mm, using a calibrated SEM image by counting pixels, the
ball measured 1.567 mm, with an edge selected by eyeball, and using DVI
we measured 1.571 and 1.568 mm in X and Y directions. The errors noted
are typical—as can be seen from the images above, the exact location of the
surface varies.
o

a
b
e
,

a

k

f

B

and
ws
ped
ball
from McMaster Carr. Holding any spherical object is difficult—
initially balls popped out of the mold after cutting about half
the ball away. To alleviate this problem, balls were treated with
adhesion promoter, Dow Z-6030~trimethoxysilylpropyl meth-
acrylate!, about a 2% solution in alcohol. This allowed us to c
some balls completely. As can be seen by the images, Fig
surface detail shows up when the DVI image is matched to
CAD model that is unavailable in any other way. The spiral p
tern is due to the way ball bearings are made, by rolling in
tween two plates. This particular ball did not roll on all three ax
rather it wobbled or precessed around between the plates
getting ground on the ends. Then it flipped axes of rotation an
few streaks were ground around one side. These are low-qu
balls—hiqh-quality balls@27# have much better surface finishes

To demonstrate that interior defects can bee seen using D
Fig. 7 show a microspring made by plating of a very hard nic
alloy. Figure 7~a! shows the exterior of the entire spring, wit
some visible surface defects. To show that the defects are m
than cosmetic, Fig. 7~b! shows a sectioning of the same sprin
demonstrating that some the defects are larger in the body o
spring than on the surface, and that some defects are only on
surface. Figure 8 shows how fine the detail of the oval hole in t
dimensions.

Conclusion and Summary
DVI is a new and unique way to image 3D micromachines.

exporting the DVI image into a modeling program, the origin
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device can be compared to the CAD model, showing surface
interior detail unobtainable using any other method. This allo
for accurate metrology of complex structures. We have develo
methods to calibrate the system in three dimensions using

Fig. 7 „a… A complete nickel alloy spring with surface defects.
„b… A deeper section of the same part, showing that the bottom
defects are primarily on the surface, but the one small hole
near the top leads to a large void within the spring.
Transactions of the ASME
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bearings and silver wire embedded at a precise angle with res
to the optical axis.

Improved knife materials and methods need to be develope
cut hard metals, and use of a surfactant has allowed the poly
embedding matrix to adhere to the metal well enough to im
complete spheres. The use of a lubricant will improve cut fa
surfaces, and the use of an etchant to allow 3D visualization
metal grain boundaries is being explored.

This paper presents the algorithms used for exact metrolog
three-dimensional coordinate data from a microcomponent
particular, a Digital Volumetric Imaging machine produced a 3
image of the microcomponent that was then used to genera
point cloud of data. This point cloud was compared to its nomi
or target geometry via a least-squares fit using a modified Ga
Newton approach for registration. The resulting registration
abled an overall geometric comparison via a point-to-surface
viation calculation. The overall deviation of the gear was at m
11 mm from nominal. Most of this deviation was from the LIG
release and lapping process. Other dimensions that are not dir
affected by the release and lapping processes were controlle
tighter specifications~e.g, less than 5mm!.
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Fig. 8 A 2D image of the oval void in Fig. 6 showing the fine
detail of this imaging technique.
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