
307

15
Dimensional Metrology for Micro/
Mesoscale Manufacturing

Shawn P. Moylan
National Institute of Standards and Technology

Contents

15.1	� Introduction......................................................................................................................... 307
15.1.1	� Defining the Scale...................................................................................................308
15.1.2	� Uncertainty..............................................................................................................308
15.1.3	� Environment............................................................................................................309
15.1.4	� Unique Challenges.................................................................................................309
15.1.5	� Scanning Electron Microscopy (SEM)................................................................. 310

15.2	� Touch Probe Measurement................................................................................................ 310
15.3	� Optical Measurements....................................................................................................... 313

15.3.1	� Scanning White-Light Interferometry (SWLI)................................................... 315
15.3.2	� Confocal Microscopy.............................................................................................. 316
15.3.3	� Fringe Projection..................................................................................................... 317
15.3.4	� Optical Microscopy................................................................................................ 319

15.4	� Scanning Probe Microscopy.............................................................................................. 320
15.5	� Hybrid Processes................................................................................................................ 322
15.6	� On-Machine Metrology..................................................................................................... 322
15.7	� Summary.............................................................................................................................. 324
References...................................................................................................................................... 325

15.1 � Introduction

Lord Kelvin said, “To measure is to know,” and “If you can not measure it, you can not 
improve it.” In fact, it is not possible to really know what is manufactured until it is  
measured. This has been a particular challenge in micro/mesoscale manufacturing 
because development of production processes has considerably outpaced development of 
measurement processes. Decisions that need to be made regarding a part or product being 
manufactured are based on measurements. These cannot be informed decisions if one 
does not have confidence in, or does not fully understand, the uncertainty of the measure-
ment process.

This chapter provides an overview of the most common methods used for geometric 
dimensional metrology in three dimensions (3D) at the micro/mesoscale. The references 
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308 Micromanufacturing Processes

provided in this chapter provide examples of the work in the area, and not an exhaustive 
list. A similar study focusing on academic pursuits in the area can be found elsewhere, 
with no fewer than 175 references [1]. The processes discussed here are by no means 
an exhaustive list of all measurement processes used for micro/mesoscale metrology. 
However, they are the processes used most frequently; they all have multiple commer-
cially available systems that measure the 3D topography of the surface of the part under 
test. The strengths, limitations, and challenges of each method are presented. The meth-
ods are grouped into three categories, touch probe, optical measurement, and scanning 
probe microscopy (SPM). To properly frame this discussion, we start by defining the scale 
being investigated, then introduce the concept of measurement uncertainty, and finally 
discuss some general considerations that need to be made for all measurement methods.

15.1. � Defining the Scale

For the purposes of the current discussion, the micro/mesoscale is defined as ranging 
from 1 μm to 50 mm. Most parts manufactured at the micro/mesoscale have overall sizes 
ranging above 100 μm. However, designed features on these parts can be as small as tens 
of micrometers and the tolerances of such features can be close to 1 mm [1, 2]. Figure 15.1 
shows a variety of measurement processes that fit within this size range.

15.1.2 � Uncertainty

Just as no part can be made perfectly, no measurement can be made perfectly. Uncertainty 
is both the concept and the quantity that expresses the amount of doubt in a particular 
measurement. The formal definition of uncertainty (of a measurement) in the International 
Vocabulary of Basic and General Terms in Metrology (VIM) is a “non-negative parameter char-
acterizing the dispersion of the quantity values being attributed to the measurand, based 
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Figure 15.1 
Size scale of typical measurement techniques employed at the micro/mesoscale. Acronyms are described in 
the text. (From Hansen et al., CIRP Annals, 55(2), 721–743, 2006 and Weckenmann, A. and Ernst, R., Technisches 
Messen, 7–8, 334–342, 2000.)
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309Dimensional Metrology for Micro/Mesoscale Manufacturing

on information used” [3]. A general procedure for calculating measurement uncertainty is 
described in the Guide to the Expression of Uncertainty in Measurement (GUM) [4].

In general, the uncertainty of a measurement is due to various sources. For example, a 
measurement of distance is influenced by the device used to measure it, the environment 
in which it is measured, the setup of the measurement components, and the number and 
positions of samples collected. Uncertainty in any of these inputs contributes to uncer-
tainty of the overall measurement. How measurement uncertainty affects acceptance or 
rejection of a part based on geometric dimensioning and tolerancing (GD&T) is governed 
by standards [5].

Measurement uncertainty encompasses many traditional concepts in measurement 
including resolution, accuracy, and repeatability. Care should be taken when investigating 
device specification sheets that terminology is used properly. For example, most specifica-
tion sheets provide a number associated with the “accuracy” of the device. However, the 
VIM defines accuracy as “closeness of the agreement between the result of a measurement 
and a true value of the measurand,” and states that “accuracy” is a qualitative concept 
that cannot be quantified. Therefore, the term accuracy on data sheets often refers to the 
uncertainty associated with the device, but can also be more in line with resolution or 
repeatability. This chapter focuses on the factors that contribute to the uncertainty in the 
measurement device.

15.1.3 �E nvironment

The environment in which a measurement is made can greatly influence the measurement, 
especially at the micro/mesoscale. Specific influences on specific measurement methods 
are discussed later in more detail. However, to minimize measurement uncertainty, some 
general considerations that apply to all measurements should be made. Vibration isolation 
of the part being measured, the device used for measurement, and the room in which the 
measurement is taking place should all be considered. Temperature can have a large effect 
on measurement results. All components of a measurement, including the measurement 
device and the part being measured, can expand or contract (depending on their coeffi-
cients of thermal expansion) as a result of a change in their temperature. The temperature 
in the environment directly affects the temperatures of the device and the part. For exam-
ple, a part measured at one temperature will have a different size when transferred to 
an environment with a different temperature because of thermal expansion/contraction. 
Most standards and best practices recommend calibrating devices and performing mea-
surements at 20°C. In addition to the actual temperature, the stability of the temperature 
and the uncertainty of temperature measurement are also of concern.

15.1.4 � Unique Challenges

Many people expect that as a part scales down in size, its tolerances will also scale down. 
However, this is generally not the case. It is common for parts on the traditional scale to 
have dimensions on the order of 100 mm with tolerances in the range of 25 mm. However, 
a part 100 times smaller (1 mm dimension) will rarely have a tolerance 100 times smaller 
(0.25 mm) because of the difficulty not only in producing a part with that tolerance but also 
in verifying that the desired tolerance is achieved.

Consider the rule of ten. A general rule of thumb is that to measure a feature with a speci-
fied tolerance, the uncertainty associated with the measurement device should be at least 10 
times smaller than the tolerance. It is common for micro/mesoscale parts as large as tens of 
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millimeters to have tolerances close to 1 μm. Thus, in order to measure this part following 
the rule of ten, the measurement device must have an uncertainty less than 100 nm over 
a range of tens of millimeters, a ratio of 105. Although devices with such a scale do exist, 
they are often very specialized and expensive. Therefore, the rule of ten, considered by 
many metrologists to be overkill, is often relaxed at the micro/mesoscale. A better guideline 
endorsed by standards [5] is a ratio of 4:1.

15.1.5 � Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) of micro/mesoscale parts is often found in literature. 
Electron microscopy is similar to light or optical microscopy except that to achieve better 
resolution and depth of focus, an electron source is used instead of light for illumination. 
In SEM, a focused beam of high-energy electrons is rastered over a sample surface in two 
dimensions. The interaction of the electron beam with the sample surface results in sec-
ondary electrons being emitted from the surface. These secondary electrons are collected 
by a detector and converted into an image of the sample surface [6].

SEM is an excellent tool for imaging and qualitatively assessing small parts because of 
the excellent resolution and high depth of focus achievable. However, this method is gen-
erally not well suited to 3D measurement. Because of the high depth of focus and the fact 
that the electron beam is only scanned in one plane, it is difficult to interpret the height of 
features imaged under SEM. In addition, low-uncertainty measurement would require the 
microscope to be calibrated at every magnification and every setting. Microscopy settings 
(such as magnification, spot size, and astigmation) are continually changed to improve 
image quality, and the magnetic microscope “lenses” tend to drift. Thus, an SEM continu-
ally needs recalibration to perform low-uncertainty dimensional measurements. SEM may 
be well suited to certain 1D measurements (e.g., line width) and 2D measurements, but 
care should be taken that in addition to proper calibration, the feature being measured 
should be truly normal to the detector. 3D measurement by SEM would require multiple 
images or beams (stereo pairs), and such systems continue to be developed.

15.2 �T ouch Probe Measurement

Touch probe measurement is a logical place to start the examination of micro/mesoscale 
dimensional metrology methods because the method is extremely powerful and very well 
understood at the traditional scale. Coordinate measuring machines (CMMs) provide low 
uncertainty postprocess 3D measurements of traditional-scale parts. In addition, many 
new traditional-scale machine tools come equipped with spindle-mounted touch probes 
both for workpiece setting and for part dimensional measurement. A considerable amount 
of effort has gone into characterizing the coordinate measuring process, as evidenced by 
an entire book written about the method [7] and by the 208 references in a review paper on 
the subject [8]. The micro/mesoscale process is not dramatically different from the tradi-
tional-scale process. The range of the measurement is limited only by the places the probe 
can reach, so the output of point coordinates is a true 3D measurement. There is consider-
able effort going into enabling CMMs to operate on the micro/mesoscale [9–17].

However, significant obstacles still remain in micro/mesoscale measurement by a touch 
probe. The most significant of these is the size of the probe itself. A touch probe cannot 
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measure an internal feature (such as bore, slot, and hole) if the probe cannot fit inside 
the feature. While this concept is obvious to many, it is still a significant hurdle because 
probes smaller than 25 μm in diameter are rare, but micro/mesoscale features of that size 
are becoming common (Figure 15.2). Adding to the problem is the fact that even as smaller 
probes become more available, uncertainty in the calibration of the probe tip profile 
becomes more important and more troublesome [12]. Also to be considered is an averag-
ing effect due to the relative size of the probe tip to the size of the feature being measured.

At the much smaller size scales of micro/mesoscale manufacturing, electrostatic, Van 
der Waals, and meniscus forces play a much larger role, affecting touch probe measure-
ment. These forces cause the probe to stick to the surface after initial contact. More impor-
tantly, small, less stiff probes can be pulled toward the surface or in undesirable directions, 
resulting in increased measurement uncertainty (Figure 15.3) and possible damage to the 
small, often fragile probes. A good deal of research has led to some unique solutions in this 
area, and modern CMMs designed specifically for the micro/mesoscale often use vibrat-
ing probes to break the contact at the surface [9, 15–17]. As a vibrating probe approaches a 
surface, a change in vibration amplitude or frequency can signal contact. However, vibrat-
ing the probe greatly increases the effective tip diameter because the surface detection 
point is governed not only by the physical size of the probe but also by the amplitude of 
the vibration (Figure 15.4).

The size scales of mesoscale machine tools and micro/mesoscale parts lead to additional 
complications. Contact detection is more important at the micro/mesoscale because con-
tact areas are so small that local stresses can be rather large. In fact, contact by a 100-μm 
sphere can leave a permanent indentation in an aluminum surface at forces as low as  
500 μN. Thus, keeping contact forces low and quickly detecting the probe contact is highly 
important, but at the same time, more difficult. Several studies focus entirely on this prob-
lem [10–12].

The uncertainty of CMMs is well understood and is a function of several components 
[18]. Contributing to the combined uncertainty of a measurement are the uncertainty in 
the machine positioning, uncertainty in the probing system, the sampling of coordinates 

Figure 15.2 
Fiber probe entering a 125-mm hole.
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(the number and distribution of coordinates measured on the part), and uncertainty in the 
fitting of geometric shapes to the sampled coordinates. National and international stan-
dards govern the determination of machine and probing system uncertainty components 
[19,20]. Some recent work has focused on qualification and verification tests and standards 
for micro/mesoscale-specific systems [21]. Modern CMMs provide excellent positioning 
accuracy, and their positioning errors are also well mapped, allowing for compensation. 
Uncertainty in the probing system is a function of the probe tip profile and the sensitivity 
of the triggering mechanism. Under proper conditions, uncertainty in dimensional mea-
surements using CMMs can be as small as tens of nanometers [15].

CMM measurement requires a high degree of environmental control and is rather slow. 
Because contact is required for measurement, a thin layer of water on the surface can affect 
measurement. Therefore, a high level of humidity control is required along with tempera-
ture control and vibration isolation. Individual part coordinates are measured in series, 
and measuring hundreds of coordinates to reduce sampling and fitting uncertainties can 
take hours. The number of points still pales in comparison to the number of points used in 
optical processes that can collect millions of points in a matter of seconds.
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Figure 15.3 
As a microscale touch probe approaches a surface, forces can draw the probe tip toward the surface (a) and can 
cause the probe tip to adhere to the surface as the probe retracts (b). These phenomena can result in an increase 
in uncertainty of measuring the surface’s position.

Figure 15.4 
Apparent probe diameter differs greatly with traditional probes and vibrating probes. With traditional probes, 
the apparent diameter is slightly smaller than sphere diameter owing to time delay in triggering. With vibrating 
probes, the apparent diameter is more a function of the vibration amplitude.
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15.3.1 �O ptical Measurements

Review papers [22,23] discussing optical methods for dimensional metrology mention 14 
different methods. The methods used most commonly for 3D metrology of micro/meso-
scale parts and features are white-light interferometry, confocal microscopy, fringe projec-
tion, and optical microscopy. As would be expected, each has its own relative strengths 
and limitations. However, certain aspects of optical measurements apply to all methods. 
Many of these concepts are covered in great detail in the Handbook of Optical Metrology [24].

One overall advantage is that optical processes are generally noncontact. This is an 
advantage at the micro/mesoscale because, as seen in the discussion on touch probes, the 
small sizes involved often make the parts more fragile or susceptible to damage. However, 
these being noncontact means, the part is imaged remotely, usually with the optical axis 
normal to the surface under measurement. This means that optical processes are usually 
limited to 2.5D.

2.5D means that optical processes can provide information in the third, vertical dimen-
sion but with some limitations. The particulars of how the different processes provide 
vertical measurement are discussed further in the individual subsections that follow. 
However, the limitations of all the processes are similar. The main limitation deals with 
the line of sight. If there is no direct line of sight from the optical sensor to the feature to 
be measured, no measurement can take place. This limitation primarily affects vertical 
sidewalls and overhangs (e.g., t-slots). Because the vertical sidewalls are usually parallel to 
the optical axis, there is no direct line of sight from a point on the sidewall to the optical 
sensor. As such, optical processes may be able to measure the depth of a hole or slot but 
usually cannot provide information on the taper of a slot or the cylindricity of a hole. A 
true 3D measurement would provide all this information.

Another issue common to all optical processes is lighting. If the feature or point to be 
measured cannot be properly illuminated, and the light cannot return to the optical sen-
sor, no measurement can take place. This makes the measurement of high-aspect-ratio 
holes and slots difficult. Features measured by optical processes usually need to be reflec-
tive and should have little slope to reflect adequate light back to the sensor. It is often 
difficult to optically measure the surfaces of transparent and translucent parts. A more 
troublesome aspect of lighting is that the quality of the sample illumination often directly 
affects the measurement. If a certain point is illuminated too much, a portion of the image 
can appear washed out due to the optical sensor becoming saturated. Alternatively, if a 
point or feature to be measured is illuminated too dimly, the features in the measured 
image may be less sharp. Both circumstances affect the apparent resolution of the mea-
surement. Unfortunately, providing quality lighting to a measurement scene is often more 
of an art than a science.

All optical processes discussed in this chapter use intensity measurement in the visible 
light spectrum as a primary component of the measurement. Intensity deals with the amount 
of light reaching an optical sensor. For example, edge detection, phase decomposition, and 
thresholding, all involve the interpretation of intensity in some manner. Thus, uncertainty 
in intensity measurement will directly affect uncertainty in the optical measurement.

Uncertainty in intensity measurement is rather complicated and comes from several, 
often correlated, components. The two primary sources of uncertainty in intensity mea-
surement are quantization and noise. Most optical measurements now involve digital 
electronics that utilize a focal plane array (FPA). The most common FPA device utilized 
in optical metrology cameras is a charge-coupled device (CCD), and most commercially 
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available optical measurement systems utilize a midlevel camera (as opposed to a high-
level camera with superior specifications and characteristics) to keep system prices down. 
An FPA is actually an array of individual optical sensors termed pixels. Each pixel captures 
light emitted or reflected from the target being observed. Because these devices are digi-
tal, the intensity of the light reaching each pixel is broken into digital levels. An eight-bit 
system divides intensity into 256 digital levels from black (0) to saturation (255), although 
some cameras use more levels. This is known as quantization. However, the division is 
often nonlinear (Figure 15.5). If linearity is assumed, significant uncertainty will exist at 
low and high intensities. If nonlinearity is compensated for, uncertainty may be smaller, 
but it will still exist in the uncertainty of the compensation. The approach with least uncer-
tainty usually involves only working in the linear portion of the intensity plot. However, 
this limits the range the process can work in and is often impractical.

The two most common noise components are known as thermal noise and shot noise. 
Thermal noise in an FPA device is a result of heat from the imaging components causing 
a change in the free electrons that are mistakenly recorded by the imaging device. Shot 
noise is a characteristic of all devices that convert a measurement to charge and is defined 
as uncertainty due to random fluctuations of the charge carriers. Camera data sheets will 
often attempt to quantify these errors, but unfortunately, it is nearly impossible to measure 
the two components independently. Many high-end cameras combat thermal noise using 
a variety of methods to cool the sensor array.

Other sources of uncertainty in optical measurement may come from the construction of 
the FPA itself. Typically, the size of the FPA chip and the number of pixels in the chip are 
known, and the pixel size comes from dividing the two. However, in actuality, there are 
tiny wires between the pixels that carry the charge into the chip’s electronics. Thus, only a 
certain percentage of the chip (the fill factor) is able to gather light (or measure intensity), 
and even if that percentage is known, there remains some uncertainty in the size and dis-
tribution of the pixels.

Most optical processes are surface profilers that have been adapted to provide dimen-
sional measurement. Because of this, measurements of the vertical dimension typically 
take advantage of various optical properties and provide measurements with lower uncer-
tainty than measurements of lateral dimensions that almost always involve counting of 
sensor pixels. While lateral resolution is generally theoretically limited by the wavelength 
of light used, in most cases, this limit is much smaller than the size of the optical sensor 
pixel projected onto the feature. As such, uncertainty in lateral dimensional measurements 
is often a function of the size of the pixel in the FPA, which is not an optical property.
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Figure 15.5 
Intensity response is nonlinear at low and high digital levels, which can lead to large uncertainty.
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15.3.1 � Scanning White-Light Interferometry (SWLI)

Scanning white-light interferometers are readily available, and the process has been widely 
applied in characterizing micro/mesoscale parts and features [25–29]. Phase-shifting inter-
ferometry, common in the field of optics, provides exceptionally low vertical measurement 
uncertainty (< 1 nm possible), but is limited to only surfaces with small slopes. Scanning 
white-light interferometry (SWLI) can handle very large slopes, even steps, but does so 
at the expense of higher uncertainty. SWLI extends the vertical range by vertically trans-
lating the interferometric objective. Typically, a piezoelectric actuator translates a Mirau 
interferometric objective (Michelson and Linnik objectives are used less commonly) along 
the optical axis, and interferograms are collected as the objective is translated (Figure 15.6). 
Fast Fourier transformation and phase evaluation, searching pixel by pixel for the maxi-
mum intensity contrast in the interferogram and comparing this with the z-position of that 
interferogram, allow determination of the surface profile (Figure 15.7) [29]. White light is 
used because it has a shorter coherence than monochromatic laser light, avoiding fringe 
ambiguity and allowing better measurement.

Benefits of SWLI are that vertical resolution is independent of optical magnification and 
that uncertainty in the vertical dimension can be 20 nm or better. However, lateral resolu-
tion is associated with the objective’s numerical aperture (NA). A smaller NA typically 
permits a larger field of view and also results in a larger (poorer) resolution. Furthermore, 
at low magnification, the FPA in the camera collecting the interferograms typically limits 
the resolution of lateral measurement. Even at these low magnifications, the lateral field of 
view is typically only a couple of millimeters, much smaller than the larger micro/meso-
scale parts. Thus, to completely measure parts larger than the field of view (or if a high-
resolution image of smaller features is desired), several neighboring images must be taken 
individually and stitched together. The machine must move the part between consecutive 
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Figure 15.6 
Schematic of a typical scanning white-light interferometry setup.
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images, introducing the potential for machine tool errors to affect the measurements. This 
stitching adds another layer of uncertainty to the measurements. Lateral SWLI reduces the 
severity of this limitation [30].

15.3.2 � Confocal Microscopy

In confocal microscopy, the field of view is limited to a very small area. This limitation 
results in improved lateral resolution over that small area when compared to conventional 
optical microscopy [31]. The process has found considerable applications in the biological 
field (live-cell imaging) and has been applied to measurement of micro/mesoscale parts 
and features [32–34]. The process operates by projecting light through a pinhole onto the 
workpiece and also collecting light reflected from the workpiece through the pinhole 
(Figure 15.8). This has the effect of returning light to the detector only when the measure-
ment surface is exactly in focus. As in SWLI, the objective lens is translated along the opti-
cal axis. Because light only reaches the detector when the surface is in focus, the height 
of the surface is found by comparing the peak intensity with the z-height of the objective 
(Figure 15.9). This is done pixel by pixel to create a topographical map of the surface.
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Figure 15.7 
As the interferometric objective is scanned along the vertical axis, the contrast between fringes is measured and 
compared to the z-height, allowing the determination of vertical dimensions.
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Figure 15.8 
Schematic of a typical confocal microscope. Note that if the specimen height is not in focus, the light reflected 
from the surface does not reach the detector.
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Because the process only views one pinhole worth of a surface at a time, one might think 
the process would be rather slow. This is not the case, however, because creative solutions 
allow multiple pinholes to quickly scan over a surface. Older models of confocal micro-
scopes would raster the beam over the surface, similar to the SEM. This process would 
require several seconds to fill the entire imaging array at only one z-height. However, 
modern confocal microscopes use a Nipkow disk. A Nipkow disk has a large number 
of pinholes arranged in a spiral along the surface of a disk (Figure 15.10). Thousands of 
pinholes ~50 μm in diameter can be illuminated simultaneously, and the disk is spun to 
distribute the pinholes over the entire field of view. A spinning disk confocal microscope 
can acquire an entire image in one plane in less than a millisecond. As such, the limiting 
factor for the process lies more in the vertical scanning and data processing. Acquiring a 
full 3D image typically takes on the order of several seconds.

Similar to most other optical measurements, vertical and lateral resolutions are different, 
but lateral resolution of confocal microscopy is better than that of any other optical pro-
cess. In general, lateral resolution is a function of the pinhole geometry and NA. Pinholes 
must be arranged such that stray light from an out-of-focus surface does not return to the 
detector through neighboring pinholes. At 40 x magnification with an NA of 1.2, a lateral 
resolution of 250 nm is attainable [35]. Unlike in SWLI, uncertainty in the vertical dimen-
sion also changes with NA. Uncertainty in the vertical dimension is typically around 
50 nm when vertical translation is accomplished by a piezoelectric actuator, but if longer 
travel is desired to increase the vertical measuring range, a stepper motor can be used 
for the translation, resulting in poorer uncertainty. The measurement area, when using a 
Nipkow disk, is similar to that with SWLI, again requiring stitching for larger parts.

15.3.3 � Fringe Projection

Fringe projection or structured light processes, although used for inspection of micro/
mesoscale features [28, 36], are much less common in the field of micro/mesoscale metrol-
ogy. Fringe projection is based on photogrammetry and provides 3D measurement through 
a solution to the stereo correspondence problem [37–39]. Typical photogrammatic solutions 
to stereo correspondence involve imaging a part with two cameras from two different 
perspectives and need some type of reference in both images. Fringe projection, however, 
replaces one camera with a projector that projects a known pattern. This pattern becomes 
distorted by the shape and contours of the surface on which it is projected (Figure 15.11). 
The pattern provides the reference and allows corresponding points to be more easily 
determined automatically.
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Figure 15.9 
Schematic demonstrating the determination of the vertical dimension in confocal microscopy. This process is 
performed for every pixel in the sensor array.
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Far fewer commercial systems are available for micro/mesoscale fringe projection than 
for SWLI or confocal microscopy (though the process is becoming more popular at the tra-
ditional scale for noncontact 3D measurement), but literature shows that fringe projection 
can be equally effective. Windecker et al. [36] reviewed all three processes and measured 
surfaces of varying roughness, comparing results with output from a stylus measuring 
device. While SWLI and confocal microscopy proved superior at very low (< 500 nm) 
roughness, fringe projection performed equally well at roughness scales above 1 μm.

The intrigue with fringe projection stems from the fact that the strengths and limitations 
of the process are often opposite to those of other optical processes. The setup for fringe 
projection measurement is very flexible, allowing the setup to be adjusted to accommodate 
a variety of part shapes. Also, the measurement can be configured to project patterns of 
various sizes, accommodating a range of part sizes. Digital projection and imaging can 
easily scale in size to envelop the entire part or feature, that is, the entire part can be mea-
sured without stitching and without any movement of the measuring device.

Microlenses

Nipkow spinning disk

Pinholes

Incoming light

Beamsplitter

Detector

Objective lensSample surface

Not to scale

(a)

(b)

Figure 15.10 
The Nipkow spinning disk greatly improves the speed of confocal microscopy by allowing multiple pinholes 
to be scanned over the entire field of view. (a) Spiral design of Nipkow disk; (b) Nipkow disk incorporation into 
a confocal microscope.
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However, shadowing is a larger problem with fringe projection, and highly reflective 
surfaces cannot be measured (Figure 15.12). Because there are multiple lines of sight in 
fringe projection, if any of these are obscured from a certain area of the part, that area 
cannot be measured. Depending on the setup, this may limit the aspect ratio of internal 
features that can be measured. Also, if the surface reflects all the light from the projector 
in a direction away from the camera, measurement cannot take place. To avoid these prob-
lems, the surface being measured may be coated with a material that scatters light better, 
and multiple projector angles and camera views may be used.

Determining uncertainty for fringe projection is a complicated matter [40] but is gener-
ally larger than SWLI or confocal microscopy. In addition to the sensor uncertainties dis-
cussed earlier, the resolution of fringe projection is limited by the size of projector pixels. 
With the current state of the art, projector pixels are much larger than camera pixels, but 
the technology is constantly evolving.

15.3.4 � Optical Microscopy

Optical microscopy is a very powerful tool for quick, low-uncertainty measurements in 
two dimensions. Features and patterns can be identified within the field of view, and a 
well-calibrated vision system can provide low-uncertainty measurements and quick com-
parison to templates. However, for 3D measurement, optical microscopy is used in a dif-
ferent manner.

Figure 15.11 
Demonstration of a typical known fringe pattern and how that pattern is distorted when projected onto a con-
toured part.

Area shadowed
from projector Area shadowed

from camera 

CameraProjector

Sample

Figure 15.12 
Shadowing and reflective surfaces are more problematic for fringe projection than other optical measurement 
processes.
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To provide 3D measurement, the optical microscope performs more like a CMM 
except that it has an optical probe instead of a touch probe. As in SEM, it is diffi-
cult to obtain information about a part in the vertical dimension. However, in con-
trast to SEM, an optical microscope has a relatively small depth of focus, especially at 
higher magnification. Because of this, the feature being inspected is in focus at only 
one particular height. That position of focus can translate to a measurement in the 
third dimension with the use of a precise scale on the positioning device. With this 
type of measurement method, the position of focus is determined automatically (auto-
focus). The method of determining this position is usually proprietary to the particu-
lar system, but a through-focus technique similar to the one described for confocal 
microscopy is common, although with larger measurement uncertainty. This vertical 
measurement is combined with the position of the x- and y-axes scales to locate the 
coordinate of the in-focus feature at the center of the microscope’s field of view. If the 
image system is calibrated, coordinates of features elsewhere in the field of view that 
are also in focus can be determined by combining the distance from the center of the 
image with the axes scales’ positions.

15.4 � Scanning Probe Microscopy

The strength of SPM lies in its superior measurement uncertainty. Under proper condi-
tions, SPM can be used to resolve individual atoms. However, SPM processes are limited in 
their range to only hundreds of micrometers laterally and tens of micrometers vertically. 
As such, SPM may be better suited for nanomanufacturing metrology. However, there is 
important overlap with micro/mesoscale manufacturing that warrants a brief discussion 
here. A more thorough introduction to SPM and the variety of SPM processes can be found 
elsewhere [41].

All SPM processes involve bringing a probe tip into near-field proximity with the part’s 
surface, scanning the probe over the surface, and monitoring a specific interaction between 
the probe and the surface. Operating in the near-field avoids common limitations on reso-
lution (e.g., Raleigh’s criterion) seen in the far-field processes discussed in the previous 
section. Scanning is accomplished with piezoelectric actuators. The height of the probe 
is controlled to keep the interaction between the probe and the surface constant. Height 
adjustments as a function of scanning position provide a topographic map of the mea-
sured surface. There are a variety of interactions that can be monitored, leading to as many 
as 16 different types of SPM.

Scanning tunneling microscopy (STM), scanning force microscopy (SFM), and scan-
ning near-field optical microscopy (SNOM) are the most commonly encountered SPM 
processes. SFM requires the least amount of sample preparation, can measure electrically 
nonconductive as well as conductive samples, and has the largest measurement range. 
Therefore, it is the most pertinent technique to micro/mesoscale metrology. In SFM, the 
forces between the probe and workpiece are monitored. It is assumed that in the near-
field, this interaction is primarily between the atoms at the probe tip and the atoms at the 
workpiece surface, leading to the common name atomic force microscopy (AFM).

AFM probes are typically SiN tips, etched to a near-atomic dimension, mounted at the 
end of a cantilever (Figure 15.13). When the probe tip is brought into close proximity with 
the surface, the cantilever deflects by an amount proportional to the atomic force between 
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the probe and the surface. The amount of deflection is commonly monitored by beam 
deflection (Figure 15.13). A laser beam is deflected from a source, off the top of the cantile-
ver, and to a position-sensitive photodiode. As the cantilever deflection changes, the posi-
tion of the beam on the photodiode also changes. Less commonly, cantilever deflection can 
be monitored through embedded piezoresistive or piezoelectric material, interferometry, 
capacitance, or tunneling current.

There are also several different types of AFM, classified into dynamic and static meth-
ods. The most common static method is referred to as contact AFM. With this variant, the 
probe tip is brought to within the region where the forces between the tip and the surface 
are repulsive. As the probe is moved, the probe height is controlled to result in the same 
amount of cantilever deflection. Noncontact AFM is a dynamic process. The probe tip 
is oscillated near its eigenfrequency, and the probe height is controlled to keep this fre-
quency constant. Noncontact AFM is the only SFM process to achieve atomic resolution. 
Between these two variants is another dynamic process termed tapping AFM. The probe 
tip is vibrated by approximately 20–100 nm such that the probe tip moves in and out of the 
repulsive force regime. The probe height is controlled to provide a constant amplitude of 
vibration. Tapping AFM has the advantage of being limited in resolution only by tip geom-
etry, similar to contact AFM, but with significantly lower lateral forces than encountered 
in contact AFM.

The resolution of an AFM, when operated under proper environmental conditions, is 
primarily limited by tip geometry. The tip can be thought of as a cone or a pyramid. The 
height and angle of the pyramid as well as the sharpness of the tip are the important limit-
ing factors (Figure 15.14). Because of this, uncertainty in the calibration of AFM probe tips 
is important to low-uncertainty measurement.

Figure 15.13 
Beam deflection is a common method of monitoring cantilever deflection in AFM.
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15.5 � Hybrid Processes

It is easy to imagine that in the absence of the development of a new measurement process, 
all future commercial micro/mesoscale metrology devices will be hybrid systems. As seen 
in the previous sections, every measurement process has trade-offs. Micro-CMMs trade 
speed for range and low uncertainty. Other processes trade measurement area (lateral 
range) for lateral uncertainty or resolution. No one process can meet the high demands 
of micro/mesoscale part and feature manufacturing. Hybrid processes draw from the 
strengths of multiple processes to overcome the limitations of the involved processes and 
meet the measurement demands of the part.

Presently, almost all CMMs marketed toward micro/mesoscale parts offer a multiprobe 
solution. These machine builders realize that manufacturers producing micro/mesoscale 
parts often produce a small volume of a wide variety of parts. These manufacturers require 
a measurement device capable of handling this variety. Parts that require quick measure-
ment or are too fragile for contact measurement can be measured with an optical probe or 
a laser probe. Parts that require real 3D measurement or do not reflect light adequately can 
be measured by the machine’s touch probe.

Alternatively, many micro/mesoscale parts have the high demand of a large number 
of measured points with extremely low uncertainty measurement over a long range. The 
concepts of precision engineering will be necessary to conduct these types of measure-
ment [42]. There is considerable research toward utilizing the range of CMMs and com-
bining it with the low-uncertainty measurements capable of quickly measuring a large 
number of points. AFM probes have been mounted on CMMs [43, 44]. The capabilities of 
SWLI are being extended to utilize them more like CMMs [45]. When extending the range 
of these processes, fiducials can be used to reduce measurement uncertainty [46].

15.6 �O n-Machine Metrology

In situ or on-machine metrology has been called the holy grail of discrete part manu-
facturing and will have a large impact on high-value manufactured products. Typical 
micro/mesoscale parts are inherently more valuable than typical traditional-scale parts. 

Figure 15.14 
Tip geometry is a main factor in contact AFM and tapping AFM resolution.
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On-machine measurement can reduce the number of scrapped parts by immediately iden-
tifying and correcting for errors in the manufacturing process.

Many manufacturers think of metrology as a “non-value-added” process because post-
process metrology requires taking the part away from the production line. Despite the 
flaws in this reasoning, on-machine measurement appeases these manufacturers because 
the measurement process takes place within the production line, eliminating the time lost 
in moving the part to a separate measurement machine, possibly in a separate, dedicated 
room or facility. In fact, on-machine measurement could make a separate metrology facil-
ity unnecessary, allowing a manufacturer to use space originally allotted to metrology for 
further production.

An additional impact is the fact that on-machine metrology does not require reregis-
tration of the workpiece. When the workpiece is first fixtured to the machine tool, key 
datum surfaces are established to register the part within the machine’s coordinate sys-
tem. Features are then machined relative to these surfaces. With postprocess measure-
ment, these datum surfaces would need to be reestablished on the metrology device. With 
on-machine measurement, because the part is not removed from the machine’s fixture, the 
time required to reregister the part is eliminated, but more importantly, the errors in the 
workpiece are better connected to the errors in the machine tool.

Better connection between machine tool and part errors has several impacts. Of primary 
importance is that after part errors have been detected, the user or the controller can cor-
rect these errors on the current part or compensate for the errors on subsequent parts. 
This leads to fewer scrapped parts. Also, part errors can help to more quickly diagnose a 
machine or a tool trending out of tolerance. A change in surface roughness between two 
parts might indicate that a tool change is necessary.

While these advantages will impact all scales of manufacturing, micro/mesoscale 
manufacturing further benefits from on-machine inspection. The virtue of not needing to 
reestablish datum surfaces was previously mentioned, but micro/mesoscale parts further 
benefit because components are much smaller and absolute tolerances are smaller, making 
part registration more difficult and time consuming. Also, fixturing of micro/mesoscale 
parts is significantly more difficult than traditional-scale parts, often requiring unique 
fixturing solutions for individual parts. With postprocess measurement techniques, a fix-
turing solution for measurement would be necessary in addition to the fixturing solution 
for machining, adding significant time and cost. With on-machine measurement, only one 
fixturing solution suffices.

An additional benefit to micro/mesoscale parts is the reduction in handling that results 
from on-machine measurement. Micro/mesoscale parts are small and often fragile, pre-
senting unique handling issues not encountered on the traditional scale. Pick-and-place 
robots with gripping end effectors aid in automation at the traditional scale and could 
avoid problems created by human handling at the micro/mesoscale. However, issues with 
adhesion discussed in the touch probe section are more troublesome in handling. If the 
part does not move from its fixture, as is the case with on-machine measurement, the loca-
tion of the features is already known, allowing immediate start of the measurement cycle. 
Of course, any time a part is handled, there is the chance of damaging the part or surface. 
The lack of handling between machining and measurement greatly reduces the likelihood 
that the part is harmed in this phase of production.

A major challenge of on-machine metrology is the decoupling of machine tool errors 
from measurement uncertainty. No machine is perfect, so when the machine moves to 
produce the part, error motions will result in part imperfections. If the same machine 
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again moves to perform the measurements, the same error motions will likely repeat, 
obscuring the part imperfections from the measurement. This is a significant obstacle, and 
if not properly addressed, will defeat any advantage on-machine measurement can offer.

Another consideration should be the harsh environment in which the metrology device 
would reside. Postprocess measuring devices typically reside and operate in a controlled 
environment ideal for measurement. On-machine devices would obviously reside on a 
machine tool and must be able to properly operate whether the machine tool is in a condi-
tioned environment or on the shop floor. The metrology device would need to be able to 
survive the harsh machining environment that could see flying chips and cutting fluids. 
Proper measurement requires removal of any debris from the machining process, deburr-
ing, and thorough cleaning of the part surfaces. However, this cleaning must be accom-
plished without removing the part from the fixture—no trivial task. In addition, thermal 
expansion could more significantly affect on-machine measurements than postprocess 
measurements. The machine likely just moved a significant amount with the spindle on, 
producing a considerable amount of heat. This heat could cause expansion of important 
machine components or even the part itself.

Again, the unique attributes of micro/mesoscale machining present further important 
considerations. The recent high demand for smaller parts has led to the development of 
new micro/mesoscale machine tools, significantly smaller than their traditional-scale 
cousins and often with different designs. An on-machine measurement device would 
need to operate within the confined work volume of any micro/mesoscale machine tool, 
often only 25 mm × 25 mm × 25 mm. This does not provide much space for large optics, 
supporting electronics, or stray cables. Also, while an on-machine measurement solution 
that succeeds on only one specific machine design would be progress, a more robust solu-
tion that fits many machine designs is more desirable.

15.7 � Summary

This chapter presented an overview of processes typically used for 3D metrology at the 
micro/mesoscale. None of the processes discussed was specifically developed to oper-
ate with micro/mesoscale manufactured parts (see Table 15.1 for typical uses). Because 

Table 15.1 

Since Many Micro/Mesoscale Metrology Processes Are Adaptations of Existing 
Methods, They Are also Used in a Variety of Other Fields

Process Common Fields of Application

CMM Traditional-scale geometric part metrology microhole characterization

SPM 
Biological applications, semiconductor wafer measurement, microstructural 
analysis, nanomanufacturing

WLI 
MEMS devices, surface texture metrology, semiconductors (step heights, critical 
dimensions, topographical features)

CM 
Biotech, molecular biology, living cell observation, printer head measurement, 
high aspect ratio samples, MEMS

FP Molds and plastic molded parts, reverse engineering

CMM, coordinate measuring machines; SPM, scanning probe microscopy; WLI, white-light 
interferometry; CM, confocal microscopy; and FP, fringe projection.

The meaning 
of the sentence 
"The metrology 
device would 
need to be able 
to survive ..." is 
not clear. Please 
rephrase for bet-
ter clarity.

Please confirm if 
the abbreviation 
"MEMS" needs to 
be defined. If"yes" 
please define the 
same.

K12436_c015.indd   324 6/5/2012   8:28:51 PM



325Dimensional Metrology for Micro/Mesoscale Manufacturing

of this, trade-offs exist with each of the processes. Table 15.2 summarizes the capabili-
ties and availability of the discussed processes. Because of the inherent high value and 
high demands of micro/mesoscale parts, hybrid processes and on-machine metrology are 
likely the future of micro/mesoscale manufacturing.

References

	 1.	 Hansen, H., Carneiro, K., Haitjema, H., and De Chffre, L. 2006. Dimensional micro and nano 
metrology. CIRP Annals 55(2): 721–743.

	 2.	 Weckenmann, A. and Ernst, R. 2000. Future requirements on micro- and nanomeasurement 
technique Challenges and approaches. Technisches Messen 7–8: 334–342.

	 3.	 ISO/IEC Guide 99 2007. International Vocabulary of Metrology—Basic and General Concepts and 
Associate Terms (VIM). Published by ISO in the name of BIPM, IEC, IFCC, IUPAC, IUPAP, and 
OIML.

	 4.	 ISO/IEC Guide 98-3 2008. Uncertainty in Measurement-Part 3 Guide to the Expression of Uncertainty 
in Measurement (GUM 1995). Published by ISO in the name of BIPM, IEC, IFCC, IUPAC, IUPAP, 
and OIML.

	 5.	 ISO 14253-1 1998, Geometrical Product Specifications (GPS)—Inspection by measurement of work-
pieces and measuring equipment-Part 1: Decision rules for proving conformance or non-conformance 
with specifications.

Table 15.2

Summary of the Capabilities of the Discussed Micro/Mesoscale Metrology Processes

Process 

Contact (C)  
or Non- 
contact (N) 

Vertical 
Uncertainty 
(nm)

Lateral 
Uncertainty 
(nm)

Measurement 
Size 

Commercial 
Systems Strengths Weaknesses

CMM C 25 25 Probes down 
to 100 mm 

Few in 
microscale 

Low uncer- 
tainty, very 
well charac- 
terized 

Probe size;  
slow; envi- 
ronmental 
control

SPM N 1 or less 1 or less 200 mm × 200 
mm; 15-mm 
z-range 

Many Superior 
uncertainty, 
variety of  
measure- 
ments 

Small scan 
size; limited 
z-range; 
environment 
control

WLI N 20 300a at high 
mag. 

2 mm × 2 mm 
down toa 70 
mm × 70 mm 

Many Vertical 
resolution 

Diffraction 
limited; 
working 
distance

CM N 50 1000a 150 Up to 2 mm × 
2 mma, 550 
mm ×  550 
mm, 70 mm 
× 70 mm 

Many Lateral 
resolution; 
long z-scan 
available 

Diffraction 
limited; 
working 
distance

FP N <100 5000 100 mm and 
up 

Few Large field 
of view; 
fast 

Large 
uncertainty; 
less 
developed

All values are approximate and are based on specification sheets of various commercially available systems.
a	 Measurement size and uncertainty vary with numeric aperture on optical systems. Cited values are for com-

monly available optics.

In Table 15.2, 
please clarify 
whether the 
words "working 
distance" (two 
instances) should 
be followed by 
any other text 
describing the 
working distance. 
If yes, please 
provide the miss-
ing text.

Please provide 
the publisher's 
name and place 
of publication for 
References 5, 19 
and 20.

Please provide 
the place of 
publication for 
References 3, 
4 and 31.

K12436_c015.indd   325 6/5/2012   8:28:51 PM



326 Micromanufacturing Processes

	 6.	 Goldstein, J., Newbury, D., Joy, D., Lyman, C., Echlin, P., Lifshin, E., Sawyer, L., and Michael, 
J.R. 2003. Scanning Electron Microscopy and X-ray Microanalysis. New York: Springer.

	 7.	 Bosch, J., ed. 1995. Coordinate Measuring Machines and Systems. New York: Marcel Kekker, Inc.
	 8.	 Weckenmann, A., Estler, T., Peggs, G., and McMurtry, D. 2006. Probing systems in dimensional 

metrology. CIRP Annals 53(2): 657–684.
	 9.	 Weckenmann, A., Peggs, G., and Hoffmann, J. 2006. Probing systems for dimensional micro- 

and nano-metrology. Measurement Science and Technology 17: 504–509.
	 10.	 Cao, S., Brand, U., Kleine-Besten, T., Hoffman, W., Schwenke, H., Butefisch, S., and Büttgenbach, S. 

2002. Recent developments in dimensional metrology for microsystem components. Microsystem 
Technologies 8: 3–6.

	 11.	 Kung, A., Meli, F., and Thalmann, R. 2007. Ultraprecision micro-CMM using a low force 3D 
touch probe. Measurement Science and Technology 18: 319–327.

	 12.	 Lewis, A.J. 2003. Fully traceable miniature CMM with submicrometer uncertainty. Proceedings 
of SPIE 5190: 265–276.

	 13.	 Brand, U. and Kirchhoff, J. 2005. A micro-CMM with metrology frame for low uncertainty mea-
surements. Measurement Science and Technology 16: 2489–2497.

	 14.	 Peiner, E., Doering, L., and Nesterov, V. 2004. Tactile probes for high aspect ratio micrometrol-
ogy. MST News 2: 38–40.

	 15.	 Muralakrishnan, B., Stone, J., and Stoup, J. 2006. Fiber deflection probe for small hole metrol-
ogy. Precision Engineering 30(2): 154–164.

	 16.	 Takaya, Y., Imai, K., Ha, T., Miyoshi, T., and Kinoshita, N. 2004. Vibrational probing technique 
for the nano-CMM based on optical radiation pressure control. CIRP Annals 53(1): 421–424.

	 17.	 Bauza, M.B., Hocken, R.J., Smith, S.T., and Woody, S.C. 2005. Development of a virtual probe 
tip with an application to high aspect ratio microscale features. Review of Scientific Instruments 
76: 095112.

	 18.	 Phillips, S. 1995. Performance evaluations. Coordinate Measuring Machines and Systems, ed. J. 
Bosch. New York: Marcel Dekker.

	 19.	 ANSI/ASME B89.4.10360.2 2008. Acceptance Test and Reverification Test for Coordinate Measuring 
Machines (CMMs) Part 2: CMMs Used for Measuring Linear Dimensions (Technical Report).

	 20.	 ISO 10360-2 2009. Geometrical Product Specifications (GPS)—Acceptance and Reverification Tests for 
Coordinate Measuring Machines (CMM)-Part2: CMMs Used for Measuring Linear Dimensions.

	 21.	 Neuschaefer-Rube, U., Neugebauer, M., & Ehrig, W. 2008. Tactile and optical microsensors: Test 
procedures and standards. Measurement Science and Technology 19: 1–5.

	 22.	 Hocken, R.J., Chakraborty, N., and Brown, C. 2005. Optical metrology of surfaces. CIRP Annals 
54(2): 169–183.

	 23.	 Schwenke, H., Neuschaefer-Rube, U., Pfeifer, T., and Kunzmann, H. 2002. Optical methods for 
dimensional metrology in production engineering. CIRP Annals 51(2): 685–700.

	 24.	 Yoshizawa, T. 2009. Handbook of Optical Metrology: Principles and Applications. Florida: CRC 
Press.

	 25.	 Deck, L. and de Groot, P. 1994. High-speed noncontact profiler based on scanning white-light 
interferometry. Applied Optics 33: 7334–7338.

	 26.	 Vallance, R.R., Morgan, C.J., Shreve, S.M., and March, E.R. 2004. Micro-tool characterization 
using scanning white light interferometry. Journal of Micromechanics and Microengineering 14: 
1234–1243.

	 27.	 Windecker, R., Fleischer, M., and Tiziani, H.J. 1999. White-light interferometry with extended 
zoom range. Journal of Modern Optic 46(7): 1123–1135.

	 28.	 Windecker, R., Fleischer, M., Körner, K., and Tiziani, H.J. 2001. Testing micro devices with fringe 
projection and white-light interferometry. Optics and Lasers in Engineering 36: 141–154.

	 29.	 Schmit, J. & Olszak, A. 2002. High-precision shape measurement by white-light interferometry 
with real-time scanner error correction. Applied Optics 41(28): 5943–5950.

	 30.	 Olszak, A. 2000. Lateral scanning white-light interferometry. Applied Optics 39(22): 3906–3913.
	 31.	 Wilson, T. 1990. Confocal Microscopy. Academic Press.

K12436_c015.indd   326 6/5/2012   8:28:51 PM



327Dimensional Metrology for Micro/Mesoscale Manufacturing

	 32.	 Jordan, H.-J., Wegner, M., and Tiziani, H. 1998. Highly accurate non-contact characteriza-
tion of engineering surfaces using confocal microscopy. Measurement Science and Technology 9: 
1142–1151.

	 33.	 Pfeifer, T., Schmitt, R., and Aleriano, U. 2005. Advanced optical metrology aimed at part inspec-
tion and reverse engineering form Mems and Nems. Proceedings of SPIE 5836: 587–598.

	 34.	 Tiziani, H.J., Achi, R., Krämer, R.N., and Wiegers, L. 1996. Theoretical analysis of confocal 
microscopy with microlenses. Applied Optics 35(1): 120–125.

	 35.	 Toomre, D., Langhorst, M., and Davidson M. Introduction to spinning disk confocal micros-
copy. http://zeiss-campus.magnet.fsu.edu/articles/spinningdisk/introduction.html.

	 36.	 Windecker, R., Franz, S., and Tiziani, H.J. 1999. Optical roughness measurements with fringe 
projection. Applied Optics 38(13): 2837–2842.

	 37.	 Batlle, J., Mouaddib, E., and Salvi, J. 1998. Recent progress in coded structured light as a tech-
nique to solve the correspondence problem: A survey. Pattern Recognition 31(7): 963–982.

	 38.	 Salvi, J., Pages, J., and Batlle, J. 2004. Pattern codification strategies in structured light systems. 
Pattern Recognition 37(4): 827–849.

	 39.	 Posdamer, J.L. and Altschuler, M.D. 1982. Surface measurement by space-encoded projected 
beam systems. Computer Graphics and Image Processing 18: 1–17.

	 40.	 Moylan, S. and Vogl, G. 2009. Uncertainty analysis of a simple fringe projection system. ASPE 
Summer Topical Meeting 32–35. 

	 41.	 Meyer, E., Hug, H.J., and Bennewitz, R. 2004. Scanning Probe Microscopy: The Lab on a Tip. 
Germany: Springer-Verlag.

	 42.	 Teague, E.C. 1989. The National Institute of Standards and Technology molecular measuring 
machine project-metrology and precision engineering design. Journal of Vacuum Science and 
Technology B 7(6): 1898–1902.

	 43.	 Hansen, H., Kofod, N., De Chiffre, L., & Wanheim, T. 2002. Calibration and industrial applica-
tion of instrument for surface mapping based on AFM. CIRP Annals 51(1): 471–474.

	 44.	 Hansen, H., Bariani, P., and De Chiffre, L. 2005. Modelling and measurement uncertainty esti-
mation for integrated AFM-CMM instrument. CIRP Annals 54(1): 531–534.

	 45.	 Ramasamy, S. and Kasper, A. 2010. Expanding white light interferometer capabilities to be 
used as a micro-CMM. Proceedings of the American Society of Precision Engineers Annual Meeting. 
Atlanta, GA, to appear.

	 46.	 Xu, Z., Shiguang, L., Burns, D., Shilpiekandula, V., Taylor, H., Yoon, S.-F., Youcef-Toumi, K., 
Reiding, I., Fang, Z., Zao, J., and Boning, D. 2009. Three-dimensional stitching based on fiducial 
markers for microfluidic devices. Optics Communications 282(4): 493–499.

Please clarify if 
the reference 45 
has since been 
published.

Please provide 
the volume 
number for 
Reference 40.

Please provide 
the accessed year 
for Reference 35.

K12436_c015.indd   327 6/5/2012   8:28:52 PM



K12436_c015.indd   328 6/5/2012   8:28:52 PM


