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I often say that when you can measure what you are speaking about and express it in numbers, you
know something about it; and when you cannot measure it; when you cannot express it in numbers,
your knowledge is meager and of unsatisfactory kind.
It may be the beginning of knowledge, but you have scarcely, in your thought, advanced to the stage
of science, whatever the matter be.
Lord Kelvin, 1886

Tactile 3D probing system for
measuring MEMS with
nanometer uncertainty Summary

Measurement underpins manufacturing technology, or in more popular terms: when you cannot measure it, you cannot manufacture it. This is true on any dimensional scale, so for microand nanotechnology to deliver manufactured products it must be supported by reliable metrology. Component miniaturization in the field of precision engineering and the development of micro
electromechanical systems (MEMS) thus results in a demand for suitable measurement instruments
for complex three-dimensional components with feature dimensions in the micrometer region and
associated dimensional tolerances below 100 nm.
As will be discussed in the first chapter of this thesis, several ultra precision coordinate measuring machines (CMMs) are developed. These CMMs are suitable for measuring complex threedimensional products, like MEMS and other miniaturized components. From a discussion on available probe systems in the first chapter it is apparent that, with respect to measurement uncertainty
and applicability of measurements on MEMS and other miniaturized components, the performance
of ultra precision CMMs is currently limited by the performance of available probe systems.
The main reason is that the measurement using a probe system is not purely influenced by work
piece topography, but also by interaction physics between probe tip and work piece. As the dimensional scale of the measurement decreases, the problems associated with this interaction become
increasingly apparent. Typical aspects of this interaction include the influence of contact forces on
plastic deformations in the contact region, surface forces and geometric and thermal effects. The
influence of these aspects on the measurement result is discussed in the second chapter. This chapter will combine results from literature, simulation and experimental results to discuss the aspects
that influence the measurement result in tactile probes. From these results it will become apparent
that these aspects underlie the limitation for precision measurements on miniaturized components
using tactile CMM metrology.
As a result, these interaction aspects are the main challenge when designing ultra precision probes.
The analysis of the interaction physics is used in the design of a novel silicon probing system with
integrated piezo resistive strain gauges to measure a displacement of the probe tip. The result is
a probe system with a colliding mass of 34 mg and an isotropic stiffness at the probe tip with a
stiffness down to 50 N/m. The measurement range of the probing system is 30 µm, but in most
measurements a range of 10 µm is used which slightly improves the signal to noise ratio.
Calibration results using the planar differential laser interferometer setup as discussed in chapter 1
show a standard deviation of 2 nm over 2000 measurement points taken in a 6 hour time frame over
a repeated 5.5 µm displacement. The combined 3D uncertainty of the probing system is estimated
to be 17.4 nm.
In order to measure micrometer scale structures, including holes and trenches, the probing system
iii

iv
can be equipped with micrometer scale probe tips. The main limitation is the relative stiffness
between the stylus and the suspension of the probing system. By design optimization, a ratio
between the length and radius of the measurement part of the stylus of 50 can be obtained, making
the probing system highly suitable for measuring these micrometer scale structures. So far, probe
tips with a radius of 25 µm have been manufactured and work is being done to decrease this radius
even further.
The probing system is implemented on a high-accuracy coordinate measuring machine and is suitable for three-dimensional tactile measurements on miniaturized components with nanometer uncertainty.
A main limitation when manufacturing the probe is assembly of the probe tip, stylus and chip
which is discussed in chapter 4. Assembly of the probe is investigated in a series of experiments on
an automated assembler. Based on these results, the design of the probe is optimized for assembly
and the automated assembler is made suitable for assembly of the probe by implementation of a
novel suction gripper. This resulted in an improvement in placement uncertainty at the tip by a
factor of 10 and an increase in yield during assembly from 60 - 80% initially, to over 95%.
In chapter 5 several experimental results with the probe system are discussed, including a quantification of the effects of surface forces on tactile measurements. It is shown that these effects are
highly repeatable and result in an attraction of 40 µN and 60 µN in the xy- and z-direction, respectively. Moreover, it is shown that the influence of surface forces on a measurement in the xy-plane
can be observed for a separation of 500 µm or less. Finally, conclusions and recommendations for
further research are discussed in chapter 6.
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Introduction

There is an increasing need for 3D measurements on MEMS and other miniaturized components
with low uncertainty. Several ultra precision coordinate measuring machines are developed which
are suitable for this task. Currently, the applicability of this method and the measurement uncertainty that can be achieved is limited as a result of the effects that influence the interaction
between the probe tip and work piece on a micro scale.
Measurement underpins manufacturing technology, or in more popular terms: when you cannot measure it, you cannot manufacture it. This is true on any dimensional scale, so for microand nanotechnology to deliver manufactured products it must be supported by reliable metrology
[Leach 01]. Different metrological techniques are available [Danzebrink 06, Hansen 06, Hocken 05,
Lonardo 02, Vorburger 97], and therefore in section 1.1 the advantages and limitations of measurements using a coordinate measuring machine (CMM) are briefly discussed.
There is an ongoing trend of component miniaturization in the field of precision engineering and
the development of micro electromechanical systems (MEMS). This trend results in a demand
for suitable measurement instruments for complex three-dimensional components with feature
dimensions in the micrometer region and associated dimensional tolerances below 100 nm. The
use of a coordinate measuring machine in this market will become apparent when discussing
several typical products in section 1.2.
However, conventional coordinate measuring machines (CMMs) lack the required level of measurement uncertainty. In recent research efforts, the three-dimensional measurement uncertainty
of CMMs is therefore decreased to less than 100 nm, making them suitable for dimensional measurements on miniaturized components. Several suitable CMMs are discussed in section 1.3.
Currently, the applicability of this method and the measurement uncertainty that can be achieved
is limited by the available probing systems. Several probe systems are therefore briefly discussed
in sections 1.4 and 1.5, including the probe system developed by Pril [Pril 02] at the Eindhoven
University of Technology. Advantages and limitations of these probes will become apparent when
discussing the aspects of probing in the next chapter.

1.1 Dimensional metrology
No instrument measures topography alone [Franks 91]. A mechanical instrument will also respond
to changes in the mechanical properties of the surface, e.g. Young’s modulus and hardness, an
1
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optical probe will respond to reflectivity and optical constants, a scanning tunneling microscope
(STM) responds to electrical properties of the surface, etc. The influence of surface properties on
a measurement becomes increasingly apparent in the micro- and nanometer region [Leach 01].
Different methods thus have different advantages and limitations. Coordinate measuring machines
(CMMs) allow high-accuracy measurements on complex three-dimensional components. This measurement method is flexible and fast, as it allows an operator to form a quick three-dimensional
picture of an object even when its shape and nominal tolerance is not known in advance. Scanning
measurements, where the probe tip is moved along the work piece surface, can be used to obtain
detailed information about the work piece surface. Figure 1.1 shows several measurement tasks
which are difficult or impossible using other methods.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 1.1: Some typical measurement tasks of coordinate measuring
machines: (a, b): shape, diameter and cylindricity on varying heights, (c): orthogonality of planes, (d, e): radius of
edge and (f): measurement under burr.
Movement of the probe by the coordinate measuring machine is typically done along three axis.
These axis can be of the rotary type, but typically three mutually orthogonal linear axis are used,
as shown in figure 1.2. Each axis consists of a guide way, for the y-axis indicated by (2), and a
carriage, for the y-axis indicated by (1). The three linear axis position the probe housing (4) in such
a way that the probe tip contacts the work piece (6). When contact is detected by the probe, the
position of the x-, y- and z-carriage of the CMM is recorded. For a measuring probe, as discussed
in section 2.1.1, the deflection of the probe tip relative to its housing is added to this position.
Using software compensation the probe tip dimension is corrected for [Li 03, Weckenmann 98].
The direction of contact can be obtained from either the probe system, by interpolation of at least
three points in the neighborhood of the measurement point or by estimation, e.g. from a CAD
model [Weckenmann 04].

1.2 Measurement tasks
As mentioned at the start of this chapter, a clear ongoing trend of component miniaturization
can be observed in industry and science. As a result, uncertainty requirements on manufacturing
and measurement equipment also increases. This is indicated by the famous Taniguchi graph
[Taniguchi 83], as shown in figure 1.3, which even today is a good indication of current state of
the art in precision engineering [Hansen 06, Pril 02, Schellekens 98].

1.2 Measurement tasks
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y-axis carriage (1)
y-axis guideway (2)
z-axis slide (3)
Probe housing (4)
Probe stylus (5)
Work piece (6)
x-axis carriage (7)

Figure 1.2: Photo of bridge-type coordinate measuring machine
(CMM).
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Figure 1.3: Taniguchi graph predicting current and future manufacturing and measurement uncertainty [Taniguchi 83].
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A second result of component miniaturization is the decreasing features size of components being
measured. Hole diameters and 3D structures in a component of 100 µm or less are common.
As a result, the measurement instrument should be able to handle these small dimensions. As
will be discussed in the next chapter, the probe tip diameter, which contacts the work piece, is a
limiting factor for measuring smaller features using a coordinate measuring machine. Figure 1.4
shows several example products that could be measured using a precision coordinate measuring
machine.

(a) Mini hard drive

(b) Wristwatch

(c) Array of micro-needles

(d) Fuel injection nozzle

Figure 1.4: Example products: (a) commercially available mini hard
drive, (b) inside of a precision wrist watch, (c) array of
micro-needles, each with a height of approximately 130 µm
and (d) fuel injection nozzles with an inner diameter of approximately 100 µm.

1.3 Low uncertainty coordinate measuring machines
As discussed in the previous section component miniaturization results in a demand for 3D measurements on product features as small as several tens of micrometers with an uncertainty of
100 nm or less. Application of precision design principles [Corbett 00, Hale 99, Schellekens 98,
Slocum 92, Vermeulen 99] resulted in the development of several CMMs with an uncertainty of
100 nm or less which are now commercially available. An important design principle in coordinate
measuring machines (CMMs) is the Abbe principle. The Abbe principle states that the distance to
be measured should be a straight line extension of the graduations on the scale that serves as a
reference, as will be discussed in section 2.5.1.

1.3.1

F25 by Zeiss

The first system is commercialized by Zeiss under the name F25, as shown in figure 1.5 (a). The
prototype of the F25 CMM is developed by Vermeulen [Vermeulen 99] at the Eindhoven University
of Technology. Abbe deviations in the xy-plane are minimized by aligning the graduated rulers

1.3 Low uncertainty coordinate measuring machines
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of two 1D optical encoders to the probe tip center at all positions in the xy-plane, as shown
schematically in figure 1.6. Air bearings (4) allow two intermediate bodies (5) to translate over a
stationary guide (3). This allows the top intermediate body (5) to translate in x-direction and the
right intermediate body to translate in y-direction.

Figure 1.5: Photo of the F25 precision 3D coordinate measuring machine.
(a)

(b)

Moving guide (1)
Scale beam head (2)
Stationary guide (3)
Air bearing (4)
Intermediate body (5)
Probe tip position (6)
y

z

y

x

z

x

Figure 1.6: Schematic of measurement in xy-plane with the NanoCMM,
(a) guides are in their mean position, (b) moving guide with
scale beams and probe has moved in negative x-direction.
A second set of air bearings (4) on the intermediate body (5) allows a moving guide (1) to translate
with respect to the intermediate body. A translation of the moving guide (1) in x-direction will
therefore result in an equal translation of the top intermediate body in x-direction, while the
position of the right intermediate body remains unaffected. This is shown in figure 1.6 (b).
Two sets of scale beams are mounted on top of the moving guide (1). The scale beams are aligned
to the probe tip center (6). A relative displacement between the moving guide and intermediate
body is recorded by the scale beam head (2) which is mounted onto the intermediate body. In this
layout, the scale beams are aligned to the functional measurement point, i.e. the probe tip center,
regardless of the position of the moving guide in the xy-plane. This will ideally result in zero Abbe
offset, as discussed in section 2.5.1. As a result Abbe deviations resulting from a CMM translation
in the xy-plane, which are a main source of measurement deviations in conventional CMMs, can
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be neglected.
The z-axis is mounted on top of moving guide (1) and carries the probe. In the F25, the z-stroke
is 100 mm and is guided by air bearings. The Abbe principle in the F25 is satisfied when the z-axis
is in its neutral position. When the z-axis moves, the graduated rulers for the x- and y-direction
are not aligned with the probe tip center, resulting in an Abbe deviation with an Abbe arm equal
to the displacement in z-direction from its neutral position. The contribution of the resulting
Abbe deviation to the total measurement deviation is reduced by using precision air bearings,
which decreases straightness deviations in the guides. This results in a 3D position uncertainty of
250 nm in a measuring volume of 140 x 140 x 100 mm. It should be noted that the measurement
uncertainty improves for measurements with a limited z-displacement. Since these measurements
can be performed around the neutral z-position, the contribution of the Abbe deviation can be
reduced. Therefore, the position uncertainty on miniaturized components is expected to be around
100 nm. It is noted that the contribution of the probing system is not included in the positional
uncertainty budget of the CMM.

1.3.2

NanoCMM by Van Seggelen

The NanoCMM, developed by Van Seggelen [Seggelen 05, Seggelen 07], is shown in figure 1.7.
The measurement system in the xy-plane of the NanoCMM is similar to the system developed by
Vermeulen [Vermeulen 99] as discussed in the previous section. A main difference is a reduced
design specification for the z-axis of 4 mm. As a result the Abbe arm is reduced to a maximum of
plus minus 2 mm, making it feasible to use elastic guides for the z-stroke and improving position
uncertainty of the machine.

Figure 1.7: Photo of NanoCMM by van Seggelen.

A schematic of the mechanism used to create a z-translation is shown in Figure 1.8. The probe
holder (5) is mounted on a body (1) that translates in z-direction guided by two leaf springs
(11). When one set of leaf springs is used, a displacement in z-direction also results in a small
displacement in x-direction. This displacement in x-direction is counteracted by displacement
∆xa in x-direction of an auxiliary body (10) with the same magnitude, but opposite direction.
A lever (6) with rotary point (8) is used to assure that the z-displacement of body (1) is twice
that of the auxiliary body (10). This assures that the displacements in x-direction of the body (1)
and auxiliary body (10) are equal in magnitude, resulting in a pure translation of the body (1) in
z-direction.
Leaf springs (11) not only have a stiffness in x-direction, i.e. their length direction, but also in
z-direction. The force as a result of this stiffness needs to be supplied by the z-actuator. To reduce
actuator power consumption a spring (9) is used that applies a force on the body (1). When
the body (1) translates in z-direction, the spring (9) endpoint is translated by the same amount,
thus effectively rotating the spring. This results in a force component in z-direction, which partly

1.3 Low uncertainty coordinate measuring machines
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l1

z-actuator
l1
Body (1)

Lever (6)
− ∆z
2

Electronics, part (c) (2)
Flex cable (3)

Lever rotation
point (8)

−∆z

Electronics, part (b) (4)

Weight compensation spring (7)

Stiffness compensation spring (9)

Probe holder (5)
z

∆xa

Auxiliary body (10)
Leaf spring (11)

x

Figure 1.8: Schematic of guide along z-axis in the NanoCMM.

compensates the force due to the stiffness in z-direction of the leaf springs. By adjusting the preload force of the stiffness compensation spring (9) power consumption in the z-actuator, required
to overcome the leaf spring stiffness when translating the body (1) in z-direction, is minimized.
The CMM Abbe point is obtained when the body (1) is in its zero position, i.e. z1 = 0. Gravity
forces on the elements of the z-axis, including the probe holder (5), pull the body (1) from this
position. To compensate for the effects of gravity a weight compensation spring (7) is used, which
assures that without actuation the body (1) is kept in its zero position. It is noted that when the
body (1) moves from its zero position, the scale beams on the xy-stage are no longer aligned with
the probe tip. This results in an Abbe offset, equal to the displacement from the zero position. Since
the Abbe offset is limited to 2 mm, half the z-stroke, and by using precision guides, the contribution
of Abbe deviation to measurement uncertainty is limited to a few nanometers [Seggelen 07]. The
3D position uncertainty of the NanoCMM is estimated by Van Seggelen [Seggelen 07] to be 25 nm
in a measuring volume of 50 x 50 x 4 mm.

1.3.3

Ruijl’s CMM

Finally, the CMM developed by Ruijl [Ruijl 01] at Philips Applied Technologies is discussed, as
shown in figure 1.9. The metrology frame of this CMM is shown schematically in figure 1.10. The
probe (1) is kept stationary and its position is measured using three orthogonal laser interferometer
systems (3, 6) which intersect at the probe tip center. The work piece (5) is mounted on a movable
mirror table (4) which positions the work piece relative to the probe (1). The mirror table reflects
the laser interferometer beams, thus minimizing the Abbe offset regardless of the mirror table
position.
A separate metrology frame (2) is used to connect the laser interferometer heads (3, 6) to the
probe (1). To reduce measurement deviations due to thermal variations the mirror table is made
from Zerodur R and the metrology frame is made from Invar. Furthermore, an aluminum shielding is applied around the metrology frame to reduce fluctuations and thermal gradients. The
measurement range of the Ruijl CMM is 100 x 100 x 40 mm and the estimated volumetric position
uncertainty is 27 nm [Ruijl 01].
Other low uncertainty CMMs include the VideoCheck UA 400 by Werth Messtechnik, the Nanocord
by Mitutoyo, UA3P by Panasonic and NMM-1 by SIOS Meßtechnik. The NMM-1 concept is similar
to the concept of the Ruijl CMM, shown in figure 1.10, with three orthogonal laser interferometers
in a Zerodur R metrology frame [Hausotte 02].
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Figure 1.9: Photo of CMM by Ruijl.

Probe (1)

Metrology frame (2)

Laser head for x-axis (3)

Mirror table (4)

z

Work piece (5)

Laser head for z-axis (6)

y

x

Figure 1.10: Measurement principle of CMM by Ruijl.
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1.4 3D tactile probes for micro components
As mentioned in the previous section several high-accuracy CMMs have been developed. The probe
system used in combination with the CMM is a critical factor for the measurement uncertainty and
applicability of these machines. In order to operate effectively these probes should be able to
measure a three-dimensional displacement with an uncertainty well below that of the CMM and
preferably with a measurement range larger than the CMM over travel range. This section will
discuss several probes that are developed for high-accuracy CMM metrology [Weckenmann 04].

1.4.1

PTB membrane probe

The probe by the Physikalisch-Technische Bundesanstalt (PTB) consists of a membrane with integrated piezo resistive strain gauges, as shown in figure 1.11. A stylus with probe tip is attached to
the center of the membrane using epoxy adhesive. The strain gauges are used to detect deformations of the membrane and can thus be used to measure a displacement of the probe tip.

(a) Probe holder

(b) Probe chip

Figure 1.11: Silicon tactile 3D probing system as developed at the PTB
[Brand 02, Pornnoppadol 02]: (a) probe holder with example products, (b) silicon chip with strain gauges.
As discussed in section E.2 a membrane suspension is overdetermined, which may result in internal stresses when the membrane is deformed. Consequently, the length of the membrane has to
increase when the probe tip is moved. This will increase the stiffness of the suspension and result
in a non linear stiffness. For a membrane length between stylus and edge of 1 mm, a thickness
of 30 µm and a stylus length of 5 mm the stiffness is approximately 2000 N/m in the xy-plane and
48000 N/m in z-direction [Brand 02, Cao 02].
Probing forces can be reduced by creating holes in the membrane, referred to as a stripe membrane
system, as shown in figure 1.11 (b). The calculated stiffness of a stripe membrane probe is 160 N/m
in the xy-plane and 800 N/m in z-direction [Pornnoppadol 02, Pornnoppadol 04]. The anisotropic
stiffness at the probe tip influences the measurement behavior of the probe, as discussed in section
2.3.6. The measurement uncertainty of the membrane probe could not be obtained from literature
but is estimated to be between 50 - 100 nm.

1.4.2

Fiber probes

Both the Physikalisch-Technische Bundesanstalt (PTB) and the National Institute of Standards and
Technology (NIST) have developed a tactile probe using an optical fiber as stylus. Two CCDcamera’s are used to detect a 3D displacement of the tip. First, the opto-tactile fiber probe developed at the PTB is discussed [Guijun 98, Schwenke 01]. Initially, this probe was equipped with a
single CCD camera, as schematically shown in figure 1.12.
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Holder (1)
CCD camera (2)
Probe holder (3)
Light source (4)
Stylus (5)
Probe tip (6)
Work piece (7)

z
x

Figure 1.12: Schematic of 2D fiber probe with CCD camera as developed
by the PTB.

The probe stylus (5) and tip (6) are illuminated using a LED light source (4). The backscattered
light from the probe tip (6) is imaged on a CCD camera (2). The position of this image on the CCD
is therefore a measure for the xy-position of the probe tip. Measurement of a tip displacement in
z-direction, e.g. by analyzing the size of the image on the CCD, is relatively inaccurate. As a result
this probe is essentially 2D [Schwenke 01].
For single point repeatability in xy-direction the standard deviation is approximately 50 nm. It
is noted that the measurement uncertainty is influenced by the quality of the imaged light spot.
Reflected light from the probe tip on the work piece surface may reduce the contrast in the CCD
image or result in a mirror image [Schwenke 01]. Probing uncertainties in the range of 0.2 - 0.5 µm
can be obtained, depending on the measurement task, probe tip diameter, illumination and depth
of measurement, e.g. in a hole [Weckenmann 05].
A main advantage of this method is that the CCD camera directly measures the probe tip position.
Finite stiffness effects of the stylus, as discussed in section 2.3.1, therefore do not influence probe
resolution. As a result this method allows the measurement part of the stylus1 to consist of a thin,
e.g. radius < 10 µm, and long, e.g. measurement length up to 20 mm, fiber.
It is noted however, that typically the stiffness of a fiber stylus is low in comparison to surface
forces between tip and work piece, as discussed in section 2.1.7. As a result the release distance
and stick-slip during scanning increases, as discussed in sections 2.3.5 and 2.1.8. This limits the
practical use of highly compliant, i.e. long and thin, styli. Methods to improve the scanning
behavior include vibrating the probe tip and the use of a stroboscopic light source. However, this
also increases measurement uncertainty.
The design of the 2D probe, as schematically shown in figure 1.12, can be extended to a 3D system,
as schematically shown in figure 1.13. To improve the measurement uncertainty in z-direction, a
second sphere (9) is attached to the stylus. The image of this target sphere (9) is reflected on a
second CCD camera (2) using a mirror (8). The distance between probe tip (6) and target sphere
(9) thus determines the maximum depth when measuring high aspect ratio structures, e.g. holes.
For a pure translation in z-direction it is assumed that the measurement part of the stylus, i.e. the
thin part of the stylus on which the probe tip is mounted, is straight and that its length direction is
1 When small probe tips are used the stylus typically consists of a support part with a relatively large diameter for
handling and a measurement part on which the probe tip is mounted to be able to measure small structures, as shown in
section 3.2.3.
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CCD camera (2)
Mirror (8)
Light source (4)
Target for z direction (9)
Stylus (5)

z

x

Figure 1.13: Schematic of 3D PTB fiber probe.

aligned with the force vector. The stiffness czz is then given by:
czz =

EA
l

(1.1)

For a stylus with measurement length l = 5 mm, radius r = 10 µm and Young’s modulus E =
70 GPa, the cross sectional area A = 3 · 10−10 m2 , resulting in a stiffness czz of 4.4 kN/m. When
probing in z-direction, the part of the stylus between probe tip and target for z-direction is therefore considered rigid with respect to the horizontal part of the optical fiber [Schwenke 01]. Some
deflection will occur during 3D probing however, and the 3D tip position is therefore calculated by
combining the evaluations of both camera images.
Another system using a fiber stylus and CCD camera to detect tip displacement has been developed
at NIST [Muralikrishnan 04, Stone 05], as shown in figure 1.14. When the probe tip contacts the
work piece in x- or y-direction, the stylus bends as a result of the contact force. In the z-direction,
the contact force results in buckling of the stylus. Deformations of the stylus are recorded using
two CCD camera’s, or a single CCD camera when the field of view is split, mounted orthogonal to
the length direction of the stylus.
By looking at the stylus on a certain position above the probe tip optical disturbances by backscattering of the probe tip in a hole or other structures is reduced. Also, no additional sphere is
required for the detection of displacements in z-direction. However, limitations of this approach
include that z-displacements are detected by buckling, which is not stable and may be hard to
predict in true 3D measurements. Also, the part of the fiber between probe tip and the point of
detection is included in both the metrology and structural loop between probe tip and work piece
and adds to the measurement uncertainty.
Assuming that one end of the stylus is fixed and the other one pinned, the buckling force Fb is
given by2 :

Fb =

π 2 EI
0.72 l2

(1.2)

2 It is noted that in practical applications the stylus will not be perfectly straight. As a result buckling will be more
reproducible and the buckling force will be lower than the theoretical value.
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(a) x- and y-direction
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Figure 1.14: Schematic operation of the NIST fiber probe: (a) in xydirection bending of the stylus is detected, (b) in zdirection buckling of the stylus is detected.

Where I is the second moment of area of the measurement part of the stylus, i.e. I =

πr 4
2 .

For a stylus with a measurement length l = 20 mm, radius r = 25 µm and Young’s modulus
E = 70 GPa the buckling force Fb can be calculated to be 2 mN. Decreasing stylus stiffness also
increases the release distance and stick-slip during scanning, as discussed in sections 2.3.5 and
2.1.8. The measurement uncertainty with the NIST fiber probe was not found in literature but is
estimated to be approximately 0.2 - 0.5 µm.

1.4.3

Metas probe

A 3D probe based on elastic hinges [Küng 05, Meli 03, Meli 04] is commercialized by Metas, as
shown in figure 1.15. All axis are inclined by 45 degrees, resulting in an equivalent orientation with
respect to gravity when the probe is mounted on a CMM. Sagging due to gravity is compensated
for by an adjustable system using permanent magnets. All three axis are manufactured from a
single piece of aluminum by milling and electro discharge manufacturing (EDM).
The flexure hinges have a wall thickness of 60 µm resulting in an isotropic stiffness of 26 N/m
independent on stylus length. The equivalent mass at the probe tip is approximately 7 gram,
which is relatively high and may result in plastic work piece deformation, as discussed in section
2.1.3. To reduce the influence of the colliding mass an elastic element with an isotropic stiffness of
2 kN/m is used, as shown in figure 1.15 (b). The first eigen frequency of the probe is approximately
11 Hz [Fracheboud 02].
A displacement of the probe tip is measured using three inductive sensors, mounted on the probe
housing. During single point probing, probe deflections are recorded at different indentation positions to obtain a force-distance curve for the measurement point. The force-distance curve, based
on all measurement points, is extrapolated to zero deflection where also the contact force is zero.
Using this method in a single point repeatability test a standard deviation of 5 nm was obtained
over 5 consecutive measurement points [Meli 03]. The 3D measurement uncertainty with this
probe is not found in literature but is estimated to be approximately 50 nm.

1.4.4

NPL capacitive probe

The National Physical Laboratory (NPL) has developed a capacitive probe with a suspension consisting of three flexures in a triangular arrangement [Leach 01, Leach 04A, Leach 04B, Peggs 99],
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(a) Photo
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(b) Close up

Figure 1.15: Metas probe: (a) photo, (b) schematic close up of the elastic element used as a mechanical filter.

as shown in figure 1.16. The three slender rods are manufactured from a 50 µm thick berylliumcopper sheet. The rods are connected to the stylus via a frame consisting of three tungsten carbide
tubes and a central disk. The equivalent mass and stiffness at the probe tip when probing in zdirection are approximately 370 mg and 10 N/m, respectively. By choosing an appropriate stylus
length the probe stiffness can be made isotropic.

Figure 1.16: Photo of NPL capacitive probe.

The sensing elements of the probe are three miniature capacitance gauges, mounted in the probe
holder. Three aluminum target disks of 3 mm in diameter are mounted on the junction of the
flexures with the tungsten carbide tubes. A displacement of the probe tip results in a translation
and/or rotation of the center tungsten-carbide body, which is suspended on the three flexures. As
a result of these translations and/or rotations the gaps between one or more capacitance gauges
and aluminum target disks change. By recording each gap, the position of the probe tip can be
calculated.
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The maximum range of the probe is limited by the gap between the capacitance gauges and target
disks, which is approximately 20 µm. When the target disks are mounted on the center tungstencarbide body they are hand polished to be coplanar. The resolution of the capacitance gauges with
a 20 µm gap is 3 nm.
When the probe tip is displaced in z-direction the effective length of the rods will decrease, resulting in a small parasitic displacement of the probe tip, as discussed in section 2.2.1. The 3D
measurement uncertainty with this probe is not found in literature but is estimated to be between
50 - 100 nm.

1.4.5

Vibrating probe

Vibrating probes were originally developed for measurements on the profile of ink-jet and fuel injection nozzles [Weckenmann 04]. In most cases these probes were essentially 1D systems in which
changes in resonant frequency were used as a sensing mechanism [Bauza 05, Kim 96, Kim 99,
Lebrasseaur 00, Masuzawa 93, Takaya 04, Takaya 05].
Mitutoyo commercializes a vibrating probe system [Hidaka 06, Nishimura 01], as shown schematically in figure 1.17. The glass probe tip used is formed into a spherical shape by utilizing surface
tension in the melting state, similar to the manufacturing process of the borosilicate tip as described in section 3.2.3. The Ni-Cr stylus is glued on the surface of a lead zirconate titanate (PZT)
component. This bulk-PZT is divided into a driving and a sensing electrode. The stylus is vibrated
in its longitudinal resonant state at approximately 349 kHz by the driving electrode.

Supporting base

PZT, 1 x 1 x 0.1 mm

Driving electrode

Sensing electrode

Direction of vibration
z
Ni-Cr stylus
y
x

Glass probe tip

Figure 1.17: Schematic of UMAP Ultrasonic probe.
Contact between the probe tip and work piece can be detected by a change in the vibrational
amplitude, phase or resonant frequency, as discussed in section 2.2.4. The probe system registers a
single measurement quantity and is thus considered a 1D sensor. However, the system is sensitive
to 3D displacements of its tip and can thus be used in 3D measurements when the direction of
approach and the nominal shape of the work piece are known. The optimum sensitivity with this
system is obtained when the length direction of the stylus is aligned with the probing direction.
An important advantage of the probe is the high aspect ratio, up to 100, between the length of the
stylus measurement part and the tip ball diameter. Measurements with a 20 µm diameter Ni-Cr
stylus with a length of 3 mm and a 30 µm diameter glass probe tip show a measurement uncertainty
in the micrometer region.

1.5 Probe by Pril
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Contact forces with this system are highest when probing in the length direction of the stylus, i.e.
along the z-axis. Using equation 1.1 the stiffness in the length direction of the stylus for a Young’s
modulus E of 200 GPa is calculated to be 21 kN/m. For a CMM over travel of 7 µm, as discussed
in section 2.1.4, equation 2.10 results in a contact force of 0.15 N. This value exceeds the buckling
force of 3.5 mN, as calculated using equation 1.2, which would result in buckling of the stylus
during a measurement.
As discussed in appendix G, a tip diameter of 30 µm loaded with 3.5 mN will result in plastic
deformation. It is therefore assumed that the contact force is reduced by control, by adding additional compliance to the system, by decreasing approach speed or a combination of these. For the
xy-direction, the contact force during a measurement is reported to be 0.15 µN [Hidaka 06].
A second point of interest is that the point of contact between probe tip and stylus is influenced
by bending of the stylus. Therefore surface forces, as discussed in section 2.1.7, and other sources
that cause the stylus to deform during a measurement will influence the probe measurement uncertainty. Hidaka and Schellekens [Hidaka 06] believe that it may be expected that after careful
calibration and the implementation of error compensation sub-micrometer uncertainty may be
obtained with this probe.

1.5 Probe by Pril
From section 1.3 and 1.4 it may be concluded that the probe system and not the coordinate measuring machine is currently the limiting factor with respect to the measurement uncertainty that
can be achieved with this method. This is especially true for probe systems with a low contact
force, like the fiber probes and the vibrating probes discussed in the previous section. Probing
systems that are designed for optimum measurement uncertainty, close to that of precision coordinate measuring machines, have much higher contact forces and are limited with respect to their
application on micro components. Therefore a new low uncertainty probe system is developed, as
will be discussed in this thesis.
The original probe prototype, as shown in figure 1.18, is developed at the Eindhoven University
of Technology by Pril [Pril 02]. This section briefly discusses the design of this probe. Additional
information, including probe calibration and measurement results, can be found in appendix A.
Probe tip (1)
Stylus (2)
Star (3)
Slender rod (4)
y

Center platform (5)

z

Chip edge (6)
x

Probe housing (7)

Figure 1.18: Tactile 3D probing system developed by Pril [Pril 02]
showing the holder and chip design.
The probe consists of a stylus (2) with a ruby sphere (1). It is attached to a silicon chip (4-6)
via a three-legged star (3) using epoxy glue. The edge of the chip (6) is connected to the probe
housing (7). The center platform (5), slender rods (4) and edge of the chip are manufactured from
a single piece of silicon. The center platform is connected to the edge of the chip using these three
slender rods. This allows the probe tip to translate in z-direction and make pseudo translations in
x- and y-direction due to a rotation of the center platform around the y- and x-axis respectively.
The remaining degrees of freedom are fixed. For reasons of thermal and mechanical stability the
rods are oriented in a triangular fashion, as discussed in section E.2.
Since the edge of the chip (6) is fixated, a displacement of the probe tip results in a deformation of
the slender rods. This deformation is detected using four piezo resistive strain gauges (R1 - R4 ),
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deposited on each rod in a Wheatstone bridge configuration [Pril 02], as shown in Figures 1.19
and 1.20.
Electrical connections
R1
R4
R2
y

R3

x

Figure 1.19: Closeup of the slender rods with electrical connections and
piezo resistive strain gauges.

R1
F

R2
Vm

V0

R1 ,R4 R2 ,R3

z

R3

x

R4

Figure 1.20: A displacement of the probe tip results in a deformation of
the slender rods. As a result R1 and R4 are stretched, increasing their resistance, and R2 and R3 are compressed.
As a result of the Wheatstone bridge configuration this results in a change in the voltage Vm .

A voltage V0 across the bridge results in a measurement signal Vm when the resistance of R1 and
R4 changes relative to R2 and R3 . This results in one measurement signal for each slender rod in
the suspension. The position of the probe tip should be determined for three degrees of freedom,
i.e. translation in z and pseudo translations in x- and y-direction, and three measurement signals
are recorded (one for each slender rod). The relation between the tip displacement [∆x ∆y ∆z]’
and measurement signals [∆m1 ∆m2 ∆m3 ]’ is given by sensitivity matrix A according to:
 
s1x
∆x
 ∆y  =  s1y
s1z
∆z


s2x
s2y
s2z





∆m1
∆m1
s3x
s3y   ∆m2  = A  ∆m2 
∆m3
∆m3
s3z

(1.3)

Here s1x is the sensitivity of the strain gauges on rod 1 for a displacement of the probe tip in
direction x. The sensitivity matrix A thus gives the relation between the displacement of the probe
tip and the signal from the strain gauges of the three slender rods. When the sensitivity matrix
is known it is possible to calculate the displacement of the probe tip using the measured output
voltages from the slender rods.

1.6 Calibration methods for tactile 3D probes
Calibration of the probes is essential to determine their uncertainty with respect to the standard of
length, i.e. traceability. For several probes, including the probe by Pril, the setup used to determine
the uncertainty of the probe can also be used to characterize its behavior. For the probe by Pril,
the characterization is necessary to determine the sensitivity matrix A, as discussed in section 1.5.
Important parameters for the tactile 3D probes discussed above are the diameter and roundness
of its tip. For conventional systems the uncertainty of the measurement is large in comparison

1.6 Calibration methods for tactile 3D probes
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to the uncertainty in tip diameter. However, for current low uncertainty probes, the influence of
the tip diameter and roundness on the total uncertainty can become a dominant factor. Therefore
calibration and compensation of this effect becomes a necessity.
In the next section the method of calibrating a probing system on a separate setup is discussed.
An example 1D setup is discussed, which is used to calibrate the probe system as discussed in this
thesis. The probing system can also be calibrated when mounted on a CMM, which will be briefly
discussed in section 1.6.2. Finally, some methods to calibrate the probe tip are described.

1.6.1

Calibration on a separate setup

The advantage of a separate setup to calibrate the behavior of a probe system is that it can be
designed for optimum uncertainty. Since such a setup is typically much smaller than a CMM it
can easily be isolated from environmental disturbances. Typically, the probe is calibrated in a
single direction on such a setup. By reorienting the probe on the setup the response to a probe tip
displacement can be measured in any direction. This allows a 3D calibration of the probe using
a 1D calibration setup. Most displacement measurements with the tactile 3D probing system,
discussed in this thesis, are performed using a 1D calibration setup. This setup will be discussed in
the remainder of this section.
A schematic view of the plane mirror differential laser interferometer setup [Pril 02, Loon 97] is
shown in figure 1.21. The probe to be calibrated (1) is attached to a bracket (2) and placed
on top of the setup. The probe tip is brought into contact with a measurement mirror (4). The
measurement mirror is guided in z-direction using elastic hinges (not shown). A ring shaped
reference mirror (3) is rigidly connected to the setup housing (6). The position of the measurement
mirror relative to the reference mirror is controlled using a piezo actuator (5).
Probe (1)
Bracket (2)
Reference mirror (3)
Measurement mirror (4)

Heterodyne laser interferometer (7)

Piezo actuator (5)
Housing (6)

Figure 1.21: Schematic view of the plane mirror differential laser interferometer setup used to measure the behavior of the probe.
Thus a displacement of the measurement mirror results in a displacement of the probe tip. The
measurement signal from the probe as a result of this displacement is recorded. Simultaneously,
the displacement of the measurement mirror relative to the reference mirror is measured using
a heterodyne laser interferometer (7). The measurement is repeated for several positions of the
measurement mirror.
As mentioned, the behavior of the probe can be measured for only one direction at a time with
this setup. Therefore three V-shaped grooves are made on the top and on a side of the bracket
(2). The probe housing, (7) in figure 1.18, has three spheres, which match the position of the Vshaped grooves. This connection is commonly referred to as a Kelvin clamp [Hale 01] and allows
an operator to rotate the probe around its z-axis, see figure 1.18, with respect to the bracket by
120 and 240 degrees respectively.
The merits of the differential laser interferometer are listed below [Pril 02]:
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Laser interferometer (7)

Bracket (2)

Optics

Housing (6)

Figure 1.22: Photo of calibration setup with heterodyne laser interferometer.

• The two mirrors can be close to each other which decreases the thermal loop of the calibrator;
• The reference and measurement mirror can be positioned symmetrically around the measurement axis which preserves the cylindrical symmetry of the calibrator;
• The mass of the measurement mirror can be small, improving the dynamical properties of
the calibrator;
• The light beam from the heterodyne later interferometer (7) is split into a measurement
beam and a reference beam using a polarizing beam splitter. Both beams reflect two times
at the reference (3) or measurement (4) mirror causing a double pass and hence double
sensitivity compared to an interferometer setup with two corner cubes;
• Both beams travel equal distances through the concerning media (air and glass), provided
that the measurement (4) and reference (3) mirror lie in the same plane. A change in
refractive index, e.g. due to a homogeneous temperature or pressure variation, will effect
both beams equally and will therefore not influence the measurement uncertainty.
The range of the calibrator is 30 micrometers. The uncertainty of the calibrator is influenced by
[Pril 02, Loon 97]: the uncertainty of the interferometer system, which is 1 nm, the uncertainty
due to mechanical tolerances of the parts and alignment of the beams, which leads to a relative
error of 0.1%, and an expected worst case thermal drift of 5.2 nm for a temperature change of
100 mK

1.6.2

Calibration on the CMM

Using an artifact the probe can be calibrated on the CMM itself. An important advantage of this
method is that the alignment between the probe and CMM is included in the calibration measurement. Deviations due to the finite stiffness of the CMM, as discussed in section 2.3.2, and
the connection and alignment between probe and CMM are thus partially compensated for. Using a calibrated spherical artifact, i.e. a master ball, the calibration of the probe tip can also be
performed on the CMM, as discussed in the next section.
An important limitation of this method is that the uncertainty of the CMM is included in the probe
calibration. Coefficients of the sensitivity matrix A are typically taken as an average sensitivity,
e.g. using a least squares fit procedure, over a large number of measurement values. As a result,
random deviations of probe and CMM are partially compensated for.

1.6 Calibration methods for tactile 3D probes
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Probe tip calibration

Tactile 3D probes typically use a spherical probe tip to make contact with a work piece. During a
measurement the position of the probe tip center point is determined by the measurement system
of the coordinate measuring machine. For a perfect sphere the point of contact on the work piece
can easily be calculated once the radius of the probe tip and the direction from the probe tip center
point to the point of contact are known [Li 03]. The direction during probing can be obtained
from the probing system, by interpolation over at least three points near the contact point or by
estimation, e.g. from a CAD model of the work piece [Weckenmann 04].
Unfortunately, probe tips are not perfectly spherical. For traditional CMMs the stage position
uncertainty is usually much larger than the typical roundness deviation of probing spheres, around
40 - 80 nm for precision spheres, and is included in the measurement uncertainty of the CMM
[Haitjema 96, Küng 07]. For precision probing systems, as discussed in this thesis, the effects of
roundness and radius of the tip can be a major contribution to the measurement uncertainty and
thus needs to be compensated for.
In order to compensate for the form and radius of the tip it needs to be calibrated. A direct way of
measuring a sphere is the use of a Michelson interferometer [Bray 97, Griesmann 04, Jansen 06,
Nicolaus 96, Nicolaus 97]. A Michelson interferometer produces an interference pattern over the
measurement pattern which can be used to create a surface map of an object. For the measurement
of spheres a spheric Michelson interferometer, as shown in figure 1.23, is often used.
Reference mirror
1/4 λ plate

Spherical lens

Polarizing beam splitter
Light source

Object

Detector

Figure 1.23: Schematic of a spheric Michelson interferometer.
The interference pattern produced by the Michelson interferometer does not cover the entire surface of the probe tip. Measurements at several angles are therefore combined using stitching
[Jansen 06] to produce a complete image. By using a second spheric Michelson interferometer
both the topography and the diameter can be measured [Nicolaus 96, Nicolaus 97].
The measurement uncertainty depends on several parameters, including the material of the object
and the alignment of the measurement setup [Schmitz 01, Schmitz 02, Selberg 92]. Uncertainty
levels of a few nanometers can be obtained with this method [Jansen 06]. However, for spheres
with a diameter below 1 mm the applicability of this method is limited and the measurement
uncertainty increases.
A second direct method of tip calibration is proposed by Chen [Chen 07] who used an optical
microscope with CCD camera to acquire contour images of a probe tip. A back light projector with
intensity feedback control is used along with a time-averaged image processing strategy. Using a
x50 optical objective and sub-pixel edge detection a measurement uncertainty of about 0.5 µm has
been obtained with this system. The measurement uncertainty is therefore currently insufficient
for ultra precision probes. However, the method is applicable for micro spherical tips as it allows
calibration of probe tips with a diameter of only a few tens of micrometers.
Finally, a mechanical direct method of tip calibration is discussed. The roughness and roundness
of a probe tip can be measured using a turntable- or stylus-type instrument where 360◦ traces of
the tip are made. An uncertainty below 10 nm is possible with this type of measurement [Gao 96,
Haitjema 96, Meli 02, Neugebauer 01, Thalmann 05]. However, roundness measurements become
more complex as the diameter of the probe tip decreases. Deviations of the instrument, including
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its setting precision and transducer alignment, are such that the measurement uncertainty will be
significantly degraded for spheres with a diameter of 2 mm or below [Chetwynd 87]. The method
can be combined with a comparator measurement [Koenders 03, Küng 07, Neugebauer 97] to improve the uncertainty in the tip diameter calibration. A limitation of a direct mechanical measurement is that the interaction may, especially for fragile probe systems, damage the probe. Damage
to the probe suspension can be prevented by fixating it during the measurement. However, this
remains a difficult task to do correctly.
As discussed in the previous paragraphs, a direct measurement of a spherical probe tip with a
diameter below 2 mm is in most cases not practical or even possible. An alternative method is
to use a calibrated spherical artifact and calibrate the probe tip on the CMM. By measuring the
artifact, as shown schematically in figure 1.24, the shape and diameter of the probe tip can be
obtained from the measurement results.

Probe

Calibration sphere

Work table

Figure 1.24: Schematic of tip calibration on a CMM using a spherical
artifact.
If the alignment of the artifact on the CMM is not known with sufficient uncertainty before the
measurement, error separation techniques can be used. This technique consists of a series of
measurements, similar to figure 1.24, for several orientations of the artifact relative to the probe
tip. By analyzing the variation in the measured profiles, the contribution of the probe tip and
artifact to this profile, i.e. their shape, can be determined. In its simplest form this technique
requires two orientations, as schematically shown in figure 1.25, and is often referred to as the
reversal method [Chetwynd 76, Chetwynd 87, Donaldson 72B, Evans 96].
By using error separation techniques it is also possible to use a non-calibrated spherical artifact to
obtain the roundness deviations of the probe tip and artifact. However, the diameter of the probe
tip and spherical artifact cannot be obtained from error separation using only two spheres. For this
reason Küng et al. [Küng 05, Küng 07] used a third sphere in their measurements, as schematically
shown in figure 1.26.
The measured distance between the centers of spheres 1 and 2, m12 (α), at angle α in figure 1.26
(a) is a function of the local radii r1 (α) and r2 (α) of spheres 1 and 2, respectively. To be able to
measure all three spheres relative to each other it should be possible to use at least one sphere as
both a reference artifact and as a probe tip. In the example of figure 1.26 (a) this results in three
simple equations:

m12 (α)
m13 (α)

= r1 (α) + r2 (α)
= r1 (α) + r3 (α)

m23 (α)

= r2 (α) + r3 (α)

(1.4)

The system can easily be solved for any sphere, e.g. for sphere 1 the radius r1 (α) is given by:

1.6 Calibration methods for tactile 3D probes
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Figure 1.25: Schematic of the reversal method, (a): the contribution
of the reference shape pr (y) at position y is subtracted
from the measured length variation, i.e. ∆lA (y) = po (y) −
pr (y), (b): the contribution of the reference is added, i.e.
∆lB (y) = po (y) + pr (y).
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Figure 1.26: Schematic of side and top view of two spheres in contact.
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r1 (α) =

m12 (α) + m13 (α) − m23 (α)
2

(1.5)

For the measurement around the z-axis, as shown in figure 1.26 (b), the method is more complicated as the local coordinate systems of the spheres are mirrored. As shown in this figure, the
contact point on the artifact is at an angle β relative to the local x-axis for sphere 2, x2 , while to
contact point on the probe tip is at an angle of −β relative to its local x-axis, x1 . As a result, this
system requires the use of error separation techniques, as discussed before, to be able to do a three
dimensional calibration [Küng 05, Küng 07]. A main drawback of this method is the time needed
to perform the calibration and that it cannot be used in combination with most low uncertainty
probing systems as discussed in section 1.4.
Another possibility to obtain the diameter of the probe tip is by using it to scan a sharp well
defined edge [Morel 2006, Spaan 06]. Commercial available diamond blades have a sharpness
radius down to about 10 nm. The edge radius can be neglected if it is smaller than the required
calibration uncertainty and the measured diameter can then be regarded as the diameter of the
probe tip. Figure 1.27 shows the result of a scanning measurement of a diamond blade with a
10 nm edge radius using a prototype version of the probe as discussed in this thesis.
90◦

50 nm
0 nm

180◦

−50 nm

0◦

Figure 1.27: Residual of a scanning measurement on a diamond cutting blade with 10 nm tip radius after subtraction of a bestfitting sphere with radius 500.04 µm [Spaan 06].
The deviation of indirect methods of probe tip calibration, as discussed in this section, can be
20 nm or less [Küng 07], depending on the method of measurement and the combined uncertainty of probe and CMM used. It should be clear that probe tip calibration becomes increasingly
complicated for decreasing tip diameters.

1.7 Research objectives and outline of this thesis
As discussed in the introduction of this thesis there is an increasing need for 3D measurements on
MEMS and other miniaturized components with low uncertainty. Several ultra precision coordinate
measuring machines are developed which are suitable for this task. Currently, the applicability of
this method and the measurement uncertainty that can be achieved is limited as a result of the
effects that influence the interaction between the probe tip and work piece on a micro scale.
The main goal for the research as presented in this thesis is getting a better insight in the aspects
that influence tactile probing on a micro scale and the development of a probing system suitable
for three-dimensional measurements on micro scale features with a repeatability below 20 nm.
The probing systems which are currently available, as discussed in section 1.4, offer low uncertainty but are not suitable for measuring small components, often due to high contact forces during probing as a result of a high colliding mass or stiffness of the probing system. Several probing
systems are available that are suitable for measuring small components, but these lack the required
measurement uncertainty of 100 nm or less.

1.7 Research objectives and outline of this thesis
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Probing systems which are currently available are therefore not suitable for low uncertainty 3D
metrology on miniaturized components. The next chapter will therefore focus on the interaction
physics between probe tip and work piece. It will become apparent that the interaction is influenced by the dimensional scale of the measurement and is a main reason of the limitations of 3D
metrology on miniaturized components.
The results from chapter 2 will be used in the design of a new ultra precision 3D tactile probing
system. The design of this system is discussed in chapter three. The probing system has a colliding
mass of 34 mg, an isotropic stiffness down to 50 N/m at the probe tip and is suitable for measuring
miniaturized components.
A main challenge in the manufacturing process of the probing system is assembly, since it incorporates the handling of small, e.g. tip diameters down to 120 µm, and fragile components. Chapter
4 discusses the design and experimental results of a suction gripper suitable from handling these
small and fragile components.
Experimental results with the tactile 3D probing system are discussed in chapter 5 and finally, in
chapter 6, concluding remarks and recommendations for further research are given.
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Chapter

2

Aspects of probing

Measurement instruments are sensitive to more than one physical quantity. When measuring the
topography of a work piece, the measurement result will therefore always be influenced by the
environment and (local) variations in the work piece itself. A mechanical probe will respond to
both topography and changes in the mechanical properties of the surface, e.g. elastic modulus and
hardness. An optical probe is influenced by the reflectivity and optical constants of the work piece,
a scanning tunneling microscope (STM) responds to the electrical properties of the work piece and
so on [Franks 91].
As the scale of the measurement decreases, the problems associated with the surface-probe interactions become increasingly apparent [Leach 01]. The focus of this thesis is on the mechanical
probing of a work piece to determine its dimensional parameters. The effects associated with
measurements on a micro-scale are discussed in this chapter.

2.1 Forces during tactile probing
The forces during probing are greatly influenced by the type of probe system used and the measurement strategy. Therefore, in the first section the three main types of probes are discussed and
the measurement strategy is discussed in section 2.1.2.

2.1.1

Hard probes, touch-trigger probes and measuring probes

Mechanical probes are used to detect the surface of the work piece to be measured by means of
physical contact between a probe tip and the work piece. Mechanical probes can be categorized
in hard probes, touch-trigger probes and measuring probes [Cauchick-Mighel 98, Lu 82, Pril 02,
Roth 83, Vliet 96, Weckenmann 04].
Hard probes do not have their own suspension and hence the probe tip is rigidly connected to
the measuring head of the Coordinate Measuring Machine (CMM), as shown in figure 2.1 (a).
Compared to touch-trigger probes and measuring probes this method results in a high stiffness of
the loop between probe tip and work piece and a large colliding mass. As discussed in sections
2.1.3 to 2.1.5, this results in high forces and deviations during the measurement.
Touch-trigger probes have a suspension, as shown in figure 2.1 (b), which greatly reduces the
forces during a measurement in comparison to hard probes. A touch trigger probe produces a
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a: Hard probe

b: Touch-trigger

c: Measuring

Figure 2.1: Schematic representation of three main types of mechanical
probes: (a) hard probe, (b) touch-trigger probe, (c) measuring probe.

boolean signal to indicate weather the probe tip is in contact with the work piece or not. The
position of the CMM measuring head is recorded when a trigger signal is generated by the touchtrigger probe. This trigger signal may be generated upon contact between tip and work piece,
when the contact is broken or both.
A measuring probe has its own suspension and measurement system, as shown in figure 2.1 (c).
Therefore it is able to provide quantitative information about the position of the tip ball with respect to the reference point. This improves the measurement uncertainty and is needed to perform
a scanning measurement, as will be discussed in the next section.

2.1.2

Probing strategy

The probing strategy greatly affects the aspects that influence the measurement. Therefore in this
section two probing strategies are discussed, single or discrete point probing and scanning.
During single point probing, the position of only one point on a work piece is measured during
a probing operation. The position of other points on the work piece are measured in subsequent
probing operations, as shown in figure 2.2.
Stylus
xret
Work piece

z

Probe tip

y
x

Figure 2.2: Schematic representation of sequential single point probing
operations on a work piece. Between measurement points
the probe is retracted by xret .
A schematic of a single point probing operation is shown in figure 2.3. At time t = t0 the CMM
with probe approaches the work piece with a speed of v0 m/s. When the probe tip collides with
the surface of the work piece at t = t1 the kinetic energy at the probe tip is absorbed by the
deformation of the probe tip and work piece, which results in an impact force Fimp .
When the contact is registered by the probe a signal is supplied to the CMM controller, which reacts
at time t2 with deceleration of the CMM movement. At time t3 the CMM movement has ended.
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Figure 2.3: Schematic representation of the speed of the CMM and
forces during single point probing.

The distance traveled between the point of initial contact of probe tip and work piece at t1 and
the point where the movement of the CMM ends at t3 is hereafter referred to as the over travel
distance xovt . The over travel distance xovt results in an over travel force Fovt due to the stiffness
of the loop between probe tip and work piece through the CMM.
When the probe is of the measuring type, as discussed in the previous section, a low force probing
strategy can be used. Here, the CMM will gradually retract the probe using the probe signal
as feedback until a preset distance xm or a preset contact force Fm is obtained at t4 . After the
CMM comes to a standstill a measurement point is taken by adding the displacement of the probe
tip, relative to its rest position, to the position of the scales. During the measurement or in post
processing, the measurement results need to be corrected for the probe tip radius, indentation of
the work piece and the probe tip, roundness deviations of the probe tip and other factors that
influence the measurement, as will be discussed in the remainder of this chapter.
A disadvantage of the low force probing strategy is the time it takes to retract the probe. To speed
up the measurement, a measurement can also be taken at t3 after the CMM comes to a standstill.
However, the measurement force Fm now equals the over travel force Fovt , which increases the
deformation and indentation of the work piece and probe at the measurement position, relative to
the low force probing strategy.
An important advantage of a single point probing strategy is that the CMM comes to a complete
standstill before taking a measurement. As a result, dynamic effects like bouncing of the probe tip
on the work piece, as shown in figure 2.3 and discussed in section 2.1.3 are reduced and a more
stable situation is reached before each measurement.
A second advantage is that multiple measurement values can be taken at each point. Averaging of
the measurement results decreases the contribution to the measurement uncertainty of deviations
that are non-systematic during the measurement, e.g. noise in the electronics. For these deviations,
an estimate of the experimental standard deviation on the average value of the measurand sm is
given by [Walpole 06]:
s
sm = √
n

(2.1)

Here s is the experimental standard deviation of these effects and n is the number of measurement
points.
For a measuring probe, operating at 1 kHz, 100 measurements can be taken in 10 ms, which re-
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duced the contribution to the measurement uncertainty of these effects by a factor of 10.
Naturally, when using a touch-trigger probe only 2 measurement points can be taken per probing
operation, as discussed in the previous section. Increasing the number of measurement points for
a touch-trigger probe thus requires repeating the measurement procedure and is therefore time
consuming.
A disadvantage of the sequential single point probing method is that the process of approaching
the surface and withdrawing the probe is repeated for each point to be measured. When a large
number of points needs to be measured this procedure is therefore time consuming. For these tasks
a scanning measurement procedure can be used. Here, the tip of the probe is brought into contact
with the work piece and is then guided on a line along the surface. The tip of the probe remains in
contact with the surface and a set of coordinates is sampled in a time sequence [Destefani 01]. As
a result many more points per unit time can be measured, which reduces the total measurement
time considerably.
A disadvantage of scanning is the measurement uncertainty introduced by dynamic effects during
scanning, as discussed in section 2.1.8, the triggering of the signal from the probe with the CMM
measurement and the limited number of measurement values that can be used to measure the tip
position at a certain point. Also, stick slip effects during scanning influence the measurement, as
will be discussed in section 2.1.8.
Scanning measurements are not feasible with touch-trigger probes. However, a pseudo scanning
mode can be performed by moving the probe along the surface with intermitted contact. The data
capture rate is much smaller than with measuring probes [Weckenmann 04].
The term pseudo scanning is also used by several manufacturers with respect to measuring probes
and consists of a series of single point probing operations, similar to figure 2.2. The points of contact are often not known in advance, but are calculated from previous measurements [Hidaka 06]
as shown in figure 2.4. Since contact is intermitted, pseudo scanning is considered as a series of
single point probing operations for the purpose of this thesis.
(XB ,YB )

(XA ,YA )

(2XB − XA ,2YB − YA )

Predicted probing direction

Figure 2.4: Simple control algorithm for pseudo scanning.

2.1.3

Impact force

During a collision between the tip of the probe and the work piece the kinetic energy at the probe
tip is absorbed by the deformation of the probe tip and work piece:
1
mt ∆v 2 =
2

Z

0

δ

FHz (δ)dδ =

5
8√
rt Ered δ 2
15

(2.2)

Here, δ is the indentation of work piece and probe tip in m, ∆v is the relative speed between the
probe tip and work piece at the point of contact in m/s, rt is the radius of the probe tip in m and
mt is the equivalent mass of the collision, which is here defined at the mass that is ’felt’ when
accelerating the probe tip. The Hertz contact force FHz and the reduced Young’s modulus Ered are
calculated using equations G.3 and G.5, respectively, as discussed in appendix G.
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Material
Aluminum
Invar
Steel
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E in GPa

ν

σ0.2 in MPa

70
145
200

0.33
0.3
0.3

280
483
885

Table 2.1: Ratio

p

p

σ5

)
( E0.2
4
red

0.3
0.4
1.17

σ5

) for several materials.
( E0.2
4
red

It is noted that material properties depend on the scale of the contact. As the contact region
size approaches the grain size of the work piece material the effective Young’s modulus usually
increases [Meli 07]. Also, mechanical properties at the surface of a bulk material may be influenced
by surface segregation and oxide layers.
Using equation G.2, the impact force Fimp can be calculated:

Fimp =

r
5

125 3 6 2
m ∆v Ered rt
36 t

(2.3)

Using equation G.7, the maximum admissible relative speed ∆v, based on the onset of plastic
deformation, between the probe tip and work piece can be calculated:

∆v =

s

5

5
(1.61π) rt3 σ0.2
4
30
Ered mt

(2.4)

Where σ0.2 is the yield strength of the work piece material.
p σ5
) depends on the work piece material and is a measure for the kinetic energy a
The ratio ( E0.2
4
red
material can absorb until plastic deformation begins. This ratio for aluminum, Invar and steel in
contact with sapphire is shown in table 2.1.
In order to prevent plastic deformation when probing an aluminum work piece with a 1 mm/s
approach speed and a sapphire probe tip, the equivalent mass at the probe tip should be below
161 mg for a 250 µm tip radius and below 35 mg for a 150 µm tip radius. This can also be seen from
figure 2.5 where the admissible equivalent mass is shown as a function of the radius of the probe
tip. The equivalent mass of the 3D tactile probe, discussed in chapter 3, is approximately 9 mg in
x- and y- direction and 34 mg in z-direction. The impact force Fimp in this situation corresponds
to approximately 1.1 mN in x- and y-direction and 2.7 mN in z-direction. It is noted that most
commercial styli with a 150 µm or 250 µm tip radius have a mass of 300 mg or more. Thus it may
be expected that plastic deformation occurs when probing an aluminum work piece with a 1 mm/s
approach speed with these styli.
A second effect during the collision of the probe tip with the work piece is bouncing of the probe
tip. During the initial collision between the work piece and probe the relative speed is v0 , as shown
in figure 2.3. The kinetic energy of the probe tip, as a result of the relative speed of the probe and
work piece ∆v, is absorbed by the deformation of the probe tip and work piece, as shown in
equation 2.2.
Energy is dissipated in the contact between probe tip and work piece, e.g. due to friction or plastic
deformation as described by equation G.14. To describe this effects a factor e is introduced, where
e2 is the part of the energy stored in the deformation of probe tip and work piece which is converted
back into kinetic energy:
1
mt ∆v22 = e2
2

Z

δ

0

FHz (δ)dδ

(2.5)
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Figure 2.5: Admissible mass at the probe tip in order to prevent plastic deformation due to impact forces of a planar aluminum
work piece. The admissible mass is shown as a function of
the radius of the probe tip and for different approach speeds.

Where ∆v2 is the relative velocity between the probe tip and the work piece after the collision.
Assuming a probe that is initially at rest, v1 = 0, and a CMM that moves a work piece with a
constant speed v0 , the velocity v2 of the probe tip after the collision is given by:
(2.6)

v2 = (1 + e) v0

The velocity x′t and position xt of the probe tip during vibration in its eigen frequency after the
collision are1 [Dekkers 02]:

x′t
xt

= (1 + e) v0 cos (ω0 t)


(1 + e) v0
ω03 t3
(1 + e) v0
sin (ω0 t) ≈
ω0 t −
=
ω0
ω0
6

(2.7)

Here t is the time in seconds and ω0 is the eigen frequency, often referred to as natural frequency,
of the probe in the direction of velocity v0 .
The response time tr of a high accuracy CMM, as shown in figure 2.3, is typically 2 ms [Ruijl 01,
Seggelen 07, Vermeulen 99]. When the eigen frequency fe of the probe is between 100 and 140 Hz
or higher, depending on the energy loss during the collision and damping of the probe, the CMM
has not started decelerating at the time of the second collision between the probe tip and the work
piece. The speed of the CMM during the second collision will therefore be v0 and the position
of the work piece xt equals v0 t. Using equation 2.7, the bouncing time tb between the first and
second collision can be calculated:
√ r
6
e
tb =
ω0 1 + e
Which for a fully elastic collision, e2 = 1, results in tb =

(2.8)

√

3
ω0 .

The relative velocity during the second collision is given by:
1 The Taylor series for a sine function is an entire function. The maximum deviation in the approximation used is

ω05 t5 /120.
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∆v = v0
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1 − (1 + e) cos

r

6e
1+e

Which for a fully elastic collision results in ∆v = v0 − 2v0 cos

!!

(2.9)

√ 
3 ≈ 1.32v0 .

To prevent an increase of the relative speed during the second collision, the kinetic energy of the
probe must be dissipated. From equation 2.9, it can be seen that ∆v during the second collision
equals v0 when e < 0.68. In other words, when 54% of the kinetic energy of the probe tip is
absorbed by friction and plastic deformation of the work piece, the relative speed during the second
collision will be the same as the relative speed during the first collision. This is shown in figure
2.6 where the position of the work piece and probe tip of the probe are shown as a function of the
dimensionless time.
1
Work piece

Displacement

0.75
Fully elastic
e = 0.68

0.50

ζ = 0.28
0.25

0
0

0.25

0.5

0.75

t ω0 / π

Figure 2.6: Position of the work piece, solid line, and probe tip, dotted
lines, after the initial collision.
A second important dissipation process is damping of the movement of the probe tip. It can be
shown that for a damping factor ζ of 0.28 or higher, the relative speed during consecutive bounces
does not increase.
The eigen frequency fe of the 3D tactile probe, discussed in section 3, is approximately 1100 Hz in
x- and y-direction and 550 Hz in z-direction. The z direction corresponds to the length direction
of the stylus, as shown in figure 2.2. The bouncing of the tip of this probe on an aluminum
work piece in x-direction is simulated using simulink, as shown in figure 2.7 and figure 2.8. The
bouncing effect is emphasized by assuming a low damped probe, with ζ = 0.01, and no energy
loss due to friction and plastic deformation in the contact between the probe tip and work piece,
i.e. e2 = 1.
It can be seen in this model that the relative speed during consecutive collisions increases from
1 mm/s during the first collision to 2.2 mm/s after 2 ms. The maximum contact force after 2 ms,
3.2 mN, is almost a factor of 3 higher than the contact force during the first collision, 1.1 mN. It is
noted that, due to movement of the CMM, the force after 2 ms is a combination of the impact force
and over travel force, as discussed in the next two sections.

2.1.4

Over travel force

The second force to consider while probing a work piece is the over travel force Fovt , as discussed
in section 2.1.2. The force Fovt depends on the over travel xovt of the CMM and the stiffness c
between the probe tip and work piece, i.e. the stiffness of the loop through the probe, CMM and
work piece:
Fovt = xovt c

(2.10)

32

Aspects of probing

4

Velocity in mm/s

2

0

-2

-4

0

1

2

3

Time in ms

Figure 2.7: Simulated relative speed between probe tip and work piece
during single point probing.
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Figure 2.8: Simulated force between probe tip and work piece during
single point probing.
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Typically the stiffness of the CMM is an order of magnitude higher than the stiffness of the probe
suspension. Since the stiffness of the work piece is unknown and varies from measurement to
measurement, for the purpose of calculating the over travel force Fovt we will assume that c equals
the stiffness of the probe at its tip ct in the measurement direction.
The over travel mainly depends on the dynamics of the CMM and the probing speed. It is assumed
that after a reaction time tr the CMM will start to decelerate with a constant negative acceleration
aCM M . The admissible speed vovt based on the onset of plastic deformation, equation G.7, due to
over travel forces is given by:

vovt = −tr aCM M +

s

3

t2r a2CM M +

3
(1.61π) rt2 σ0.2
2 aCM M
3
ct Ered

(2.11)

The response time tr of a high accuracy CMM and its deceleration aCM M are typically 2 ms and
0.1 m/s2 [Ruijl 01, Seggelen 07, Vermeulen 99]. For an approach speed of 1 mm/s this results in
an over travel distance xovt of 7 µm. For a planar aluminum work piece, probed by a sapphire
probe tip with a speed of 1 mm/s, the stiffness ct should be less than 985 N/m for a 250 µm tip
radius and 354 N/m for a 150 µm tip radius to prevent plastic deformation. This can also be seen
from figure 2.9, where the admissible stiffness ct at the probe tip is shown as a function of the
radius rt of the probe tip.
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Figure 2.9: Admissible stiffness at the probe tip in order to prevent plastic deformation due to over travel forces of a planar aluminum work piece. The admissible stiffness is shown as a
function of the radius of the probe tip for different approach
speeds.
The stiffness at the probe tip of the 3D tactile probe, discussed in section 3, is optimized for the
radius of the probe tip, as discussed in appendix D. For a 250 µm radius of the probe tip a rod
thickness of 30 µm is used, which results in a stiffness of 480 N/m. For a probe with a tip radius of
25 µm the rod thickness is reduced to 10 µm, which results in a stiffness at the probe tip of 20 N/m.

2.1.5

Overlap between collision and over travel forces

When the probe collides with the work piece for a second time within the reaction time tr of
the CMM and the relative speed between the probe tip and work piece increases in consecutive
bounces, as discussed in section 2.1.3, it is likely that the maximum contact force is a combination
of the impact force Fimp and the over travel force Fovt . The over travel force after 2 ms, the
reaction time tr of the CMM, for this probe is given by v0 tr ct , which corresponds to approximately
1 mN.
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This effect is illustrated using the simulink model from section 2.1.3. Bouncing of the probe tip on
the surface is emphasized using a low damping coefficient of the probe suspension, ζ = 0.08, and
no energy loss due to friction and plastic deformation in the contact between the probe tip and
work piece, i.e. e2 = 1. The solid black line in figure 2.10 is the over travel force. The solid gray
line is the force between the probe tip and the work piece, which is the sum of the impact force
and the over travel force.
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Figure 2.10: Force between probe tip and work piece when probing in
x direction with a 1 mm/s approach speed. The equivalent
mass mt in this direction is 8 mg and the stiffness ct and
damping coefficient ζ are 480 N/m and 0.08, respectively.

It would be of interest to analyze the maximum force that occurs during the collision. Figure
2.11 shows the ratio χc between the contact force during the first collision between probe tip and
work piece and the maximum contact force. The ratio χc is calculated as a function of ζ for an
equivalent mass of the probe of 8, 29 and 100 mg, respectively. Similar to the results from section
2.1.3, the maximum contact force is approximately 3 times as high as the initial contact force for
a low damped probe.
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Figure 2.11: Ratio χc between the contact force during the first collision
and the maximum contact force.
From this figure it can be seen that the ratio χc between the initial contact force and the maximum
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contact force is only influenced by ζ, and not by the eigen frequency fe of the probe. However, this
only holds when the maximum contact force is reached during the reaction time tr of the CMM.
In the model a reaction time of 2 ms is used, after which the CMM starts to decelerate. The speed
of the CMM during a collision with the probe tip after tr will therefore be reduced, reducing the
collision force. This effects can be observed in figure 2.11 for ζ = 0.025 and ζ = 0.05. Here, the
maximum contact force is reached after tr for mt = 29 mg and mt = 100 mg, decreasing the ratio
χc .
Finally, it can be seen in this picture that the ratio χc between the initial contact force and the
maximum contact force becomes a constant for the probe with mt = 8 mg when ζ > 0.11. For this
value, the maximum contact force arises from the maximum over travel force Fovt of the CMM.
The second point of interest is the settling time ts of the probe, defined at the time needed for the
vibration amplitude to decrease to a set percentage of its initial value. For a simple 1 degree of
freedom mass-damper system, the settling time ts is proportional to [Tongue 96]:

ts ∝

tb
1
∝
ζωn
ζ

(2.12)

Here, ωn is the natural frequency of the probe and tb is the bouncing time of the probe, equation
2.8.
For the purpose of this work, it is of interest to analyze the time needed for the vibrational amplitude to decrease to less than 5 nm. For optimum throughput, the time needed should be less
than 12 ms, the time required by the CMM to end its motion after the first collision, as discussed
in section 2.1.4. The influence of the damping coefficient ζ on the required time is shown in figure
2.12 for several values of the equivalent mass at the probe tip.
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Figure 2.12: Time needed for the vibrational amplitude of the probe
to decrease to less than 5 nm after the initial collision between probe tip and work piece during single point probing.

From the previous sections it may be concluded that in order to prevent plastic deformation when
probing a flat aluminum work piece with a 1 mm/s approach speed and using a sapphire tip with
a radius of 150 µm, the equivalent mass at the probe tip should be 35 mg or less. Also, the stiffness
at the probe tip should be below 354 N/m to prevent plastic deformation due to the over travel of
the CMM. It is noted that the maximum force due to bouncing of the probe tip on the work piece
surface during probing is influenced by the damping factor of the probe. For low damped probes
the maximum impact force during single point probing may be a factor of 2 - 3 higher then the
contact force during the initial collision.
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2.1.6

Contact of rough spheres

In previous sections, the contact surface of the probe tip and work piece were assumed to be
perfectly smooth. Using this assumption, the admissible force between a smooth sapphire sphere
with a tip radius rt = 250 µm and a smooth planar aluminum work piece is 7 mN, as calculated in
section 2.1.4.
However, as discussed in appendix B, plastic deformation can never be avoided completely in the
contact between rough surfaces. In this section the contact between rough spherical parts, e.g.
the probe tip and work piece, will be discussed. When analyzing the spherical contact of rough
surfaces two problems at different scales need to be taken into account:
• The bulk or macro-scale compression of the objects;
• The deformation of asperities on the surface of the objects.
When calculating the contact force and indentation of a rough spherical contact on a micro scale,
the influence of the fluid layer between the structures should be taken into account. Two additional
assumptions are made:
1. The pressure in the adsorbed water layer between the surfaces is homogeneous;
2. The influence on the deformation of asperities due to lubrication of the contact as a result of
the adsorbed water layer can be neglected.
The first assumption states that water molecules can move between the asperities to create an
homogeneous pressure. Therefore there is no local pressure buildup in the fluid layer, e.g. as a
result of trapped water molecules.
Using the above assumptions the main influence of the water layer, adsorbed on the surface, when
calculating the indentation due to a static force is an increase in the contact force due to surface tension, as discussed in section 2.1.7. This can be taken into account when calculating the
indentation depth between rough spherical parts, as discussed in section 2.1.7.
Several authors presented models to describe the spherical contact between rough surfaces. Most
notable are the publications by Greenwood & Tripp [Greenwood 67], Mikic [Mikic 74A], Mikic
& Roca [Mikic 74B] and Bahrami et al. [Bahrami 04, Bahrami 05]. Kagami et al. [Kagami 83]
developed a numerical model to describe the spherical contact of rough surfaces. By comparison
with experimental data, they found that the effect of the deformation mode of the asperities, i.e.,
elastic, plastic, or elasto-plastic on the results of their analysis was small in the practical range.
Asperities in spherical contact act as a compliant layer on the surface of the objects. Compared
to perfectly smooth surfaces the contact area is therefore extended, resulting in a reduced contact
pressure for a given load. This is shown in figure 2.13 for a force F of 50 N, a reduced Young’s
modulus Ered of 112.1 GPa, a hardness H of 4 GPa and a sphere radius rt of 25 mm.
Here, the pressure p is shown as a function of radial position r. To obtain non dimensional variables, the pressure p and radial position r are divided by the maximum Hertz contact pressure p0,H
and Hertz contact radius aH , respectively. It can be seen that as the surface roughness σz increases,
the maximum pressure p0 in the contact decreases and is distributed over a larger area.
Since the effect of surface roughness is modeled using a Gaussian distribution, the pressure distribution asymptotically approaches zero. The contact radius al is therefore defined as the radius r
where the normalized pressure is 0.01 or less:
p (r = al )
< 0.01
p0

(2.13)

Where p0 is the maximum contact pressure, p0 = p (r = 0).
For the spherical contact between rough surfaces, the general pressure distribution p is [Bahrami 04]:
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Figure 2.13: Effect of surface roughness on the pressure distribution between a sphere and a plane [Bahrami 05, Greenwood 67,
Kagami 83].
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Where r is the radial position and:
p0
γ = 1.5
p0,H



al
aH

2

Here, aH and p0,H are the Hertz contact radius, equation G.1, and the maximum Hertz pressure in
the contact, equation G.4, respectively.
Bahrami [Bahrami 04] used a numerical model to predict the pressure distribution. He compared
the results from his numerical model to experimental results and literature [Bahrami 05] and
found good agreement. Using a curve-fitting approach he obtained the following relationships for
the non-dimensional maximum contact pressure p∗0 and the non-dimensional contact radius a∗ :

p∗0 =

p0
p0,H

=

al
aH

=

a∗ =

1
α
1 + 1.37 τ 0.075
( 1.605
√ ∗
p0

3.51 − 2.51p∗0

(2.16)
0.01 ≤ p∗0 ≤ 0.47

0.47 ≤ p∗0 ≤ 1

(2.17)

Equations 2.16 and 2.17 depend on the non-dimensional roughness parameters α, published by
Greenwood et al. [Greenwood 84], and τ [Bahrami 05]:

α

=

τ

=

 13

2
16rt Ered
σrt
=σ
a2H
9Fc2
1

rt
4Ered rt2 3
=
aH
3Fc

(2.18)
(2.19)

38

Aspects of probing

Where Fc is the contact force, aH the Hertz contact radius, σ is the root-mean-square roughness
and and rt is the radius of the probe tip.
When the pressure distribution is know, the method presented in appendix B can be used to calculate the number and mode of deformed asperities at a given position. By integration over the
contact surface the deformation of all asperities in contact and the elastic deformation of the halfspace can be calculated, as shown in e.g. [Bahrami 05, Greenwood 67, Mikic 74B].
Another factor of interest is the mutual approach of distant points in the probe tip and work
piece, hereafter referred to as compliance. The compliance δ between rough spherical bodies as a
function of the radial position r is given by [Kagami 83]:
δ = δa (r) + δb (r) +

r2
2rt

(2.20)

Where δa (r) and δb (r) are the deformation of asperities and the bulk deformation at radial position
r, respectively. In the vicinity of the contact the profile of the probe tip, with radius rt , can be
approximated by a paraboloid, u (r) = u0 − r2 /2rt , the third part of equation 2.20.
Assuming that the deformation of asperities at the edge of the contact is zero [Bahrami 04], equation 2.20 can be written as:
δ = δb (al ) +

a2l
2rt

(2.21)

Using a numerical approach, Bahrami et al. [Bahrami 05] obtained an analytical solution for the
bulk deformation at the edge of the contact:
δb (al ) =

4p0 al


3.13

πEred 4.79 − 3.17 (p∗0 )



(2.22)

The non-dimensional compliance δ ∗ is obtained by combining equations 2.17, 2.21 and 2.22:
δ∗ =

8p∗0 a∗
δ
2


= 0.5 (a∗ ) +
3.13
δH
π 2 4.79 − 3.17 (p∗0 )

(2.23)

Where δH = a2H /rt is the compliance between a perfectly smooth sphere, with radius rt , and a
perfectly flat work piece using Hertz theory.
Bahrami et al. [Bahrami 05] estimated the maximum deviation of this method to be 5% in the
range of 0.01 ≤ p∗0 ≤ 1.
Figure 2.14 shows the non dimensional compliance δ ∗ between a planar aluminum work piece and
a sapphire spherical probe tip, with a radius of 10, 100 and 1000 micrometers, respectively, for a
contact force Fc of 1 mN as a function of surface roughness.
Figure 2.15 shows the calculated compliance δ as a function of surface roughness for a contact force
of 1 mN. The compliance between a perfectly smooth work piece and a perfectly smooth sphere
δH is calculated using Hertz theory. This constant value is shown in figure 2.15 as a reference.
It can be concluded that compared to the Hertz theory for perfectly smooth surfaces, the compliance between probe tip and work piece can easily be an order of magnitude higher when the
effects of surface roughness are taken into account.

2.1.7

Surface forces

The relative importance of adhesion forces, often referred to as surface forces, with respect to
gravity increases as the dimensions of a component decrease [Elwenspoek 01]. This is especially
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Figure 2.14: Non dimensional compliance δ ∗ as a function of surface
roughness between a plane and a sphere with a radius of
10, 100 and 1000 micrometers, respectively.

Compliance δ in nm

160

Smooth surfaces
rt = 10 µm
rt = 100 µm
rt = 1000 µm
Rough surfaces
rt = 10 µm
rt = 100 µm
rt = 1000 µm

120

80

40

0

origin2

0

10

20

30

40

50

Surface roughness (rms) in nm

Figure 2.15: Effect of surface roughness on the compliance between a
sphere and planar work piece for a sphere with a radius of
10, 100 and 1000 micrometers, respectively.
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Material

Hamaker constant H12
for contact with sapphire

Gold
Silver
Aluminum
Germanium
Copper
Diamond
Silicon
Carbon
Iron
Sapphire
Water

26.1
24.9
23.6
21.6
21.0
21.0
19.9
18.3
18.1
15.5
8.2

Table 2.2: Hamaker constants for the contact between sapphire and several materials. All values
are given in 10−20 J.

important when performing measurements on small components and when handling them, e.g.
during micro assembly [Arai 95, Bowling 88, Brussel 00, Fearing 95, Feddema 01, Maboudian 97,
Tas 96]. In this section the simplified mathematics of these surface forces are discussed and verified
using the experimental setup discussed in section 1.6.1. Since these forces are, in most cases, not
controlled in terms of magnitude and direction they are often disturbing. Therefore the section
will conclude with measures to reduce these forces during a measurement.
The adhesive forces arise primarily from van der Waals forces, electrostatic attraction and surface
tension. The balance between these forces depends on the environmental conditions, such as
humidity, temperature, surrounding medium, surface condition, material and relative motion. The
van der Waals forces, electrostatic attraction and surface tension are also discussed in appendix C.
Overview of surface forces
First, calculation of the van der Waals force, which is discussed in appendix C.1, is briefly described
in this section. Hamaker [Hamaker 37] determined the van der Waals force Fvdw between a sphere
and an infinite half space:
Fvdw =

2Hr13
2

3d2ww (dww + 2r1 )

(2.24)

Where dww is the distance between the wall and the edge of the sphere, r1 is the sphere radius
and H is the Hamaker constant. The Hamaker constant for the contact between a work piece and
a sapphire sphere is given in table 2.2.
As an example, the van der Waals force between an aluminum half space and a sapphire sphere
with a radius of 250 µm is now calculated. From table 2.2 a Hamaker constant of 23.6 · 10−20 J is
obtained. Using equation 2.24 and assuming a distance between the edge of the sphere and wall
dww of 0.4 nm [Arai 95] a van der Waals attraction force Fvdw of 61.5 µN is obtained.
An important influence factor for the van der Waals forces is the surface roughness of both parts.
A rough estimate for this effect is given by equation C.6 in appendix C.1. Assuming a peak-to-peak
surface roughness Rt of 5 nm, a van der Waals force Fvdw of 1.17 µN, or 2% of 61.5 µN, is obtained.
Finally, it is noted that the contact force between the objects will likely result in a local plastic deformation of the roughness peaks. This permanent deformation increases the effective contact area.
The adhesion force between the surfaces thus increases for an increasing contact force [Jones 03].
The second surface force under consideration is the Casimir force [Casimir 48A, Casimir 48B].
The Casimir force is the attraction of two uncharged material bodies due to modification of
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the zero-point energy associated with the electromagnetic modes in the space between them
[Lamoreaux 05].
The Casimir force FC between two parallel plates of area A is given by [Bressi 02, Lamoreaux 97,
Lamoreaux 05]

FC =

π 2 h̄c
A
240d4

(2.25)

Where h̄ is the reduced Planck constant, i.e. h̄ = h/(2π) = 1.0546 · 10− 34 Js, c is the speed of light
in vacuum, i.e. c = 299792458 m/s ≈ 300 · 106 m/s, and d is the distance between the plates.
The Casimir force between a sphere with radius r and a flat surface is given by [Buks 01, Chan 01,
Lamoreaux 97, Mohideen 98]:

FC =

rπ 3 h̄c
360d3

(2.26)

For a sphere with a radius r of 250 µm and a distance d of 1 nm the Casimir force is calculated to be
0.7 mN. When the separation d is 0.2 µm or higher the Casimir force FC ≤ 85 pN and is generally
considered to be neglectable.
The third surface force under consideration is electrostatic attraction, as discussed in appendix
C.2. The electrostatic force Fe2 between two spheres with homogeneous surface charge σ can be
calculated using [Arai 95]:

Fe2 =

4πσ1 σ2 r12 r22
ǫ0 d2cc

(2.27)

Where r1 and r2 are the radii of sphere 1 and 2, respectively, dcc is the distance between the sphere
centers and ǫ0 is the permittivity in vacuum, i.e. ǫ0 = 8.85 · 10−12 C2 /(Nm2 ).
A rough estimate is given for the force between an aluminum sphere with a radius r1 of 250 µm
and a silicon wall. Using a charge density on the sphere σ1 of 1.5 · 10−7 C/m2 , as discussed in
appendix C.2, and letting r2 go to infinity, equation 2.27 results in a force due to the contact
potential difference between the sphere and wall of 8.3 pN.
However, significant amounts of charge may be generated by friction forces and differences in
contact potential [Fearing 95]. The charge acquired by an insulator from a contact with a metal
or other insulator depends on the nature of the insulator material and on the type and duration of
the contact [Cottrell 78, Davies 67, Medley 53]. At atmospheric pressure and a gap in the order of
centimeters the maximum charge density is limited to about 3 · 10−5 C/m2 , due to the breakdown
strength of air, which is about 3 · 106 V/m [Brussel 00, Koyano 96, Lowell 80]. Using the same
approach as before with this value, a force due to the charge as a result of friction between a
silicon sphere and an aluminum wall of 80 µN is obtained.
Finally, a brief overview of hydrostatic attraction is given, as discussed in more detail in appendices
C.3 and C.4. Hydrostatic adhesion is often the dominant force in micro structures [Brussel 00,
Tsuchitani 94] and is increased by a high humidity, large radii of curvature, long contact times and
hydrophilic surfaces.
The hydrostatic force Fs is given by:
Fs =

πr22 γ



1
1
+
r1
r2



+ 2πr2 γ

(2.28)

Where the radii of the meniscus r1 and r2 , the radius of the sphere rt , the separation distance d,
the surface tension of the liquid γ and the contact angles θ1 and θ2 , depicted in figure C.4, are
connected via simple equations, as discussed in appendix C.3.
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Contact angle in degrees
Teflon
Polyethylene
Polyimide
Aluminum Nitride
Sapphire
Glass

95◦
88◦
60◦
45◦
35◦
0◦

Table 2.3: Contact angle of water on several materials [Liang 96].

Table 2.3 gives typical values of the contact angle of water on several materials. It is noted that
the contact angle is very sensitive to contaminants and to physical modifications of the surface
[de Gennes 85, Mittal 06].
For the contact between a spherical probe tip with radius rt and a plane, equation 2.28 is often
simplified to [Bowling 88, Fearing 95, Tori 94]:
(2.29)

Fs ≈ 4πrt γ

The Kelvin radius rk is a measure of the size of the meniscus that forms between two surfaces and
is a function of radii of the meniscus r1 and r2 :
1
=
rk



1
1
+
r1
r2



=

RT
p0
ln
γV
pw

(2.30)

Where T is the absolute temperature, V the molar volume, R the universal gas constant, R ≈
8314.5 J/kmol · K, p0 the partial pressure of water vapor in the air and pw the vapor pressure of
water.
The Kelvin radius rk is used as a measure for the minimum distance that should be kept between
the surfaces to prevent the formation of a stable layer of water between the objects [Brussel 00].
As discussed in appendix C.4 the adsorption of water on the surface of an object will naturally
depend upon the partial pressure of water vapor, the temperature of the system and the affinity
of the objects for water molecules. The thickness of the water layer is typically between a tenth
and several tens of nanometers [Grigg 92, Heim 96, Hooton 04, Hu 95A, Hu 95B, Patel 97]. Also,
especially for hydrophobic surfaces, water droplets may appear on the surface [Freund 99].
Most literature references, including [Christenson 88, Cleaver 04, Fisher 81, Harnby 96, Sugawara 93,
Zimon 82], conclude that the hydrostatic adhesion increases monotonically with an increasing relative humidity RH. Another factor of influence is the surface roughness of the contact area. The
effects of the surface roughness and relative humidity has been discussed by several authors, including [Harnby 96, McFarlane 50, Rabinovich 02]. The hydrostatic attraction is generally shown
to decrease when the surface roughness increases.
As an example, the hydrostatic attraction between a sapphire sphere with a radius of 250 µm and
and aluminum plane is calculated. For the calculation we assume a relative humidity RH of 60%,
an absolute temperature T of 293.15 K and a molar volume of water V of 18 · 10−6 m3 /mol. Using
equation 2.30 with R = 8.3145 J/mol · K and γ = 0.073 N/m a Kelvin radius rk of 1 nm is obtained.
Since rt >> rk , equation 2.29 is used, which gives a total hydrostatic attraction Fs of 0.23 mN.

Comparison of surface forces to gravitational forces
Especially for micro assembly operations, the relative magnitude of the separate surface forces
with respect to gravity is of interest. When surface forces prevail over gravity, the component may
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Figure 2.16: Comparison of the magnitude of the separate surface
forces between a sapphire sphere and a planar half space
as a function of the sphere radius.

be more difficult to handle. Figure 2.16 shows the van der Waals, Electrostatic and Hydrostatic
attraction force between a sphere and a planar half space, as a function of the radius of the sphere.
For the calculation of the electrostatic force, a charge density σ of 1 · 10−5 C/m2 is used. The
calculation of the other forces follows the same approach as used in the previous sections. It can
be seen that for this example, gravity prevails over the sum of the surface forces when the sphere
radius is larger than 2.8 mm.
For a tip radius of 250 µm, the sum of the surface forces in figure 2.16 is 0.24 mN, which is an
order of magnitude below the impact and over travel forces of the probe discussed in this thesis, as
calculated in section 2.1.3 and 2.1.4. However, for other probes the magnitude of the surface force
can be substantially higher than the impact and over travel forces, as discussed in section 2.3.5.
The effects on the measurement is discussed later in this chapter.

Effect of the surface forces on static and dynamic friction
The static friction between a sphere and a plane is influenced by the force component FN orthogonal to the plane and the coefficient of friction between the sphere and plane. The forces during
the probing of micro components need to be small to minimize plastic deformation of the probe
tip and work piece, as discussed in sections 2.1.3 and 2.1.4. As a result, the magnitude of surface
forces is often in the same order as the forces during probing. Since surface forces typically increase the force component FN they may have a significant influence on the static friction force.
This was investigated by Tian et al. [Tian 92, Tian 93] for the static friction force between the
head and disk interface of a magnetic recorder. The coefficient χsf , which is a measure for the
relative magnitude of the static friction forces, is shown in figure 2.17 as a function of the relative
humidity for different thicknesses of the lubricant film.
It can be seen in this figure that the static friction force increases for an increasing relative humidity
and thickness of the lubricant film. This is caused by the increase in hydrostatic attraction when
the thickness of the water and lubricant layer increases, as discussed in the previous section. A
point of interest is the graph for the contact without lubrication (thickness 0.0 nm). The static
friction force at 2% RH is slightly higher than the force at 50% RH. Most likely this is caused by
electrostatic adhesion [Wan 92], as will be discussed later in this section.
A similar increase of the static friction force with an increasing relative humidity for the head disk interface in a magnetic recorder was also observed by Li et al. [Li 90]. They also observed an
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Figure 2.17: χsf versus relative humidity for different lubricant thicknesses [Tian 92].

increase in the friction force for an increasing dwell time, especially at high levels of the relative
humidity, as shown in figure 2.18. This is caused by film mobility and the fact that the presence
of the probe tip on the surface will promote the localized condensation of water [Dey 00]. Finally,
the electrostatic adhesion at a low relative humidity was observed to decrease for an increasing
dwell time.
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Figure 2.18: χsf as a function of dwell time for different relative humidities [Li 90].

The decrease in electrostatic adhesion with relative humidity and dwell time results from the
adsorbed water layer on the surface. When the relative humidity increases, the thickness of the
adsorbed water layer increases, which results in a decrease of the surface resistivity [Dorda 60,
Sharma 03]. This in turn decreases the half life of the charge decay, as shown in figure 2.19
[Shashoua 58, Shashoua 63].
For the dynamic friction case the adsorbed water layer on a hydrophilic surface acts as a lubricant,
reducing the coefficient of friction at a relative humidity > 70% [Binggeli 94, Cleaver 04]. No
reduction in friction coefficient was observed for the hydrophobic carbon surface. The authors
explain this by the relative absence of water molecules on the surface. Figure 2.20 shows the
dynamic friction force as a function of the applied load for several values of the relative humidity.
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Figure 2.19: Dependence of the root mean square half life of charge
decay on the relative humidity for a cellulose film
[Shashoua 58].

The linear relation between the measurements indicate that the friction coefficient is constant at
a given value of relative humidity. It can also be seen that the friction coefficient decreases for
increasing relative humidity.
75% RH
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Figure 2.20: Friction force between an AFM tip and a silicon oxide
surface on an Si(100) wafer as a function of the applied
load for several values of the relative humidity. The arrows indicate whether the load is increasing or decreasing
[Binggeli 94].

Another factor of influence with respect to dynamic friction is charge generated by friction forces,
as discussed in section C.2. This sliding friction electrification is investigated by Kumar et al.
[Kumar 92] for the contact between an aluminum cylinder and a low-density polyethylene (LDPE)
plane, and an aluminum cylinder on a polypropylene (PP) plane. The surface potential was shown
to increase linearly with the sliding velocity in the range of 0.33 to 0.75 m/s. Higher velocities
increase the number of contacts, which increases the transfer of charge [Fabish 79, Elsdon 76,
Yu 89].
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The surface charge also showed a square-root dependence on the contact force up to 6.5 N. This
is caused by plastic deformation of the asperities, which increases the contact area [Elsdon 76,
Wahlin 74]. Finally, Kumar et al. investigated the relation between the surface charge and charging
time, as shown in figure 2.21. It can be seen that between 20 and 120 s of charging, the surface
potential increases linearly with charging time, similar to the results by [Elsdon 76, Fabish 79,
Giacometti 99, Yu 89].
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Figure 2.21: Surface potential as a function of the charging time at
a sliding velocity of 0.44 m/s and a contact force FN of
5.5 N between an aluminum cylinder and a polymer plane
[Kumar 92].
In summary, it can be stated that the relative humidity should be above 10% to decrease the
build up of electrostatic charge and below 60% to decrease hydrostatic adhesion. As a guideline
for precision tactile probing the relative humidity should therefore be around 30 - 40% RH. In
section 2.1.7 other measures to decrease surface forces are discussed. Some of these, like using
ionized air, are designed to minimize the build up of electrostatic charge, which could justify a
lower relative humidity. However, it should be clear, also from section C.3, that the optimum value
of the relative humidity will always depend on the combination of probe and work piece.
A complete review of friction is beyond the scope of this thesis and the reader is referred to
[Bengisu 97, Martins 90, Oden 85, Rabinowicz 04, Tabor 81].
Experimental results
The effect of surface forces during a single point probing operation, as discussed in section 2.1.2
and figure 2.2, is measured using the setup discussed in section 1.6.1. When the object approaches
the probe tip a ’snap in’ effect of approximately 15 nm can be observed, as shown in figure 2.22. A
similar ’snap in’ effect also occurs in AFM measurements [Heinz 99]. The effect is caused by forces
between the tip of the probe and the object prior to contact.
After contact, the movement of the object continues until the probe tip is deflected by 1.5 µm.
Similar to a single point probing operation, the object is then retracted. Due to surface forces
the object will stick to the work piece, as shown in figure 2.22. After a certain displacement, the
forces due to the deformation of the probe suspension will prevail over the sum of the surface
forces between the probe tip and object and a ’snap out’ effect can be observed, as also discussed
in section 2.3.5.
The magnitude of the ’snap out’ effect is investigated using an aluminum, sapphire and steel measurement object, as shown in figure 2.23. The measurements are performed using the probe
developed by Pril, as discussed in appendix A, and hence the stiffness is direction dependent. The
maximum deflection and the corresponding force are shown in table 2.4.
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Figure 2.22: Measurement of the effects of surface forces during a single
point probing operation.

Figure 2.23: Measurement objects used in the surface force measurements. From left to right: Aluminum, sapphire and steel.

Aluminum
Sapphire
Steel

Direction b
∆xs
Fs

Direction c
∆xs
Fs

Direction d
∆xs
Fs

0.35
0.6
0.2

0.15
0.7
0.08

0.45
0.9
0.15

67
114
38

26
121
14

78
156
26

Table 2.4: Maximum deflection ∆xs in µm and associated force Fs in µN due to surface forces
between a sapphire probe tip and different work piece materials [Widdershoven 04].
The measurement directions b, c and d are schematically shown in figure A.1.
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Some handling is required to replace the samples in the test setup. This has to be done manually
and hence the conditions of the measurement vary. This accounts for the differences in the ’snap
out’ force of the measurements. However, the measured forces are in the same order of magnitude
as the calculated values from the previous sections.

Reduction of surface forces
As discussed at the start of section 2.1.7, the influence of surface forces is especially important
when performing measurements on small components and during micro assembly. Therefore, in
this section we will briefly discuss several measures to reduce the magnitude of surface forces
during these operations. Measures to reduce surface forces are derived from the above discussion
on surface forces and from literature [Abe 95, Arai 95, Brussel 00, Fearing 95, Mastrangelo 00]:
• The relative humidity influences both the electrostatic adhesion, via the surface charge, and
the hydrostatic adhesion. A relative humidity above 10% reduces the build up of electrostatic
charge and improves the decay of surface charge. To reduce the hydrostatic adhesion, a
relative humidity below 60% should be used. For micro assembly, electrostatic and surface
tension effects can be eliminated by performing the handling and assembly operations while
immersed in a fluid [Yeh 94].
• The use of hydrophobic coatings reduces hydrostatic adhesion. When the contact angle,
indicated in figure C.4 by θ1 and θ2 , between the objects and liquid is made larger than 90
degrees, capillary forces push the objects apart.
• Free charges such as in ionized air can combine with and neutralize exposed surface charges.
• Use conductive materials which do not easily form highly insulating native oxides. By
grounding the conductors the electrostatic charge can be drained off.
• Use materials with a small contact potential difference to minimize the contact electrification.
• High contact pressures, caused by the adhesion forces, can cause local deformations at the
contact site [Bowling 88]. This deformation will increase the contact area and hence the net
adhesive force. Therefore, hard materials are preferable.
• Keep the contact area small. Therefore, a contact between spherical objects is preferred over
the contact between planar objects. For assembly operations, the contact area can also be
reduced by increasing the surface roughness. This will considerably reduce the van der Waals
forces.
It is important to note that in most applications the attraction forces are dominated by hydrostatic
attraction, as discussed in section 2.1.7 and appendix C. The items in the above list are arranged
to first reduce hydrostatic attraction, then electrostatic attraction and finally van der Waals forces.
However, it should be clear that this arrangement is somewhat system specific.

2.1.8

Scanning measurement

During scanning the tip of the probe is in continuous contact with the work piece. Due to this
contact the play of forces differs from a single point probing operation. This results in a stickslip effect during scanning and a deformation of the structural loop. Also the tip may loose contact
with the work piece if the direction of contact changes, e.g. when scanning a peak at high scanning
speed. Finally, as the probe is not at rest at the time of the measurement, the measurement result
is influenced by dynamics, predominantly those of probe, work piece and CMM.
First, the play of forces during scanning is discussed, as shown in figure 2.24. The main contributions to the force FN between the probe tip and work piece normal to the contact area are the
CMM scanning forces and surface forces. Calculation of the scanning force is comparable to the
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Figure 2.24: Schematic of the forces during a scanning measurement.

calculation of the over travel force, discussed in section 2.1.4. It results from the displacement ∆x
of the probe tip relative to its housing during scanning in y direction, as shown in figure 2.24.
The relative displacement ∆x of the probe tip during the scanning measurement is controlled by
the coordinate measuring machine. Assuming a relative displacement between 1 and 2 µm and
a stiffness ct at the probe tip of 480 N/m, see appendix D, results in a scanning force of 0.5 and
1 mN, respectively. From section 2.1.7 a surface force FS of 0.24 mN is assumed for a probe with a
tip radius r of 250 µm. The force FN between probe tip and work piece is therefore assumed to be
0.74 ≤ FN ≤ 1.24 mN.
The friction force FW between the probe tip and work piece is a function of the contact force FN
and the coefficient of friction µ between the tip and work piece, FW = FN µ. Assuming a coefficient
of friction µ of 0.15, a maximum friction force FW of 0.19 mN is obtained.
The force in y-direction, Fy , results from the movement ∆y of the probe tip in y direction relative
to its zero position and the stiffness ct at the probe tip in y direction, Fy = ct ∆y. When Fy < FW
friction dominates and the probe tip sticks to the work piece. Slip of the probe tip over the work
piece occurs when Fy > FW . The maximum displacement in y direction ∆ymax before the probe
tip slips is then given by:
∆ymax



FS
= µ ∆x +
ct



(2.31)

It can easily be seen from equation 2.31 that the influence of surface forces during scanning is
increased for a decreasing stiffness at the probe tip. Using ∆x = 1 µm, µ = 0.1 and FS of 0.24 mN
a maximum displacement ∆ymax of 0.15 µm is obtained when ct = 480 N/m, 0.58 µm when ct =
50 N/m and 24.1 µm when ct = 1 N/m.
It should be clear that the stick-slip effect can be large during tactile scanning of micro products
with a low stiffness probe. By looking at equation 2.31, there are several options to improve the
scanning behavior of tactile probes. First, the coefficient of friction µ can be reduced, e.g. by using
a vibrating probe tip [Hidaka 06]. A second option is to optimize the suspension stiffness ct for a
given tip radius. And finally, surface forces can be reduced, as discussed in section 2.1.7.
The friction force FW also results in a moment Mz around the z-axis, where Mz = FW r. For a tip
radius r of 250 µm this results in a moment Mz of 47.5 nNm, which causes a deformation of the
structural loop between probe tip and work piece.
The suspension of the probe, discussed in this thesis, consists of three slender rods. A deformation
of these strain gauges is detected by a change in resistance of four piezo resistive strain gauges,

50

Aspects of probing

deposited on each rod, in a Wheatstone bridge configuration. Ideally, an elongation or shortening
of the slender rods in the probe suspension therefore results in an equivalent change in the resistance of the piezo resistive strain gauges and does not contribute to the measurement uncertainty
of the probe. Therefore, the main contribution to the measurement uncertainty due to the moment
on the probe tip results from torsion of the slender rods, forces on the rods when the probe tip is
not in its zero position, manufacturing tolerances and assembly tolerances. These are second order
effects, which can be neglected.
However, there is also a rotation of the probe tip as a result of the moment Mz . The rotational
stiffness of the probe, discussed in section 3, around the z axis is 0.03 Nm/rad in its zero position.
A moment of 47.5 nNm thus results in a rotation of 1.63 µrad, which corresponds to a displacement
at the point of contact of 0.4 nm for a tip radius r of 250 µm.
The second effect, discussed in this section, is the loss of contact during a scanning measurement.
As mentioned earlier in this section, the force FN between probe tip and work piece is assumed to
be between 0.74 and 1.24 mN.
The maximum acceleration of the probe tip amax as a result of this force is given by:
amax =

ct ∆x + Fs
FN
=
meq
meq

(2.32)

Where meq is the equivalent mass at the probe tip and Fs is the sum of surface forces.
Scanning of a peak on the surface is modeled using the simple model shown in figure 2.25. Using
a constant scanning speed vscan and assuming that both the probe tip and work piece are rigid, the
height h (t) of the probe tip at time t is given by:
h (t) =

q

2 − x2 + 2x v
2
2
rtot
0 scan t − vscan t − rtot + hp
0

(2.33)

Here, rtot is the distance between the center of the probe tip and the peak, rtot = rt + rp and x0 is
the horizontal distance at initial contact:
x0 =

q

2

2 − (r
rtot
tot − hp )

(2.34)

Double differentiation of equation 2.33 results in the acceleration a (t) during the scanning of a
peak:

a (t) =

2
− 2x0 vscan − 2vscan
t

2

2 − x2 + 2x v
2
2
4 (rtot
0 scan t − vscan t )
0

3
2

−p

2
vscan
2 − x2 + 2x v
2
2
rtot
0 scan t − vscan t
0

(2.35)

The maximum acceleration amax of the probe tip when scanning of a peak occurs during the initial
contact, t = 0. Using equations 2.34 and 2.35 now yields:
amax =

2
2
vscan
rtot

(rtot − hp )

3

(2.36)

Combining equations 2.32 and 2.36 yields the maximum speed while scanning a peak without loss
of contact between probe tip and work piece:

vmax

3 r
3 √
(rt + rp − hp ) 2
(rtot − hp ) 2 ct ∆x + Fs
Fs
= 2πfe
=
∆x +
√
rtot meq
rt + rp
ct

(2.37)

It can easily be seen from equation 2.37 that the maximum admissible scanning speed vmax without
loss of contact decreases as the radius of the probe tip decreases. Assume that Fs = 0, ∆x = 1 µm
and the peak height hp and top radius rp are 2 µm and 1 µm, respectively. When this peak is
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vscan

vt
rt
(rt + rp ) sin α

rp

α
hp

x (t) = x0 − vt

Figure 2.25: Schematic model for the contact between probe tip and a
peak during scanning.

scanned by a probe with a stiffness ct of 480 N/m, an equivalent mass meq of 8 mg and a tip radius
rt of 10 µm, the maximum scanning speed vmax using equation 2.37 is 35 mm/s. Note that for a
probe with an equivalent mass of 10 g and a stiffness ct of 50 N/m the admissible scanning speed
is 0.3 mm/s for the same profile.
It is noted that the scanning speed vscan is influenced by stick-slip in the contact. Therefore the
scanning speed will be higher than the nominal scanning speed of the CMM in the slip-region of
the contact.
Finally, the centrifugal force Fc during scanning is discussed and is given by:
Fc =

2
meq vscan
rp

(2.38)

Where rp is the radius of the circular path followed by the probe tip. Using the same values
as before the maximum speed when scanning a circular path with rp = 0.1 mm without loss of
contact is vscan = 77 mm/s for the probing system as discussed in this thesis, i.e. meq = 8 mg
and ct = 480 N/m. For a probe with an equivalent mass of 10 g and a stiffness ct of 50 N/m the
admissible scanning speed is 0.7 mm/s for the same radius.

2.1.9

Dynamic excitations

Vibrations may result in a deformation in the metrology loop between probe tip and work piece.
The deformations due to vibrations in the metrology loop are hard to compensate for, and therefore
contribute to the uncertainty of the measurement if they are not recorded by the probing system
and CMM2 . An example with respect to the probe, as discussed in this thesis, are deformations
of the stylus due to vibrations, as these are not recorded by the probing system. The deformations in this part of the metrology loop should therefore be minimized as they contribute to the
measurement uncertainty.
2 When a vibration in the metrology loop is measured by both the probing system and CMM it can be compensated for.
However, this is influenced by the synchronization between probing system and CMM, as discussed in the next section.
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Criterion

Vibration velocity
in µm/sec (rms)

Workshop (ISO)
Office (ISO)
Residence, computer systems (ISO)

800
400
200

BBN criterion A
Bench microscope up to 400x magnification,
coordinate measuring machine, probe testing
equipment, precision balance

50

BBN criterion B
Bench microscope at >400x magnification,
micro surgery, eye surgery, optical
equipment on isolation table

25

BBN criterion C
Electron microscope up to 30000x magnification,
microtomes, magnetic resonance imager

12.5

BBN criterion D
Electron microscope at >30000x magnification,
mass spectrometer, cell implant equipment

6

BBN criterion E
Not isolated laser and optical research systems

3

Table 2.5: Vibration criteria [Amick 91, Ungar 90].

When the probe is suspended on a CMM these vibrations also result in a vibration of the probe tip,
and hence positional noise. This positional noise is recorded by the probe and therefore does not
influence the measurement uncertainty directly. However, the positional noise does influence the
trigger level and thereby the over travel distance and force, as discussed in section 2.1.4.
The main sources of dynamic excitation of the probe in a typical measurement are:
• floor vibrations
• acoustic excitation
• vibrations due to the measurement instrument, e.g. the coordinate measuring machine
In this section first the influence of floor vibrations is discussed. Several criteria can be used to
describe floor vibrations [Amick 91, Bessason 99, Gordon 99]. In this section the BBN criterion is
used [Dekkers 02, Ungar 90, Visscher]. The BBN criterion is based on 1/3-octave band analysis
and specifies vibration levels for several equipment classes, as shown in table 2.5. As a worst case
scenario BBN criterion A is used in the analysis, as shown in figure 2.26. The root-mean-square
(rms) floor vibration velocity vrms is given by the square root of the integral of the power spectral
density (PSD) of the frequency band from ωi,1 to ωi,2 [Howard 02]:

vrms,i =

sZ

ωi,2

PSD (ω) dω

ωi,1

The amplitude of the floor vibration zrms is calculated by integration of the velocity vrms .

(2.39)
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RMS velocity in µm/s

400
350
300
250
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100
50
0

1

3.98

15.8

63.1

251

1000

Center frequency in Hz

Figure 2.26: The rms velocity of the floor vibrations according to BBN
criterion A.

For the analysis only translational vibrations, in x, y and z-direction, are taken into account. First,
the positional noise of the probe due to the propagation of floor vibrations in z-direction is calculated using the model shown in figure 2.27. It is noted that these vibrations are measured by the
probe and therefore do not contribute to its measurement uncertainty.

zprobe
Probe system
f0,z = 550 Hz, ζ = 0.05

Base frame

zbase

Floor vibration isolation system
f0 = 2 Hz, ζ = 0.3

zf loor

Figure 2.27: Simple dynamic system, used to model the propagation of
floor vibrations to positional noise of the probe.
The base frame in most high accuracy coordinate measuring machines (CMMs) is supported by a
vibration isolation system. The vibration isolation system functions as a filter, which is approximated with a Laplace transfer function of a single mass spring damper system [Dekkers 02]:
2
2ζbase ω0,base s + ω0,base
Zbase
= 2
2
Zf loor
s + 2ζbase ω0,base s + ω0,base

(2.40)

Where s = jω with ω the frequency, ω0,base is the eigen frequency of the vibration isolation system
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of base frame and ζbase is the damping factor. The eigen frequency ω0,base and damping factor
ζbase are assumed to be 2 Hz and 0.3 [Dekkers 02], respectively.
It is assumed that both the base frame and the connection between probe and base frame are rigid.
Vibrations of the base frame are therefore directly applied to the probe. The transfer function of a
free hanging probe is modeled using a mass-spring-damper system [Dekkers 02]:
s2
Zprobe
= 2
2
Zbase
s + 2ζprobe ω0,probe s + ω0,probe

(2.41)

The eigen frequency ω0,probe and damping factor ζprobe of the probe discussed in this thesis are
550 Hz and 0.05, respectively.
The positional noise zrms,noise of the probe due to floor vibrations is now given by:

zrms,noise

v
uN
uX
Zbase Zprobe
=t
zrms (ωi )
Z
f loor Zbase
i=1

2

(2.42)

Where zrms (ωi ) are the rms floor displacements for the N center frequencies ωi . Equation 2.42
results in a total rms positional noise of the probe of 1.2 nm, following BBN criterion A. The rms
positional noise following BNN Criterion A is shown in figure 2.28.

Positional noise (rms) in nm

1
0.256
0.064
0.016
0.004
0.001
1

3.98

15.8

63.1

251

1000

Center frequency in Hz

Figure 2.28: The rms positional noise due to floor vibrations following
BBN criterion A.
The positional noise, as calculated in this section, is caused by a vibration of the center platform of
the probe relative to its housing. As stated at the start of this section, this noise is measured by the
piezo resistive strain gauges on the three slender rods and does not contribute to the measurement
uncertainty. However, the positional noise does influence the trigger level and thereby the over
travel distance and force, as discussed in section 2.1.4.
Deformations of other parts in the metrology loop, e.g. the stylus and center platform itself, due
to floor vibrations can not be detected and compensated for with this probe. Their contribution to
the measurement uncertainty due to the positional noise in z-direction is calculated to be 0.1 nm.
Using a similar approach, the position noise in the x- and y-direction is calculated to be 0.3 nm,
resulting in a calculated measurement deviation of 25 pm.
Of more interest is the measurement deviation when the probe tip is in contact with the work
piece. A vibration of the work piece will result in a deformation of the stylus and center platform
through the contact between probe tip and work piece. It is assumed that the influence of the work
piece and the connection between base frame and work piece can be neglected.
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Launching of the space shuttle
Full symphony orchestra
Diesel freights train
at high speed at 25 m
Normal conversation
Soft whispering at 2 m
Unoccupied broadcast studio
Softest sound human can hear

Sound pressure
(rms) in µPa

Sound pressure
level (SPL) in dB

2000000000
2000000

160
100

200000
20000
2000
200
20

80
60
40
20
0

Table 2.6: Sound pressure for several events [Blackstock 00].

The probe tip is connected to three silicon legs via a stylus, as discussed in section 3. The first eigen
frequency of this sub-assembly is calculated using finite element simulation (FEM) to be 5 kHz in
z-direction and 9 kHz in x- and y-direction, when the probe tip is in contact with the work piece.
Using a damping factor ζprobe of 0.01, the contribution of floor vibrations to the measurement
uncertainty are calculated to be less than 0.1 nm in both the xy- and z-direction.
It is noted that for probes that have a low eigen frequency when in contact, e.g. 50 Hz or less, floor
vibrations can result in a measurement deviation of 60 nm, or higher, depending on the dynamics
of the probe system, the CMM and the isolation system used.
Acoustic excitations may also influence the positional noise and measurement uncertainty of the
probe. Table 2.6 provides an overview of the sound pressure and sound pressure level (SPL) in
several situations [Blackstock 00].
The sound pressure level (SPL) relates to the sound pressure according to [Norton 03]:
SPL in dB = 20 log10

p
p0

(2.43)

Where p is the sound pressure at the current SPL and p0 is the reference sound pressure, i.e. the
hearing threshold of 20 µPa.
The surface area of the probe, as discussed in this thesis, is approximately 5 · 10−5 m2 in z direction
and 3·10−6 m2 in xy-direction. Also, the eigen frequency of the probe is higher in xy-direction, and
therefore only the influence of acoustic excitations in z-direction will be discussed in this thesis.
The amplitude of the force fi due to acoustic excitation on the center platform in z-direction for a
given frequency band i is given by fi = pi A.
For the analysis, the sound pressure level is assumed to have a power density spectrum which is
equal in all bands of the frequency spectrum, i.e. pink noise. Further, it is assumed that the total
sound pressure level does not exceed 60 dB, i.e. normal conversation. Following an approach
similar to floor vibrations, as discussed at the start of this section, the positional noise due to
acoustic excitation is calculated for the z-direction of the probe, as shown in figure 2.29.
The peak at 550 Hz in figure 2.29 corresponds to a vibration of the probing system in its first
eigen frequency. The total positional noise of the probe over all frequency bands is 2 nm and the
contribution to the measurement uncertainty of acoustic excitations is 0.1 nm. It should be clear
from this calculation that acoustic excitation may have a significant influence depending on the
environment and the probing system used.
Finally, the influence of vibrations due to the measurement instrument will be discussed briefly.
Dynamic excitation due to machine vibrations may have a significant influence on the measurement behavior of the probe. Contributions include the control system of the machine and internal
sources of vibrations, e.g. due to roller bearings. Once the sources of excitation are known, the
calculation in this section can be used to obtain its influence on the measurement. In general it
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Positional noise (rms) in nm

1
0.256
0.064
0.016
0.004
0.001

0.00025
1

3.98

15.8

63.1

251

Center frequency in Hz

Figure 2.29: Positional noise due to acoustic excitation of the probe in
z-direction.

can be stated that the first eigen frequency of the probe should be high, as to not interfere with the
control system of the coordinate measuring machine [Brogan 91, Rao 03, Westphal 01].
Several measures can be taken in the machine to reduce the transfer of internal and external
vibrations [Lam 97, Sciulli 97]. Also, the control system can be adjusted as not to excite the critical frequencies in the system and reduce machine vibrations [Franklin 91, Houpis 05, Inman 94,
Westphal 01]. However, this is beyond the scope of this thesis and the reader is referred to the
literature references mentioned in this paragraph.
Finally, as discussed in section 5.4, the positional deviation at the probe tip (rms) due to acoustic
noise when freely suspended is measured to be approximately 0.9 nm when placed in open air at
the university laboratory. When the probe is shielded the combined positional deviation due to
floor vibrations and acoustic noise is measured to be less than 0.3 nm. Also, when the probe is
brought into contact with a work piece in open air the positional deviation due to acoustic noise
decreases to about 0.1 nm. As a result, the effect of acoustic noise and floor vibrations on the
measurement uncertainty of the probing system as discussed in this thesis can be neglected.

2.1.10

Synchronization between probe and CMM

As mentioned in the previous section, when a vibration in the metrology loop is measured by
both the probing system and CMM it can be compensated for. However, the deviation in the
compensation depends on the phase difference between the measurement signal from the probing
system and CMM. A phase difference may result from the mechanical behavior of the CMM and
probing system. This results in a difference between the vibration as measured at the probe tip
and as measured by the CMM.
A phase difference may also result from a time delay between the recording of the signal from
the probing system and CMM, i.e. trigger delay. The third and final source under consideration
is a difference in the phase change as a result of signal processing in the probing system and
CMM. The influence of the mechanical behavior and trigger delay on the phase difference mainly
depends on the CMM used. Therefore in this section, only the influence of the signal processing
in the probing system on the phase difference between the signal from the probing system and
CMM is considered. However, calculation of the contribution of other sources to the measurement
deviation can be performed in a similar manner.
As an example the CMM developed by Ruijl [Ruijl 01] is discussed, as described in section 1.3.3.
Here, the probing system is stationary and the work piece is mounted on a movable table. This is
schematically shown in figure 2.30.
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Figure 2.30: Schematic of the influence of a low-pass filter on the synchronization between probing system and CMM.

A mechanical vibration of the work piece table, e.g. due to the CMM controller, is measured by
the probing system and laser interferometer of the CMM simultaneously. Vibrations of the work
piece table in this design can be described by a sine-function with a frequency of 50 Hz and an
amplitude of 30 nm [Ruijl 01]. To improve the mechanical behavior and reduce vibrations, the air
flow to the air bearings used to guide the work piece table is controlled using an air buffer. As
a result, the vibrational amplitude of the work piece table in the final design is reduced to 3 nm
[Ruijl 01] during operation. As a practical upper limit a mechanical vibration with an amplitude
of 50 nm and a frequency of 50 Hz is used in the remainder of this section.
As can be seen in figure 2.30 a low-pass filter is used to reduce the signal noise from the probing
system:
Hprobe (s) =

1
1 + τs

(2.44)

Where Hprobe (s) is the transfer function from the probe signal, τ is the time constant of the filter
and s is the Laplace transform variable.
However, this filter not only reduces the signal noise in the probing system, but also results in a
phase change in the probe signal. Assuming the measurement system from the CMM, in the Ruijl
CMM a laser interferometer, does not undergo any phase change, i.e. Hlaser (s) = 1, the transfer
function Hdev (s) of the measurement deviation due to the phase difference between probe and
laser is given by:
Hdev (s) = Hprobe (s) − Hlaser (s) =

−τ s
1 + τs

(2.45)

To minimize signal noise from the probing system, equation 2.44, the time constant τ of the filter
should be as high as possible, i.e. the cutoff frequency fc should be low. However, to improve the
dynamic response, equation 2.45, the time constant τ of the filter should be low, i.e. the cutoff
frequency fc should be high. It is noted that:
fc =

1
2πτ

(2.46)

Therefore, the optimum value is system specific. Figure 2.31 shows the noise from the probing
system as a function of the cutoff frequency of the low-pass filter. The measurement deviation as
a result of a mechanical vibration of the work piece table with a frequency of 50 Hz and different
vibrational amplitudes is also shown as a function of the cutoff frequency.
As mentioned at the start of this section, the vibrations of the work piece table in this design are
described by a sine-function with a frequency of 50 Hz and an amplitude of 50 nm. It can be seen
in figure 2.31 that for a cutoff frequency of 1.3 kHz the noise from the probing system equals the
measurement deviation as a result of work piece table vibrations. For this system, the minimum
noise is therefore obtained at a cutoff frequency of 1.3 kHz.

58

Aspects of probing

Noise in log(nm)

102
Noise
12.5 nm
25 nm
50 nm
100 nm
200 nm
400 nm

101

100

10−1
100

101

102
Frequency in log(Hz)

104

103

Figure 2.31: Influence of a low-pass filter in the probing system on
probe system noise and the deviation due to synchronization between probing system and CMM as a function of the
cutoff frequency of the filter and for different values of the
vibrational amplitude of the work piece table.

2.2 Contact effects
2.2.1

Tip rotations during single point probing

Forces during a probing operation result in a deformation of the probe suspension and a deformation of its stylus and other elements in the structural loop of the probe tip, as discussed in
section 2.3. These deformations often not only result in a translation of the probe tip, but also in
a rotation. This is shown schematically in figure 2.32.
(a) Rotation of the suspension

(b) Deformation of the structural loop

∆zp
αs

αs

αd
∆zt

z
x

∆x

∆zt
∆x

Figure 2.32: Rotation of the probe tip during probing results from (a)
the suspension and (b) a deformation of structural elements, in this example the stylus.
The probe tip, of the probe discussed in this thesis, is connected to a center platform via a stylus,
as discussed in appendix A. The suspension of the center platform consists of three slender rods,
which allow the center platform to translate in z-direction and rotate around the x- and y-axis,
relative to the probe holder. For this probe, the contribution of the deformation of the structural
loop to the rotation of the probe tip is much smaller than the contribution of the suspension, i.e.
αd ≪ αs . The contribution of the deformations in the structural loop can therefore be neglected for
the purpose of this section and only rotations due to the probe suspension are taken into account.
A rotation of the probe suspension αs results in a displacement ∆x at the probe tip, where ∆x ≈
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lαs . Here, l is the distance between the center point of the probe tip and the point of rotation.
When the parts in the structural loop are rigid, the probe tip is rotated by the same angle αs as the
suspension. By using ∆zt = αs rt , where rt is the radius of the probe tip, the tip displacement in
z-direction for a displacement ∆x of the tip in x-direction can be calculated:
∆ztip,1 = ∆x

rt
l

(2.47)

A rotation αs of the stylus and other parts also results in a cosine error:



∆x
∆ztip,2 = l (1 − cos αs ) ≈ l 1 − cos
l

(2.48)

In the measurement range of 10 µm this results in a systematic deviation of approximately 1 nm,
which can be neglected for the purpose of this section.
It is noted that a misalignment of the probe, e.g. as a result of manufacturing and assembly
tolerances, may also contribute to the displacement of the probe tip in z-direction during probing. Based on measurements with the probe Widdershoven [Widdershoven 04] concluded that the
contribution to the displacement of the tip results in a systematic deviation of less than 10 nm.
The rolling effect of the probe tip is illustrated in figure 2.33 for a measurement in direction c. The
measurement directions are illustrated in figure A.1. The residuals in x-, y- and z-direction are
shown between a displacement as measured by the probe and the same displacement as measured
by the calibration setup. The residuals for the x and y direction are shifted by 40 and 20 nm,
respectively, to improve readability. The distance between the probe tip and point of rotation l for
both probes is approximately 8.5 mm.
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(b) Tip radius of 400 µm

Figure 2.33: Residuals in x, y and z-direction between the probe and
calibration setup over a 4 µm displacement: (a) residuals
for probe 1 with a tip radius of 250 µm, (b) residuals for
probe 2 with a tip radius of 400 µm.
The first point of interest is the z-residual, which shows a linear increase for displacements of the
probe tip in the xy-plane. This is expected from the discussion on the rolling effect earlier in this
section. The second observation is that the z residual increases to approximately 112 nm for probe
1, with a tip radius of 250 µm, and 183 nm for probe 3, with a tip radius of 400 µm. The measured
z-residuals in figure 2.33 are thus in the same order of magnitude as is expected from equation
2.47. Finally, it is noted that the rolling effect may introduce stick-slip during single point probing,
as discussed in section 2.3.6.
The rolling effect results in a repeatable shift in the point of contact between probe tip and work
piece. Since this shift is measured by the probe, as shown in figure 2.33, it does not contribute
to the uncertainty of the probe system. It does however influence the effective probing direction
during calibration.
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Following appendix A, the deviation Ddev in the matrix containing the measurement directions D
is given by:

Ddev



m1a
= A−1 M − D = A−1  m2a
m3a

m1b
m2b
m3b

m1c
m2c
m3c

 
0
m1d
m2d  −  0
m3d
−1

1
0
0


1
−√
−√12
2
1
1

2 3 −2 3
0
0

(2.49)

Where A is the measured sensitivity matrix and m1a is the measured sensitivity of the strain gauges
in rod 1 for a displacement in direction a.
The deviation in measurement direction for probe 1, Ddev,1 , is measured to be:

Ddev,1



0
0.001
0.001
= 0
0 −0.028

0.001
0.001
−0.028


0.001
0.001 
−0.028

(2.50)

The deviations in x- and y-direction, 0.001, in matrix Ddev,1 result from the least squares fit procedure used to calculated the measured sensitivity matrix A, as discussed in appendix A.2. The
deviation in z-direction, −0.028, is caused by the rolling effect of the probe tip, as discussed earlier
in this section. It is noted that for probe 1 ∆zt = −0.028∆x, which corresponds to the residual
as shown in figure 2.33. The effective measurement direction D∗1 for probe 1 during calibration is
thus given by:


0
D∗1 =  0
−1

1
0
−0.028

−√21
1
2 3
−0.028


1
−√
2
− 12 3 
−0.028

(2.51)

The calibration procedure of the probe, as described in appendix A.2, uses three measurements
in the xy-plane and a least squares fit procedure to calculate A. As a result, the rolling effect is
included in the calibration and the deviation in the measurement direction Ddev on the calculation
of the measured sensitivity matrix A can be neglected [Widdershoven 04].
The residuals between the displacement as measured by probe and the calibration setup, as shown
in figure 2.33, are calculated using the nominal measurement directions D. By using the effective
measurement direction D∗1 the rolling effect for probe 1, as shown in figure 2.33, can be compensated for as shown in figure 2.34. It is noted that the residuals for the x- and y-direction are shifted
by 40 and 20 nm, respectively, to improve readability.
Also, the point of contact between work piece and probe tip changes as a result of the rolling
effect. Therefore the residuals in figure 2.34 include the effects of unroundness and roughness of
the probe tip and the contact surface of the calibration setup over the length of the rolling effect,
which is 115 nm for probe 1 for a 4 µm displacement.
Finally, it is noted that due to parasitic translations of the rods when they are translated out
of the xy-plane, the probe tip will rotate around the z-axis when moved in vertical direction.
Additionally, this rotation will result in a small displacement when the tip is not on the z-axis, e.g.
due to manufacturing tolerances. This parasitic translation ∆l of a rod with length l, width w and
thickness t is schematically shown in figure 2.35.
Using standard elastic theory, moment M (x) at position x is given by:

M (x) = F (x − l) + MB
1
MB = lF
2
Using equation 2.52, the angle β(x) at position x is calculated to be:

(2.52)
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Figure 2.34: Residuals for probe 1 after compensation of the rolling effect.
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Figure 2.35: Simple model of a cantilever.
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F
x2 − lx
2EI

β(x) =

(2.53)

Where E and I are the Young’s modulus and second moment of area of the cantilever, respectively.
The infinitesimal length change dl due to the rotation β(x) along the infinitesimal length dx is
given by:
(2.54)

dl = dx (1 − cos (β(x)))
The parasitic translation ∆l is now given by:

∆l ≈

Z

0

l

1 − cos (β(x)) dx ≈

Z

l


Z l
1 2
1 2
1 − 1 − β (x) dx =
β (x)dx
2
0 2

0



(2.55)

3 δz2
5 l

(2.56)

Combining equations 2.55 and 2.53 yields:

∆l ≈

Which for a displacement δz of 10 µm and a rod length l of 1.6 mm results in a parasitic displacement ∆l of 37.5 nm. For a distance of 9 mm between the endpoint of the rod and the center of
the probe tip, the resulting stylus rotation α is 4.17 µrad. For a probe tip with 250 µm radius, this
corresponds to a displacement at the probe tip of 1 nm.

2.2.2

Micro-friction in normal contact

If two non-conforming bodies with different elastic properties are brought into normal contact,
deformation of the bodies results in a tangential traction q(r) at the interface, as well as a normal
pressure p(r) at radial position r [Johnson 85]. The normal pressure p(r) results in a friction force
which counteracts the tangential traction q(r).
Assuming Hertz contact mechanics apply and the coefficient of friction is a constant, i.e. µ(r) = µ,
this will result in a central region in the contact where the surfaces stick together and a region of
slip towards the edge of the contact. At the transition between the regions, at radial position c, the
tangential traction q is balanced by the friction force:
(2.57)

|q(c)| = µp (c)

It can be shown [Johnson 85] that the ratio between c and the edge of the contact, at radial
position a, is constant for a given coefficient of friction and material combination. The value of c/a
is shown in figure 2.36 and is given by:
a
ln
2c
Where E

q

1−

c2
a2
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is the complete elliptical integral of the second kind, defined by:
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and β is a measure of the difference in elastic constants of the two materials:

(2.59)
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Here, ν1 is the Poisson ratio of material 1 and G1 its shear modulus. The shear modulus G relates
to the Young’s modulus via G = E/2(1 + ν1 ).
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Figure 2.36: Radius c of the transition between the stick and slip region
relative to the contact radius a in the normal contact of
dissimilar solids.
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Figure 2.37: Tangential traction at the contact of dissimilar solids in the
case of partial slip where µ/β = 0.66 [Johnson 85].
As the load on the contact is increased, mating points on the two surfaces which initially lie in
the slip region of the contact, c < r < a, undergo different tangential displacements. As the
load increases these points may be enveloped by the central region, r < c, and further relative
displacements are prevented by friction. The relative tangential displacement and strain in these
points is maintained. The traction q(r) at radial position r as a function of the a is given by
[Johnson 85]:
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Where p0 is the maximum pressure in the contact.
The traction q(r) over βp0 is shown in figure 2.37 as a function of the dimensionless radial position
r/a. In the slip region of the contact, where r > c, the tangential traction in the contact is given
by equation 2.61. As mentioned before, once mating contact points are enveloped by the central
stick region of the contact they experience no further relative displacements. Hence, the tangential
traction equals the tangential traction when these contact points were first enveloped by the central
region, as shown in the left part of figure 2.37.
Mossakovski [Mossakovski 63] and Spence [Spence 75] showed that, depending on the value of
β, friction can increase the load required to produce a contact of a given size a by at most 5%
compared to Hertz theory. Thus, for a given load it can be shown using equation G.1 that variations
due to friction in the contact radius a are less than 1.6%. Using equation G.2 this would result in
a maximum deviation in the indentation depth δ of 3.2%.
For a sapphire probe tip with a 50 µm tip radius, in normal contact with a planar aluminum work
piece with a contact force of 2.94 mN equation G.2 yields a Hertz indentation of 31 nm. The
contribution of micro friction to the measurement deviation of the probe in vertical probing is
therefore approximately 1 nm.

2.2.3

Micro-friction in rolling contact

During probing in the xy-plane of the probe, discussed in this thesis, the tip of the probe rolls over
the surface, as described in section 2.2.1. It is assumed that the probe tip can roll freely over the
work piece, i.e. the resulting tangential force Q between the probe tip and work piece is zero. For
a discussion on tractive rolling, where Q 6= 0, the reader is referred to Johnson [Johnson 85].
Tangential strains in the probe tip and work piece, as discussed in the previous section, results in
a central area where both bodies stick together and an area of slip near the edge of the contact.
When rolling, the difference in tangential strains in the stick region of the contact between the
two bodies results in a small apparent slip, commonly referred to as creep. Thus, if the probe tip
experiences a tensile tangential stress in the stick region of the contact with the work piece, the
contact region at the surface of the tip is stretched. The effective circumference of the tip is thus
increased. The original circumference of the probe tip Oo relates to the effective circumference of
the tip in contact Oe via the creep ratio ξ, where Oe = (1 + ξ) Oo , and ξ is given by [Johnson 85]:
ξ=

βa
πr

(2.62)

Where β is a measure of the difference in elastic constants of the two materials, given by equation
2.60, a is the radial position of the edge of the contact, equation G.1, and r is the reduced radius
of the contact, equation G.5.
For the contact between a sapphire tip with radius r1 = 250 µm and a planar aluminum work piece
β = 0.168. For a deflection of 7 µm and a stiffness ct at the probe tip of 480 N/m the force between
tip and work piece is 3.4 mN. Using equation G.1, the radius of the contact a is calculated to be
2.1 µm, which results in a creep ratio ξ of 4.4 · 10−4 .
For a rolling distance of 112 nm, as discussed in section 2.2.1, the contribution of micro slip during
horizontal probing is ≪ 1 nm.

2.2.4

Vibrating styli

As discussed in section 2.1.8 vibration of the probe tip can be used to reduce the sticking effect
between probe tip and work piece due to surface forces. Several probes in which the stylus is vi-
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brated have been developed [Bauza 05, Johnston 76, Kanda 00, Karrai 99, Lee 00B, Nishimura 01,
Ohya 93, Saito 03, Vidic 98, Woody 03], some of which are discussed in section 1.4. These probes
measure changes in the frequency content, vibration amplitude or phase of the measurement signal
to detect the contact between probe tip and work piece [Bar 00, Rabe 02]. The principle of operation of a vibrating probe is schematically shown in figure 2.38. Since these vibrating probes are
not the main focus of this thesis, only a brief description of some measurement effects associated
with them will be discussed.
(a)

(b)

c

a

Figure 2.38: Operation principle of a vibration probe: (a) probe tip is
approaching the work piece, (b) probe tip in contact with
the work piece.

The direction of vibration for the vibrating probes is mostly 1D, as shown in figure 2.39. An
example of an axial vibration direction is the UMAP probe by Mitutoyo, as discussed in section
1.4, and for the orthogonal direction the probe developed at the University of North Carolina at
Charlotte (UNCC). A 3D vibration, consisting of a combination of axial and orthogonal motions, is
also possible. However, this method is more complex due to differences in eigen frequency of the
vibrations and cross effects. When the vibrations in each direction can be distinguished, e.g. by
utilizing differences in eigen frequency, this effect can be used to calculate the 3D tip displacement.

(a)

Effective tip diameter
(b)

Figure 2.39: Direction of vibration: (a) axial, (b) orthogonal, or a combination of (a) and (b).
As shown in figure 2.39, the effective tip diameter is influenced by the vibration amplitude. The
diameter of the stylus of the UNCC probe is approximately 7 µm. However, the effective tip diameter of the UNCC probe is typically 30 µm or more as a result of the stylus vibration. The vibration
of the stylus can be controlled by controlling the amplitude of the oscillator [Bauza 05].
Most vibrating probes produce a single measurement signal. In order to perform 3D measurements,
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the direction of approach should therefore be known. In most vibrating probes, the changes in
amplitude and phase of the vibration are caused by physical contact between probe tip and work
piece. The influence of layers on the surface of the work piece, e.g. water or air layers, on the
measurement with a vibrating stylus is beyond the scope of this thesis. However, it is likely that
they do influence the measurement to some extend. Measurements by Freund et al. [Freund 99]
of the thickness of the adsorbed water layer on gold, graphite or titanium using a STM show that
the thickness can easily reach 30 nm or more for a relative humidity of 60% or more. The thickness
of the adsorbed water layer also depends on material properties, in particular its hydrophilicity, as
discussed in appendix C.4.
As mentioned before, the UMAP probe [Nishimura 01] is an example of a probe that is vibrated
in axial direction. For these probes changes in amplitude and phase in axial direction are mainly
caused by a collision between probe tip and work piece. For the orthogonal probing direction
these changes are mainly caused by friction between the probe tip and work piece. The influence
of the contact on the changes in amplitude and phase are thus dependent on the direction of the
contact relative to the vibration direction, i.e. the probe sensitivity is influenced by the nature and
direction of the contact.
A non-contact vibrating probe was developed by Takaya et al. [Takaya 99, Takaya 00]. Here, an
8 µm sphere is optically trapped using a laser beam. Using optical radiation pressure the sphere is
forced to vibrate with an amplitude of approximately 100 nm. Changes in the amplitude and phase
of the vibration are caused by an air damping effect [Takaya 04]. It is noted that changes in the
thickness or properties of the air layer around the work piece, e.g. due to air humidity, influence
the measurement. Another problem to be solved with this technique is the required numerical
aperture (NA) of the laser beam, which limits the usability of the system when measuring holes or
vertical planes.
Another factor of interest for vibrating probes is plastic deformation of the work piece. The UNCC
probe consists of a carbon fiber which vibrates at f = 32 kHz with an amplitude of approximately
10 µm [Bauza 05]. The equivalent mass meq of the vibration is taken as 1/3 of the mass of the
carbon fiber between the free end and the closest node, i.e. meq = l/3πrt2 ρ. Where the length l
between the free end and the closest node is 160 µm, the radius of the stylus rt is 3.5 µm and the
specific mass ρ is 1750 kg/m3 . Neglecting all damping, using an equivalent mass of 3.6 · 10−12 kg
and a tip diameter rt of 3.5 µm for the contact between a carbon fiber and an aluminum work
piece, equation 2.4 yields an allowed relative speed between tip and work piece of 9.7 mm/s.
Neglecting damping and effects of layers on the surface and assuming a sinusoidal vibration, the
tip position x(t) and speed v(t) are given by:

x(t)

=

10 · 10−6 cos (ωt)

v(t) = −10 · 10−6 ω sin (ωt) = −2 sin (ωt)

(2.63)

Where ω = 2πf = 2 · 105 .
Using an approach speed vCM M of the coordinate measuring machine (CMM) of 1 mm/s and a
vibrational frequency of 32 kHz, the time of the collision with the highest relative speed is given
by:
x(t) = 10 · 10−6 cos (ωt) = 10 · 10−6 − 1 · 10−3 t

(2.64)

It follows from equation 2.64 that the collision takes place at ωt = 6.21 with a relative speed
vmax = vCM M + 22 = 23 mm/s.
The admissible vibrational speed of the probe tip during the first collision is 9.7 − vCM M =
8.7 mm/s. From equation 2.63 this can be seen to occur at ωt = 6.28. It can thus be shown
that the above calculation results in a plastic deformation of the work piece in 94% of the probing
operations.
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Wear of the probe tip and work piece

According to Weckenmann et al. [Weckenmann 04] and Renishaw [Renishaw 06A, Renishaw 06B]
the wear of the probe tip and work piece is predominantly caused by adhesive wear and abrasive
wear.
In the case of abrasive wear, small particles are removed from one or both surfaces and act as an
abrasive at the contact area. The particles may also adhere to the surfaces where they act as an
abrasive. Depending on the material combination a material buildup may occur on one of the two
materials, adhesive wear, or both surfaces may suffer abrasive wear. An example of the latter is
the contact between ruby and steel. The harder ruby particles attach to the steel and act as an
abrasive. Since the atomic attraction between the materials is low, wear rather than material build
up occurs.
Figure 2.40 shows the result of an abrasive wear experiment by Renishaw [Renishaw 06A] between
a ruby probe tip with a nominal radius of 1.875 mm and a planar steel work piece. In these
experiments a scanning measurement is performed over 5600 m with a single point contact. A
contact force of 1.5 N was applied, resulting in a flat of approximately 150 µm in diameter. This
corresponds to a 1.5 µm form error of the tip. It is noted that material is also removed from
the planar steel work piece. However, since this wear is not concentrated in a single spot, its
contribution to the measurement uncertainty is not significant. This effect could be much more
significant on master work pieces or on standards which are used for the recalibration of the
measuring instrument, as the wear is repeated very often [Weckenmann 04].
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Figure 2.40: Abrasive wear on a ruby tip due to the contact with a planar stainless steel work piece [Renishaw 06B].

The experiments were performed to illustrate the effect of abrasive wear. The conditions under
which these experiments were performed are extreme, even for conventional scanning applications
[Renishaw 06A].
The contact forces during a scanning measurement with the probe discussed in this thesis are in
the order of 0.5 mN for a 250 µm tip radius. Also, the length of a scanning measurement with a
single contact point is limited due to the nature of the products to be measured. The influence of
the wear of the tip on the measurement uncertainty is therefore neglected.
The second contribution to the wear of the probe tip and work piece is adhesive wear, caused by
the transfer of material from one surface to another due to local welding effects [Renishaw 06A].
As a result, after the surface material starts to adhere, the materials in contact are now the same,
which promotes the buildup of material. A high surface hardness, a large difference in the hardness
of the surfaces or an affinity between the materials of probe tip and work piece increases the rate
of adhesive wear. Also, the degree of adhesive wear is directly proportional to the contact force
and the distance scanned [Renishaw 06B].
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Optimum

To be avoided

Other suitable materials

Stainless steel

Ruby

Cast iron

Zirconia

Silicon Nitride
(abrasive wear)
Silicon Nitride
(abrasive wear)

Aluminum

Silicon Nitride

Ruby, Tungsten carbide
Ruby (may suffer
adhesive wear)

Table 2.7: Selection of tip material [Renishaw 06A].

Adhesive wear occurs when scanning an aluminum work piece with a relatively hard ruby (aluminum oxide) tip. Figure 2.41 (a) shows the adhesive wear between a ruby probe tip with a
nominal radius of 1.875 mm and a planar aluminum work piece during scanning with a single
point contact and a contact force of 1.5 N. The scanning is performed over new work piece material over a continuous distance of 350 m. The amount of material transfer, often referred to as
pick up, is minute and immeasurable on the form of the stylus ball, even with the highest precision
measuring equipment [Renishaw 06A, Weckenmann 04].
(a)

pick up

0

(b)
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Figure 2.41: Adhesive wear on a ruby tip due to the contact with a planar aluminum work piece [Renishaw 06A].
Significant adhesive wear only occurs in extreme cases, where the probe tip repeatedly scans the
same component, without leaving time for an oxide coating to form. This is shown in figure
2.41 (b) where, under the same conditions as for figure 2.41 a, the probe tip was repeatedly
scanned over the same path several hundred times. The patch, under these unusual circumstances, is approximately 200 by 500 µm and has a height of approximately 2 µm [Renishaw 06A,
Weckenmann 04].
Similar experimental results were obtained by Meli [Meli 07] who scanned a polished tungsten
carbide flat. Using a probing force of 2.2 mN at a speed of 0.4 mm/s he found an average wear of
3 nm per meter scan length with a ruby sphere 125 µm in diameter.
Regular qualification of the tip can reduce the influence of the tip wear on the measurement
uncertainty. However, repeated calibration of the probe against the same artifact may result in
wear of the artifact. The optimum choice for the material of the probe tip for different work piece
materials is shown in table 2.7.

2.2.6

Probe tip cleaning

Particles on the scanning path are collected by the probe tip as it passes over the surface. These
particles include metal oxide particles of the work piece and air-born particles like coolant mist or
paper dust. Performing the measurement in clean room conditions will greatly reduce contamination of the probe tip.
At the moment of writing, the standard for mass still consists of platinum-iridium artifacts kept
in National laboratories. From these platinum-iridium artifacts other mass standard are derived,
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often made from stainless steel. These artifacts are naturally sensitive to contaminations and hence
many publications with respect to the cleaning of surfaces originate from this field [Clarkson 01,
Davidson 03, Girard 90, Ikeda 93, Pinot 95, Schwartz 94, Seah 94]. In this section three methods
of cleaning a probe tip will be discussed: manual cleaning with solvent, cleaning with solvent in
an ultrasonic bath and cleaning by immersion in pure boiling water.
First manual cleaning is discussed, where mechanical wiping with a solvent is used to remove
marks. As a solvent ultrapure ethanol can be used, which is applied to the tip using lens tissue.
To avoid redistribution of contaminants the tissue should always be dragged in the same direction
and a fresh area of tissue should be used for each motion. An advantage of manual cleaning
is that is can be used for localized cleaning. The result is however dependent on the operator
skills and cleaning technique and requires a force between the tissue and probe tip. Unless the
probe suspension is fixated during cleaning this method is therefore not suitable for fragile probing
systems.
The second method is ultrasonic cleaning, where an ultrasonic bath is used in combination with
a solvent, e.g. acetone and/or ethanol. In general, ultrasonic cleaning during approximately 10
minutes will be more effective than manual cleaning [Davidson 02]. Good results can be obtained
with stainless steel and glass, but all plastics and reactive materials should be avoided.
Finally, cleaning by immersion of the probe tip in de-ionized boiling water is discussed. Experiments by Davidson et al. [Davidson 02] show that this is the most effective and repeatable cleaning
procedure when used on stainless steel weights. As discussed by Shea et al. [Seah 94] steam can
also be used with similar results. It is noted that all equipment, especially glassware and supports,
should be thoroughly cleaned before using it.

2.3 Geometric effects for tactile probes
In many tactile probes, including the probe discussed in chapter 3, a suspension is deformed as a
result of a displacement of the probe tip. The deformation of the suspension is measured, e.g. by
strain gauges, and the tip position can be calculated.
A deformation of the suspension also results in a force between probe tip and object. This force
will result in a deformation of sphere and object at the contact surface, as discussed in section
2.3.3. The force is also exerted on the structural loop through the CMM between the probe tip and
object. The elements of this structural loop have a finite stiffness and will deform as a result of this
force.
We distinguish three parts of the structural loop. The first part of the structural loop is the probe
itself and its holder, used to connect the probe to the CMM. The second part is the CMM and the
third part is the object to be measured. The effects of the structural loop through the probe, CMM
and object are discussed in sections 2.3.1, 2.3.2 and 2.3.3, respectively. Then, in section 2.3.4, the
effects of tip radius on the measurement is discussed. Finally, the effect of the probe tip sticking to
the work piece as a result of surface forces is discussed in section 2.3.5.

2.3.1

Finite stiffness effects of the probe

For measuring micrometer sized features a thin and relatively long stylus is required, resulting in a
low stylus stiffness. The effects of the finite stiffness of the part of the structural loop through the
probe are measured during the calibration of the probe, as discussed in appendix A.2. As a result
a reduced stiffness in this loop will result in a reduced deformation of the suspension for a given
displacement of the probe tip. Therefore the measurement signal for a given tip displacement
will decrease compared to the situation where the structural loop through the probe has infinite
stiffness.
During calibration of the probe the sensitivity coefficients in the transformation matrix A will
therefore decrease to compensate for this effect. As a result a deformation of the probe and holder
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Figure 2.42: Top view (left) and front view (right) of the stiffness model
used to calculate the effects of a finite stiffness in the probing system.

does not directly influence the measurement uncertainty. However, since the measurement signal
for a given tip displacement decreases, the measurement resolution of the probe decreases.
This is discussed using a model of the probe by Pril (see section 1.5), as shown in figure 2.42. The
results from this section are obtained with a stainless steel stylus with a measurement length of
0.5 mm and a total length of 8 mm.
The slender rods, the legs of the star and the stylus are modeled using beam elements, as discussed
in appendix D.4. Using this model two situations are compared. In the first situation, all elements
except the slender rods are given an infinite stiffness. As a result a displacement of the tip will
be completely transmitted to the slender rods. In the second situation all elements are given a
realistic stiffness and the radius of the measurement length of the stylus is varied.
Now, the ratio χ between the deformation of the slender rods in the first situation to the deformation of the slender rods in the second situation can be calculated. The ratio χ is a measure for the
decrease in sensitivity as a result of the finite stiffness effects of the elements in the probe. This is
shown in figure 2.43 where the ratio χ is given for different radii of the measurement part of the
stylus.
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Figure 2.43: Ratio χ of the stiffness coefficient cxx at the probe tip in
x direction as a function of the radius of the measurement
part of the stylus.
It is noted that even for an increasing stylus radius a ratio χ of 1 is not obtained. This is caused by
a finite stiffness in the other parts of the metrology loop; e.g. the intermediate body. As a result
some loss in sensitivity will remain even for large stylus radii.
It should be clear from figure 2.43 that the sensitivity decreases for a decreasing radius of the measurement part of the stylus, as expected. As discussed in appendix D.4, the ratio χ will decrease,
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improving the sensitivity, when the stiffness of the rods is decreased.
The stiffness in z direction of a rod czz as a function of its length lr , width wr , thickness tr and
Young’s modulus Er , is given by [Young 02]:

czz

Er t3r wr
=
∝
lr3



tr
lr

3

(2.65)

As is well known, decreasing the width wr , thickness tr or Young’s modulus Er of a rod or increasing its length lr reduces its stiffness. For the probe under consideration, the width of the rods
is limited by the width of the aluminum tracks and the required separation between them; see
section 1.5. Since the rod material is set, the best option to influence the stiffness of the rod in this
design is to change the length and thickness of the rods.
However, the bending of the rods is measured using piezo resistive strain gauges mounted on top
of the rods. The maximum stress σmax and the moment M due to a force Fr on the end of the rod
are given by:

σmax =

M=

M tr
2Ir

6Er Ir
xlz
lr2

(2.66)

(2.67)

Combining equation 2.66 with 2.67 yields:

σmax =

M tr
tr
3Er tr
xlz ∝ 2
=
2
2Ir
lr
lr

(2.68)

By decreasing both the rod thickness tr and length lr and keeping the ratio of tr lr−2 the same, the
maximum stress σmax in the rod for a given displacement of its endpoint xlz remains the same.
However, as seen in equation 2.65 the stiffness of the rod will decrease.
Theoretically, any required stiffness can therefore be obtained without any loss in maximum stress
for a given displacement of the endpoint of the rod. Practically however, decreasing the rod size
is limited as a result of the uncertainties and processing conditions during manufacturing. An
important parameter is the length and resistance of the piezo strain gauges, as discussed in section
3.1.2. Therefore in [Pril 02] an optimum rod length lr of 1.6 mm is calculated.
During manufacturing of the probe suspension, changing the thickness of the rods is a matter of
using a different wafer, for a silicon on insulator (SOI) wafer, or changing one process parameter,
the etching time of the membrane. However, changing the rod length requires modifications in
several process masks. Therefore an optimum rod height is calculated, given a rod length of
1.6 mm and a width of 160 µm, as a function of the radius of the measurement part of the stylus,
as shown in figure 2.44. It can be seen that the optimum sensitivity with this probe is obtained at
a rod thickness of 33 µm when the stylus radius > 50 µm.
In figure 2.43 a rod thickness tr orig is used of 30 µm. As shown in equation 2.68 the sensitivity is
decreased by decreasing the thickness of the rod. Therefore the ratio χ as a function of the radius
of the measurement part of the stylus using the optimum rod thickness tr opt is compensated for
the influence of the rod height on the maximum stress.
Ratio χ∗ =

tr orig
Ratio χ
tr opt

(2.69)

The ratio χ∗ is shown in figure 2.45 as a function of the radius of the measurement part of the
stylus. The graph from figure 2.43 is shown as a reference.
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Figure 2.44: The rod height at which an optimal sensitivity is obtained
as a function of the radius of the measurement part of the
stylus.
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Figure 2.45: Ratio χ of the stiffness coefficient Cxx at the probe tip in
x direction for the original and the optimized height of the
slender rods as a function of the radii of the measurement
part of the stylus.
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As can be seen in figure 2.45, the minimum radius of the measurement part of the stylus is 21 µm
for a measurement length of 500 µm and a maximum decrease in sensitivity of a factor of 2 compared to the situation where the radius of the stylus is > 50 µm . When a decrease in sensitivity of
a factor of 4 is accepted, the minimum radius of the stylus decreases to 11 µm.
The radius of the upper part of the stylus limits the radius of the probe tip, since during probing
the probe tip should be able to scan a wall parallel to the stylus without the risk of contact between
stylus and wall. Therefore, finite stiffness effects limit the minimum tip radius that has practical
use. It should be clear that the minimum tip radius is also influenced by the length of the upper
part of the stylus. Decreasing the length of the upper part of the stylus by a factor of two will also
decrease the minimum tip radius by the same amount and vice versa. From the above discussion
it can thus be shown that a ratio of 50 between the length and radius of the measurement part of
the stylus can be obtained with the tactile 3D probing system.
Finally, it is noted that decreasing the suspension stiffness also decreases the eigen frequency of
the probe and increases the stick-slip during scanning measurements, as discussed in section 2.1.8.
Also, the effect of the probe tip sticking to the work piece as a result of surface forces is increased
when the suspension stiffness is decreased, as discussed in section 2.3.5.

2.3.2

Finite stiffness effects of the CMM

The second part of the structural loop between measurement object and probe tip is the coordinate
measurement machine (CMM). The influence of deformations of the CMM on the measurement
uncertainty depends on the calibration of the probe.
The first method is to calibrate the probe on the CMM. Similar to the calibration of the finite
stiffness effects of the probe, discussed in the previous section, the finite stiffness effects of the
CMM are included in the calibration results. Therefore, deformations of the CMM due to static
probing forces are compensated for. Another advantage of the method is the alignment of the
probe to the coordinate system of the CMM.
In the second approach, the probe is calibrated on a separate setup. The setup used in this thesis to
do a separate calibration of the probe is discussed in section 1.6.1. In most cases, using a separate
setup improves the measurement uncertainty of the calibration. Finite stiffness effects of the CMM
in the second approach, if not measured or compensated for, will therefore result in a measurement
deviation.
Typically the stiffness of the structural loop through the CMM is an order of magnitude higher
than the stiffness of the loop through the probe, especially for probes with a small tip radius. Also,
by paying attention to design principles [Hale 99, Schellekens 98, Slocum 92], e.g. separate the
metrology loop from the structural loop, the contribution to the measurement uncertainty of the
CMM can be reduced [Ruijl 01, Seggelen 07, Vermeulen 99].

2.3.3

Finite stiffness effects of the object

The final part of the structural loop between measurement object and probe tip is the object to
be measured. Aspects that influence the measurement, include finite stiffness of the object to be
measured and the material deformation of the contact surface between the tip of the probe and
the object.
Deformations due to finite stiffness of the object result in a measurement deviation. This effect is
not included in the calibration measurement of the probe. Depending on the design of the probe,
a stiffness at the probe tip of 20 N/m and an over travel distance of 10 µm will result in a force
of 0.2 mN. This force will result in a measurement deviation of 10 nm when the stiffness of the
structural loop through the object between the probe tip and the CMM is 20 · 103 N/m.
There are several options to reduce the influence of the finite stiffness of the measurement object.
These include decreasing the stiffness of the probe, compensation of the effect and low force probing. Decreasing the stiffness of the probe is discussed in section 2.3.1 and the main disadvantage
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of this is stick-slip of the probe during scanning, as discussed in section 2.1.8 and an increase in
the release distance of the probe, as discussed in section 2.3.5.
To compensate for finite stiffness effects in the measurement object the stiffness of the structural
loop through the object needs to be known. The stiffness at the point of probing can be determined
before the measurement or when the stiffness at the probe tip is known the probe itself can be used
for the measurement. A stiffness at the probe tip of 20 N/m, see appendix D, and a resolution of
1 nm would result in a resolution of the force measurement of 20 nN.
When the CMM performs a single point measurement, as discussed in section 2.1.2, the first measurement point will be performed at the over travel distance of the CMM, typically 7 µm. When
the probe is retracted in for example 1 µm intervals a force-distance curve at the point of probing
can be determined, from which the stiffness at the point of probing can be calculated. When the
stiffness of the object and probe are known, the measurement data can be compensated for the
finite stiffness of the object.
Low force probing, as discussed in section 2.1.2, is similar to the above method. With this method,
the probe is gradually retracted after contact as well to a position where the tip of the probe is
just in contact with the object. When a measurement is made, the tip displacement and the forces
between object and probe tip, will therefore be substantially reduced. Using this method a tip
displacement of for example 0.1 µm will result in a force of 2 µN when the suspension stiffness is
20 N/m.
The second aspect is the material deformation of the contact surface between the tip of the probe
and the object, as discussed in appendix G. The indentation δ in m of the probe tip with radius r
in m and a planar work piece is given by:

δ=



2
9FHz
2
16rEred

 13

(2.70)

Here, FHz is the force between probe tip and work piece in N and Ered is the reduced Young’s
modulus, as given by equation G.5. A rod thickness of 10 µm and 30 µm results in a stiffness
at the probe tip of 20 N/m and 480 N/m, respectively, as discussed in appendix D.4. An over
travel distance of 7 µm results in a contact force FHz of 0.14 mN and 3.4 mN, respectively. The
indentation of a sapphire probe tip, E = 345 · 109 Pa, and a planar aluminum work piece, E =
70 · 109 Pa, as a result of this force is shown in figure 2.46 as a function of the radius of the probe
tip.
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Figure 2.46: Indentation of probe tip and work piece as a function of
the radius of the probe tip.
The indentation of the work piece may be compensated for when the Young’s modulus of the work
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piece is known. For an object consisting of different and/or unknown materials a reduced Young’s
modulus can be calculated using equation 2.70 [Laake 06]:

Ecorr =

−2

−2

3
3
+ Er min
Er max
2

!− 32

(2.71)

Here Er max and Er min are the maximum and minimum reduced Young’s moduli that are expected
to occur during the measurement, according to equation G.5. As a general case, a realistic upper
bound Er max = 257 GPa is used for a sapphire tip against a synthetic diamond surface; E =
1100 Gpa and ν = 0.1. As a lower bound Er min = 58 GPa is used for a sapphire tip against an
aluminum work piece; E = 70 GPa and ν = 0.33.
Using equation 2.71 a reduced Young’s modulus of Ecorr = 102 GPa is obtained. The maximum
deviation caused by the material deformation of the work piece surface is reduced from 31 nm to
12 nm, for a tip radius of 50 µm and a measurement force of 2.94 mN. Deviations as a result of
the uncertainty in the stiffness at the probe tip and the measurement uncertainty of the probe are
taken into account.
It is noted that the indentation and deformation of the calibration artifact, used to calibrate the
probe, is taken into account by the calibration. The transformation matrix A includes the effects of
the indentation and deformation of the calibration artifact.
Another aspect of the material deformation of the contact surface is that the probe tip and/or work
piece may undergo elastic-plastic deformation. In appendix G the indentation at which the work
piece will undergo elatic-plastic deformation δY is calculated. Figure 2.47 shows the indentation
of probe tip and work piece for a radius of the probe tip of 50 µm as a function of the force between
probe tip and work piece.
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Figure 2.47: Indentation of probe tip and work piece as a function of
the contact force for a 50 µm probe tip radius.
It can be seen that a planar aluminum work piece, contacted by a sapphire tip with a 50 µm radius,
shows elastic-plastic deformation when the measurement force exceeds 0.36 mN. The stiffness at
the probe tip for an over travel distance of 7 µm should therefore be 51 N/m or less. For a tip
radius of 25 µm the suspension stiffness should be below 14 N/m.
Deformation of the contact surface due to dynamic forces during probing, e.g. as a result of the
collision between probe tip and work piece, is discussed in section 2.1.3.

2.3.4

Radius of the probe tip

The influence of the radius of the probe tip during a scanning measurement of a profile is depicted
in figure 2.48 for a probe with a perfect spherical tip. When, during a measurement, the probe tip

76

Aspects of probing

is in contact with the work piece at more than one point, the information obtained is mechanically
filtered by the radius of the probe tip used. This filter has a low pass characteristic; the cut-off
frequency increases with a decreasing radius of the probe tip, because a smaller probe tip can
penetrate smaller roughness valleys than a bigger probe tip. As a result, the measurement of
internal structures, like holes and trenches, differs from the measurement of protruding structures.
Especially for internal structures and surface roughness, the radius of the probe tip limits the size
of the structures that can be measured by the probe.
Therefore, by decreasing the radius of the probe tip, smaller structures can be measured. However,
as discussed in the previous section, decreasing the radius of the probe tip increases the indentation
of the contact surface for a given contact force and may lead to elastic-plastic deformation of the
probe tip and/or the object to be measured.
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Figure 2.48: The measured profile for a different radius of the probe
tip. Solid line: original profile, dash-dotted line: measured
profile with radius 60 µm and dotted line: measured profile
with radius 200 µm.
Due to the nonlinear effects of the locus traced by the tip while probing, the effect of the radius of
the probe tip on the measurement results cannot easily be described by a simple multiplication of
coordinates or filter characteristics. A method to reconstruct the original profile from the measurement data is discussed by Morel [Morel 2006]. The reconstructed profile, from the measurements
shown in figure 2.48 is shown in figure 2.49, showing the nonlinear effect of the radius of the
probe tip on the reconstructed surface.
Features on micro systems greatly vary in size. The radius of lenses for mobile applications are
typically around 50 µm - 2 mm, the radius of a fuel injection nozzle is typically around 50 - 100 µm
and holes in a micro sieve have a typical radius of 10 - 50 µm [Elwenspoek 01, Fukuda 98, Rijn 04].
This has led to an ongoing trend of probe tip miniaturization, as mentioned in section 1.4.
The minimum tip of the silicon 3D probe, discussed in this thesis, is limited by finite stiffness effects
of the stylus. In section 2.3.1 a minimum radius of the stylus of 11 µm is calculated for a sensitivity
loss of a factor of 4 and a measurement length of 500 µm. The minimum tip radius would therefore
be around 12.5 µm, depending on the measurement task.
The radius of the stylus and the corresponding stiffness, also influences the release distance of the
probe tip to the work piece, also referred to as a snap out effect, as discussed in the next section.

2.3.5

Release distance of the probe tip

As discussed in the previous section, the measurement data obtained for internal structures is
filtered by the radius of the probe tip used. As a result the radius of the probe tip limits the size of
internal structures and effects of surface roughness that can be measured by the probe.
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Figure 2.49: The reconstructed profile from the measured profile,
shown in figure 2.48. Solid line: true profile, dash-dotted
line: reconstructed from measurements with a probe tip
radius of 60 µm and dotted line: reconstructed from measurements with a probe tip radius of 200 µm.

Another aspect to consider when probing small internal features is the minimum release distance
xrel , as depicted in figure 2.50. This is caused by surface forces between the probe tip and the
work piece Fsurf ace , as discussed in section 2.1.7 and figure 2.22. By decreasing the radius of
the probe tip, the radius of the stylus also needs to be reduced. As the stiffness of the stylus in
x-direction cxx is proportional to the stylus radius to the power of three cxx ∝ rs3 , and surface
forces are proportional to the tip radius to the power of two Fsurf ace ∝ rt2 , the release distance
increases when the radius of the probe tip decreases.

Stylus

Object

Fsurf ace
Probe tip

xrel

Figure 2.50: Schematic of the release distance xrel during probing.
An approximation of this effect is discussed by the example of the fiber probe, discussed in section
1.4.2. The stiffness of the stylus at the tip of the probe is given by:
cxx =

3Eπrs4
4l13 + 4l23 + 12l1 l22 (1 + ν)

(2.72)
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Here, l1 , l2 and rs are length 1, length 2 and radius of the stylus, as shown in figure 2.51. The
Young’s modulus E and Poisson ratio ν for a glass fiber are 72.5 · 109 Pa and 0.17, respectively.
2rs

l1

l2

F

Figure 2.51: Stiffness model of the fiber probe.
For a stylus radius rs of 10 µm, a length l1 of 4 mm and a length l2 of 6 mm, equation 2.72 yields
a stiffness at the probe tip of 2.17 mN/m. Assuming a surface force of 2 µN, see section 2.1.7, this
results in a release distance of 0.92 mm.
Even though the tip radius of this probe is only 15 µm and measurement forces are small, a release distance close to 1 mm makes scanning, see section 2.1.8, and probing of small holes highly
impractical. By decreasing the adhesion of the probe tip to the work piece, as discussed in section
2.1.7, or by increasing the stiffness at the probe tip, the release distance can be reduced.
The stiffness of the redesigned probe, discussed in section 3 and appendix D, is approximately
20 N/m for a probe tip with a 25 µm radius and 480 N/m for a 250 µm radius tip. The release
distance is calculated to be 0.25 µm for both probes, taking into account the additional surface
forces for the larger tip. The measurement results of the effect of surface forces on the release
distance, or snap out distance, of the 3D tactile probing system is discussed in section 5.3.

2.3.6

Anisotropic effects

When stiffness at the probe tip is not isotropic, the response of the probe will depend on the
measurement direction. To describe this effect the directional response pattern of a probe, which is
equivalent to the directional pretravel variations, is of interest [Aston 97, Bambach 80, Bartelt 02,
Bartelt 03, Chan 97]. Other factors which may influence the directional response pattern include
the suspension of the stylus, asymmetric moment of inertia of stylus, arrangement of probes in
different directions, direction dependent sensitivity of probes, set-up of the axes, tip ball form
deviation, and the direction dependent dynamic behavior of the probing system including styli
combinations [Flack 01, Weckenmann 04].
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As a result, the output signal for a measurement depends on the measurement direction. Unless
compensated for, this effect would result in a measurement deviation that varies with the direction
of the measurement. As an example, the directional response pattern for the Renishaw TP6 is
shown in figure 2.52.

z

x
1 µm

y

Figure 2.52: Pretravel variation of the Renishaw TP6 plotted in polar coordinates [Weckenmann 04, Wozniak 02A, Wozniak 02B].
An important contribution to a direction dependent stiffness at the probe tip for the probe discussed
in this thesis is the anisotropic stiffness of the silicon base material from which the suspension is
manufactured, as discussed in appendix D.3. However, since the effect is reproducible and the
stiffness at the probe tip is known it can be compensated for when the probing direction is known
[Kishinami 84, Moon 98, Shen 97, Weckenmann 79, Yang 96].
Even though the anisotropic stiffness of the suspension can be compensated for it does result in
a measurement behavior which is direction dependent. This can be seen from the measurement
results for the original probe by Pril [Pril 02], as shown in figure 2.53.
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Figure 2.53: Residuals in x, y and z-direction between a displacement as measured by the probing system and the same displacement as measured by the calibration setup: (a) for
orientation a, (b) for orientation b, (c) for orientation c, (d) for orientation d.

In these figures, direction a corresponds to the z-direction of the probe, i.e. the length direction
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of the stylus. The directions b - d correspond to directions in the xy-plane as shown in figure
A.1. It can be clearly seen from the results for directions b - d that the behavior of the probe
is direction dependent. For measurements in directions c and d the z-residual shows a linear
increasing deviation. This can be explained by the rolling of the probe tip over the work piece
surface, as discussed in section 2.2.1.
This rolling effect is also observed for small displacements in direction b. However, for this direction the rolling effect is interrupted after approximately 4 µm and a hysteresis curve can be
observed. The contact forces between probe tip and work piece for a measurement in x-direction
are shown in figure 2.54.

∆zp

Fw = µFN

∆zt
FN

Fz

z

∆x
x

Figure 2.54: Forces between probe tip and work piece during horizontal
probing.
It can be seen that slip is expected to occur when the force Fz in z-direction exceeds the friction
force Fw .
The forces at the probe tip are given by:

Fx
 Fy  = Cprobe ∆Xt + Fs
Fz


(2.73)

Where Fs is a vector containing the surface forces between probe tip and work piece, ∆Xt are the
displacements of the probe tip and Cprobe is the stiffness matrix for the probe tip.
The stiffness matrix Cprobe for the original probe by Pril [Pril 02], calculated using appendix D, is
given by:

Cprobe



190.2
=  −1.5
−43.1

−1.5
167.0
2.7


−43.1


2.7  Nm−1
1111.6

(2.74)

Taking into account the rolling effect, equation 2.47, the displacement vectors ∆Xt at the probe
tip for directions b - d are given by:
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Direction b
FN
Fw = µFN
Fz

Direction c

191.5∆x + 1 · 10
28.7∆x + 1.5 · 10−4
73.9∆x
−3

Direction d

173.4∆x + 1 · 10
26.0∆x + 1.5 · 10−4
6.9∆x
−3

171.1∆x + 1 · 10−3
25.7∆x + 1.5 · 10−4
11.6∆x

Table 2.8: Tip forces in N as a function of the tip deflection ∆x in m for three probing directions.

∆Xt,b




1
 ∆x
0
=
−0.0277



∆Xt,c = 

−√12
1



3  ∆x
−0.0277
2

∆Xt,d


1
−√
2
=  − 21 3  ∆x
−0.0277
(2.75)


The influence of surface forces on the contact between probe tip and work piece is discussed in
section 2.1.7. A higher contact force FN will result in a more intimate contact and an increase of
the contact area between probe tip and work piece. In the measurements shown in figure 2.53
the surface force between the sapphire probe tip, with rt = 250 µm, and aluminum work piece is
therefore estimated to be 1 mN at the point of slip.
By combining equations 2.73, 2.74 and 2.75 and using a coefficient of friction µ of 0.15 [Blau 95,
Rabinowicz 04], the forces at the probe tip can be calculated as a function of the applied tip
deflection ∆x. The result is shown in table 2.8, where ∆x is the total length of the displacement
vector in xy-direction.
From table 2.8 it can be seen that for directions c and d, the friction force Fw is larger than the
force Fz in z-direction for all positive values of ∆x. Hence, it is expected that rolling of the probe
tip on the work piece surface is not interrupted by a slip effect, which corresponds to the results
shown in figure 2.53 (c) and (d).
For direction b it can be seen in table 2.8 that Fw < Fz when ∆x < 3.3 µm and Fw > Fz when
∆x > 3.3 µm. The point of slip, as obtained by the above calculation is in the same order of
magnitude as the point of slip of the probe for a measurement in direction b, figure 2.53 (b).
It can thus be seen that the measurement behavior of the probe is influenced by micro scale effects3
and that the anisotropic stiffness of the silicon suspension results in a mechanical behavior of the
probe which is direction dependent. By compensation of the anisotropic stiffness in silicon, as
discussed in section 3.2.1, an isotropic stiffness can be obtained with the probe. As a result, slip of
the probe tip over the measurement surface is prevented in all measurement directions.

2.4 Thermal effects in probe
Thermal distortions are, in general, the largest source of non repeatable positional deviations in
machines [Bryan 90]. In appendix E.3 general design considerations are discussed for coordinate
measuring machines and probes. In this section, the influence of thermal deviations on the measurement results with the probe are discussed.
As discussed in appendix E.3, the probe is only a part of the metrology loop between probe tip
and work piece through the coordinate measuring machine (CMM). Also, it is useful to distinguish
between parts that only require short term stability, e.g. drift of the local coordinate system, and
parts that require long term stability, e.g. reference scales.
As mentioned in appendix E.3, it is important to characterize the heat flow into the system. Therefore, the two main internal sources of heat in and near the probe holder will be discussed first:
3 Since the influence of gravity is neglectable on this scale and without taking into account surface forces, a force in a
given direction would result in either stick or slip of the probe tip on the measurement surface in direction b, regardless of
the displacement ∆x.
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• self heating of the piezo resistive strain gauges
• electronics

Self heating due to the piezo resistive strain gauges arises from the electrical power which is
dissipated in the resistors. The electrical power P follows from the voltage V over the strain gauge
and the resistance R in Ω of the strain gauge itself. For a voltage V of 2.5 V, corresponding to a
bridge voltage of 5 V, and a resistance R of 50 kΩ, the power P for a single resistor is given by:
P =

V2
= 125 µW
R

(2.76)

Pril [Pril 02] estimated the maximum rise in temperature due to self heating in his probe to be
47 mK. Using finite element simulation a maximum rise in temperature of 46 mK was obtained for
the redesign of the probe4 , as discussed in chapter 3.
The second heat source near the probe holder are the electronics used to amplify the signal from the
slender rods. To minimize the heat production near the probe holder, the electronic components
are split in pre-amplifiers, located near the probe holder, and main amplifiers. Most heat, approximately 8 mW, is produced by the main amplifiers, which are placed at approximately 50 mm away
from the probe holder, as shown in figure 2.55. It is therefore assumed that the influence of the
main amplifiers on the temperature variations in the probe holder can be neglected.
Main amplifiers

Flex cable

Pre-amplifiers

Probe holder

Figure 2.55: Photo of the redesigned probe, as discussed in chapter 3,
with electronics.
To minimize signal noise, e.g. due to environmental electromagnetic radiation, the pre-amplifiers
are positioned close to the probe holder, as shown in figure 2.55. The heat produced by the preamplifiers is approximately 4 mW. Only a fraction of this heat is transferred to the probe holder.
Once equilibrium is obtained, it is expected that the temperature variations in the chip are below 10 mK. Since self heating introduces a repeatable and constant offset its contribution to the
measurement uncertainty for the probe, as discussed in this thesis, can be neglected.
In the original design by Pril [Pril 02] the materials used in the probe show large variations in
the coefficient of thermal expansion α, e.g. for aluminum α = 23.2 · 10−6 K−1 and for silicon
α = 4.2 · 10−6 K−1 at 293 K. To reduce thermal stresses in the design, the materials used in the
redesign are thermally matched, as discussed in chapter 3.
To measure the drift of the probe, two separate setups are used, as shown schematically in figure
2.56. The setup is placed in a temperature controlled laboratory, where the maximum temperature
variation is measured to be 1 K. To reduce the influence of thermal variations the setup is placed
inside an isolation box. The maximum temperature variation inside the isolation box during a
typical measurement is measured to be 30 mK. The maximum temperature variation in the probe
4 With respect to the thermal design the system by Pril and the redesign show significant differences. Pril uses a supply
voltage of 1 V and a resistance of about 10 kΩ in his model. Also, thermal barriers are greatly reduced in the redesign,
allowing better heat dissipation. The close agreement between the results is therefore coincidental.
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itself is less than 10 mK. A similar result was obtained by Ruijl [Ruijl 01], who obtained a reduction
in temperature variations of a work piece relative to environmental temperature variations by a
factor of 1000 with the use of thermal shielding and an enclosure.
(a) Freely suspended

(b) Contact with stand
Metrology loop

Isolation box
Probe holder
Probe
Bracket

Bracket
Probe
Stand

Figure 2.56: Schematic of the setup used to measure the probe drift,
(a) probe is freely suspended, (b) probe is in contact with
a stand.
In the left hand picture, the probe is not in contact with the work piece. In this setup the drift in
the measurement signal due to electronics and the silicon chip can be analyzed. For the probe,
discussed in this thesis, the result of a drift measurement with a freely suspended probe over a 50
hour period is shown in figure 2.57.
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Figure 2.57: Drift in x, y and z-direction of a freely suspended probe
over a period of 50 hours.
It can be seen that the mean drift is less than 2 nm per hour. Assuming a measurement time of 30
minutes, the maximum deviation due to thermal deformations, i.e. the worst case drift, is 10 nm.
Thermal drift in the second setup, shown in figure 2.56 (b), results from drift in electronics and
drift in the thermal loop through the stand, bracket, probe holder and stylus, as indicated in this
figure. The measurement result for this setup is shown in figure 2.58. It can be seen that the drift
measurements shown in figures 2.57 and 2.58 are in the same order of magnitude. However, as
discussed in appendix E.3, it is possible for thermal variations in different sections of the metrology
loop to cancel each other out, figures E.4 and E.5. Looking at figure 2.56 (b) it can therefore be
seen that the expansion of the stylus and probe holder is partly compensated by the expansion of
the bracket and stand.
The influence of an expansion of stylus and probe holder is therefore estimated using equation
E.1. For a steel stylus with l0 = 6.8 mm and α = 10 · 10−6 K−1 and an Invar probe holder with
l0 = 30 mm and α = 4 · 10−6 K−1 , a temperature variation of 10 mK will result in a total expansion
of 2 nm.
The second point of interest is the long term stability of the probe. As mentioned in appendix
E.3, the long term stability of the probe is influenced by changes in its sensitivity, e.g. due to
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Figure 2.58: Drift of the probe in contact with the stand over a period
of 50 hours.

thermal fluctuations. For the probe, discussed in this thesis, the displacement of the probe tip is
measured using piezo resistive strain gauges. These are deposited on each of the three slender
rods in the probe suspension, as discussed in appendix A. A transformation matrix A is used to
give the relation between the measurement signal from the strain gauges on the slender rods and
the displacement of the probe tip, as shown in equation 1.3.
Changes in the transformation matrix A of a particular probe influence its measurement behavior
and hence its measurement uncertainty. It is therefore important that the transformation matrix
A remains constant in-between two successive calibrations, i.e. long term stability is required.
Figure 2.59 shows the drift in the sensitivities of all three rods during a 16 hour measurement.
The standard deviation in the sensitivity coefficients in this measurement is 8 · 10−11 V/nm which
corresponds to a deviation of 2 nm over a 10 µm measurement.
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Figure 2.59: Measured sensitivities of the three strain gauges during a
16 hour measurement.
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2.5 Assembly and hysteresis
All precision probes discussed in section 1.4 consist of multiple parts and hence require assembly.
The main influence on the behavior of the probe results from deviations introduced by assembly
and hysteresis as a result from the connection between components.

2.5.1

Deviations in assembly

First, the influence of assembly and manufacturing deviations on the measurement behavior is
discussed. Most ultra precision coordinate measuring machines are constructed in such a way that
they obey the Abbe principle [Ruijl 01, Vermeulen 99]. The Abbe principle was first published in
1890 and states [Abbe 90]:
The measuring instrument is always to be constructed that the distance being measured
is a straight line extension of the graduations on the scale that serves as a reference...
As a restatement to cover those situations where it is not possible to design ’in line’, Bryan defined
a generalized Abbe principle as [Bryan 79A, Bryan 79B]:
A displacement measuring system should be in line with the functional point (i.e. center
of stylus ball or tool tip) whose displacement is to be measured. If this is not possible
either the slide ways that transfer the displacement must be free of angular motion, or
angular motion data must be used to calculate the consequences of the Abbe offset.
This can be understood by looking at figure 2.60. When the probe housing moves in x-direction
it experiences a rotation Rz around the z-axis due to deviations in the guide ways. As a result of
this displacement, the distance as measured by the scales and the true displacement of the probe
tip differs by a length of ∆x, where:
(2.77)

∆x = hx Rz
Where hx is the Abbe offset.
True tip displacement
Measured tip displacement

∆x

Rz
hy

y
x

(a)

(b)

Figure 2.60: Schematic of the Abbe deviation ∆x.
To provide an indication of this error, the angular deviation Rz in a guide way is estimated to be
0.1 mrad for precision roller bearings, and 0.25 µrad for precision air bearings. The allowed Abbe
offset hx,max for a deviation ∆x of 5 nm or less is shown in table 2.9.
Therefore, the allowed deviation in the structural loop between the probe tip and the measurement
system of a CMM using roller bearings should be less than 50 µm. This includes manufacturing
and assembly deviations of both the CMM and the probe. As the assembly and manufacturing of
precision probes typically involves the handling of small and fragile components the contribution
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Roller bearing
Air bearing

Rz

hx,max

0.1 mrad
0.25 µrad

50 µm
20 mm

Table 2.9: Estimation of the allowed Abbe offset for precision roller and air bearings.

of deviations as a result of assembly of the probe can be significant. One possibility is to use of an
mechanism to align the probe tip with the measurement systems and thereby adjusting for these
deviations. However, such a mechanism may influence the measurement uncertainty and behavior
in the structural and/or metrology loop of the CMM.
Deviations in the position of the probe tip relative to the suspension also influence the stiffness, as
discussed in appendix D. This will result in anisotropic effects during a measurement, as discussed
in section 2.3.6. For the probe discussed in this thesis, the contribution of deviations in the tip
position to the stiffness is less than 3% for all directions.

2.5.2

Hysteresis

In the previous sections the finite stiffness of the probe, CMM and work piece are discussed. The
contact force between tip and work piece thus results in a deformation of all elements in the
structural loop through the CMM between probe tip and work piece. As the contact force changes
during a probing operation the elements experience different deformations. If these deformations
are not purely elastic, i.e. energy is adsorbed as a result of the deformation, the measurement is
influenced by hysteresis. Typically the method used to connect the different parts of the metrology
loop during assembly greatly influences the hysteresis effect.
With respect to the probe discussed in this thesis, the two main contributions to hysteresis are the
connection of the chip to the probe holder and the presence of glue layers in the probe. First the
connection of the chip in its holder is discussed.
Several variants have been manufactured to test the influence on hysteresis of the chip connection
[Heldens 05, Widdershoven 04]. In the first design, shown in figure 2.61 (a), the chip is glued into
the holder using a high stiffness epoxy compound. The design is such that a small clamping force
exists between the chip and holder in radial direction. As a result the glue layers to the side of
the chip are very thin. Using a high stiffness glue and minimizing the layer thickness results in a
design with neglect able hysteresis, as shown by the residuals in figure 2.61 (b) for a measurement
in direction b. The measurement directions are shown in figure A.1. The residuals for x and y
are shifted by 40 and 20 nm respectively to improve readability. The measurement deviations of
the probe are measured using the setup described in section 1.6.1 and the measurement method is
described in appendix A.3. The measurement results discussed in this section are all compensated
for the rolling effect, as discussed in section 2.2.1.
The hysteresis in the measurements is quantified using the hysteresis percentage H, defined by:
H=

Vh
· 100%
V (xmax ) − V (0)

(2.78)

Here, Vh is the distance between the curves for the forward and backward movement of the probe,
V (0) is the voltage measured at the start of the measurement for each slender rod and V (xmax )
is the maximum voltage measured during the measurement. This is schematically shown in figure
2.62.
For probe 1, shown in figure 2.61, the hysteresis percentage H is 0.1% or less for all slender rods.
For most strain gauge applications the method of mounting of the strain gauges, e.g. using glue,
may greatly increase the hysteresis percentage. A strain gauge which is properly installed should
have a hysteresis of less than 0.2% [Window 92]. Other possible contributions to the hysteresis
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Figure 2.61: Original probing system as developed by Pril [Pril 02]: (a)
Photo, (b) Residuals in x, y and z for a measurement in
direction b.
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Figure 2.62: Hysteresis during probing measurement.
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in this design include the influence of visco-elastic adhesives used during assembly of the probe
[Ferry 80, Jones 06] and static charges in the probe chip [Wu 04]. Several alternative probes were
manufactured to test the influence of the connection between chip and holder on the hysteresis in
the design. These will be discussed in the remainder of this section.
For the second design, figure 2.63, the chip is glued between three orthogonal planes on the holder.
As a result the thickness of the glue layer between chip and holder was increased. Also, the Young’s
modulus of the glue used was low compared to the glue used in figure 2.61 (a).

Residual in µm

0.2

0

y

-0.1
-0.2
-0.3

(a) Probe 2

x

0.1

z
0

1
2
3
Displacement in µm
(b) Residuals

4

Figure 2.63: Probe 2 with chip glued between three orthogonal planes:
(a) Photo, (b) Residuals in x, y and z for a measurement
in direction b.
Measurement direction b, used for the measurements, is in the xy-plane of the probe, away from
the three orthogonal planes in the chip holder. Therefore the glue layer, used to fixate the chip,
is loaded as a result of the contact force between the probe tip and work piece. The adsorbed
energy as a result of deformations in the glue layer result in hysteresis, as shown in figure 2.63.
The hysteresis percentage H for this direction is 0.5%.
From this graph it can also be seen that the measurement results are influenced by drift of the probe
tip, caused by creep in the glue layer. The drift in the measurement signal for the three slender
rods during a 3.5 hour measurement is shown in figure 2.64. As a result of the design of the
probe holder, shown in figure 2.63, the deformation of the glue layer is lower in the measurement
directions a, c and d. As a result the hysteresis percentage H in these directions is 0.25% or less
and creep is reduced.
As a variation on the design of probe 2, the same holder and assembly method were used to
manufacture another probe, hereafter referred to as probe 3. The only difference with probe 2 is
a solder point in one corner of the chip. This solder point can be seen in the bottom corner of the
chip shown in figure 2.63 (a). The residuals for a measurement in direction b with this probe are
shown in figure 2.65. It can be seen that hysteresis and creep are reduced considerably.
To test the influence of micro friction in the contact when the chip is clamped into the holder, a
new holder is manufactured as shown in figure 2.66. Hysteresis in this design is caused by micro
friction in the contact between chip and holder. As expected, the contribution of micro friction in
subsequent measurements decreases when the contact pressure increases.
Also, when micro friction plays a role in the contact between chip and work piece, an initial
creep is observed caused by a progression of the point of slip in the contact. Once tangential
forces decrease, the slip region is enveloped by the central stick region of the contact. As a result
tangential stresses are present in the contact region. In practice, the tangential stress in the contact
region is the result of the maximum tangential force in the contact up to that point in time. Creep
due to micro slip is therefore not observed in subsequent measurements unless the point of slip
exceeds the maximum point of slip experienced by the contact.
These effects were clearly observed in the measurements. Figure 2.66 (b) shows the residuals for
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Figure 2.64: Drift in the measurement signal from the piezo resistive
strain gauges on the three slender rods of probe 2.
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Figure 2.65: Residuals for probe 2, with solder point.
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a measurement in which the probe tip was not displaced beyond the maximum displacement of
the tip up to that point in time. Also, the contact pressure was sufficient to reduce the hysteresis
percentage to less than 0.1%.
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Figure 2.66: Probe 3 with chip clamped onto holder: (a) Photo, (b)
Residuals in x, y and z for a measurement in direction b.

Finally, the influence of glue in the design is illustrated by the probe as shown in figure 2.67.
The connection between the chip and holder is created in the same way as the probe shown in
figure 2.61 (a), which showed a hysteresis percentage of 0.1% or less for all slender rods. The
main difference between both designs is the use of a globtop, e.g. a droplet of glue to protect
the wirebonds between the chip and flex cable. The polymer used as an adhesive for the globtop
and probe assembly is expected to show visco-elastic behavior. Hence, hysteresis is expected to
occur when the glue layers and visco-elastic material is subject to an increasing and decreasing
load [Ferry 80, Jones 06].
The residuals for this probe for a measurement in direction b are shown in figure 2.67 (b). The
hysteresis percentage for the rods vary between 0.4 and 2.2%, which is considerable. Also, creep
is observed in the measurements. The effect is investigated using finite element simulation. It
was calculated that the maximum displacement of the membrane, at the position of the globtop,
was approximately 200 nm, which could cause the hysteresis. Measurements with an identical
probe, but with the globtop removed, confirm the hypothesis that the globtop is responsible for the
observed effects.
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Figure 2.67: Probe 4 with globtop to protect wire bonds between flex
cable and chip: (a) Photo, (b) Residuals in x, y and z for a
measurement in direction b.
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2.6 Conclusions
As mentioned at the start of this chapter, the problems associated with the interaction between the
probe tip surface and a work piece become increasingly apparent as the scale of the measurement
decreases. This includes plastic deformation in the tactile contact between a probe tip and a
measurement surface. To avoid plastic deformation when probing a planar aluminum work piece
with a sapphire probe tip with a radius of 150 µm at an approach speed of 1 mm/s, the equivalent
mass and stiffness at the probe tip should be below 35 mg and 354 N/m, respectively.
As the contact region during probing approaches the grain size of the work piece material the
effective Young’s modulus typically increases, decreasing plastic deformation. Also, the mechanical
properties at the surface of a material may be influenced by surface segregation and oxide layers.
However, the probing force is also influenced by collision dynamics. For low damped probes with
an eigen frequency above 100 Hz the maximum contact force can be a factor of 3 higher than the
contact force during the initial collision. The maximum contact force for these systems is a combination of over travel and impact forces. The effect of an increasing contact force in subsequent
collisions can be avoided by using a probing system with a low eigen frequency. However, this also
increases the settling time and hence the measurement time.
It is noted that plastic deformation on a micro scale can never be avoided completely due to the
effects of surface roughness. The compliance between rough surfaces, i.e. with a root-mean-square
(rms) surface roughness of 50 nm, can easily be an order of magnitude higher then the compliance
between perfectly smooth surfaces.
A main aspect of the interaction between the probe tip and work piece is the effect of surface forces
during probing. These forces arise primarily from van der Waals, electrostatic and hydrostatic
forces. The balance between these forces depends on the environmental conditions, especially
humidity, surface condition, material and relative motion. A typical value for the van der Waals
force between a perfectly smooth planar aluminum work piece and a sapphire probe tip with a
radius of 250 µm is 62 µN. When a peak-to-peak roughness of 5 nm is assumed, the van der Waals
force is reduced to about 1.2 µN.
The electrostatic force greatly depends on the buildup of charge on the probe tip and work piece,
e.g. as a result of friction during scanning. At atmospheric pressure and a gap in the order of
centimeters the maximum charge density is limited to about 3 · 10−5 C/m2 . This results in an
electrostatic force of 80 µN for this contact. However, in most applications the charge density and
the corresponding electrostatic adhesion will be considerably lower.
The final surface force under consideration is hydrostatic adhesion, caused by the adsorption of
water molecules on the surface of the probe tip and work piece. Depending on material, temperature and relative humidity the thickness of the adsorbed layer is typically between a tenth and
several tens of nanometers. In general, the hydrostatic attraction will show a monotonic increase
with an increasing relative humidity and will decrease when the surface roughness increases. Using again the situation of a planar aluminum work piece against a sapphire probe tip with a 250 µm
radius, a hydrostatic attraction of 0.23 mN is calculated.
The surface force between the probe tip and work piece also influences the measurement behavior
of the probing system. Surface forces increase the stick slip during scanning and the release distance, or snap out distance, during single point probing. As surface forces are typically disturbing
to the measurement measures can be taken to reduce their magnitude, e.g. selecting an optimum
stiffness of the probe suspension for a given tip radius. It is calculated that the stick slip during scanning and the release distance of the tactile 3D probing system is about 0.15 and 0.25 µm,
respectively.
An important challenge when measuring miniaturized components is that the required measurement uncertainty is high, typically 100 nm or less. As a result many aspects that are neglected in
conventional probing applications become of interest. This includes vibrations of the probe tip as
a result of floor vibrations and acoustic excitation. For the tactile 3D probing system as discussed
in this thesis the influence of these excitations on the measurement uncertainty is in the order of
0.1 nm and can be neglected.
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Another aspect of the required measurement uncertainty is the influence of roundness and diameter of the probe tip on the measurement uncertainty. Measurements of the roundness and diameter
of the tip are discussed in the previous chapter. However, as a result of wear and the collection
of dust and debris on the tip surface the shape of the probe tip changes. For the probing system
under consideration the wear of the probe tip, which is highest during scanning, is expected to be
≪ 1 nm per 1 meter scan length.
It is noted that in the tactile 3D probing system, a deformation of the probe suspension is required
to measure the tip displacement. Therefore the relative stiffness of the suspension and stylus
influences the measurement behavior. To use small probe tip radii, the radius of the stylus and
thereby the stiffness of the stylus needs to be reduced as well. As a result, when a decrease in
sensitivity of a factor of 4 is acceptable, the minimum tip radius for a measurement length of
500 µm is 11 µm. It is noted, that a reduced resolution makes the probing system more susceptible
to noise but does not directly influence its measurement uncertainty.
During measurements with the tactile 3D probing system in the xy-plane, the measurement signal shows a linear increasing displacement in z-direction. This displacement is repeatable and is
caused by the rotation of the center platform in the probe suspension when probing in the xydirection. This displacement is measured by the probing system and does not contribute to the
measurement uncertainty.
However, this displacement in z-direction when probing in the xy-plane is influenced by the
anisotropic stiffness of the probing system, e.g. due to the anisotropic Young’s modulus in silicon. In the tactile 3D probing system, the chip design is therefore compensated for these effects
and an isotropic stiffness is obtained at the probe tip when the stylus length is 6.8 mm, as will be
discussed in the next chapter.
Finally, it is shown in this chapter that a mechanical clamping of the probe chip in a holder is
feasible. However, the connection should be carefully designed to minimize the effects of creep
and hysteresis during a measurement.

Chapter

3

Probe Development

3.1 General Design Considerations
The redesign of the probe will be discussed in this chapter. First specifications are discussed, then
the design will be introduced using optimization models, experimental results and simulations.

3.1.1

Specifications

Specifications for the original design by Pril [Pril 02] are stated in appendix A. From chapter 2
some additions and modifications can be stated for the probe redesign:
1. Overall 3D repeatability during single point probing should be smaller than 20 nm, assuming
a thermal stability of ± 0.1 K (update on requirement 1);
2. Probe tip should be visible to a camera at an angle of 60 degrees or less (update on requirement 4);
3. Time needed to take a measurement during single point probing should be less than 100 ms
(update on requirement 6);
4. Measurement frequency during scanning should be 1 kHz or higher (addition to requirement
6);
5. When plastic deformation to the probe occurs, e.g. due to a control error, replacement costs
should be reasonable compared to other cost factors, implying a maximum replacement cost
of 3k Euro (addition to requirement 9);
6. Colliding mass should be less than 35 mg to avoid plastic deformation of an aluminum work
piece during a collision with a 1 mm/s approach speed and a 150 µm tip radius (modification
on implicit requirement 1);
7. The stiffness at the probe tip should be approximately 500 N/m when using a probe tip with
a 250 µm radius and 350 N/m when using a probe tip with a 150 µm radius (modification on
implicit requirement 2);
8. Over travel distance, at which plastic deformation to the probe suspension initiates, should
be 200 µm or more (update on implicit requirement 4);
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9. The eigen frequency of the probing system should be above 200 Hz to avoid resonance due
to the control frequency of the coordinate measuring machine (additional requirement);
10. Stiffness at the probe tip should be the same in all directions (additional requirement).

3.1.2

Sensitivity of the probe

Tip deflection is measured using four piezo resistive strain gauges in a Wheatstone bridge configuration, as discussed in section 1.5. When the gauges are subjected to a strain ε, the relative
resistance ∆R/R changes, according to [Middelhoek 89]:
∆l
∆R
= Gε = G
R
l

(3.1)

Where ∆l/l is the strain in the gauge and gauge factor G is given by [Elwenspoek 01]:
(3.2)

G = (1 + 2ν + πl E + νπt E)

Where ν is the Poisson ratio, E the Young’s modulus of the piezo resistive material and πl and πt
are piezo electric coefficients in the longitudinal and transversal direction of the gauge, respectively. piezo electric coefficients are determined only by the type and physical characteristics of the
semiconductor material [Window 92].
From equation 3.2 it can be seen that gauge factor G is influenced by two effects. First the change
of geometry, indicated by (1 + 2ν), of the strain gauge. This effect is present in all materials
and accounts for a gauge factor G between 1.6 and 2, depending on the Poisson ratio ν. The
second effect is change in specific resistance of the material, indicated by (πl E + νπt E). Change in
specific resistance, often referred to as piezo resistive effect, results in a gauge factor between 100
and 175 for single-crystalline p-type silicon and −100 to −140 for n-type silicon. A typical value for
polycrystalline and amorphous silicon is 30 [Middelhoek 89, Window 92].
Probe sensitivity for a tip displacement in z-direction, i.e. in the length direction of the stylus, is
now discussed using the model of a simple cantilever with length l, width w and thickness t, as
shown in figure 3.1. Using standard elastic theory, moment M (x) at position x is given by:

(3.3)

M (x) = F (l − x) − MB
1
MB = lF
2
l

F

t

δz
MB
x

Figure 3.1: Simple model of a cantilever.
The force F required to displace the end of the cantilever by a distance δz is given by:
F =

12EI
δz
l3

(3.4)
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Assuming a state of uniaxial normal stress in the cantilever, the longitudinal stress σxx at a height
t/2 above the neutral surface, i.e. top surface, is given by:

σxx =

M (x) 2t
I

(3.5)

Combining equations 3.3, 3.4 and 3.5 yields:
σxx

12E
= 3
l




1
t
l−x
δz
2
2

(3.6)

Maximum longitudinal stress σxx,max is obtained when x = 0 or x = l and is given by:
σxx,max =

3Et
δz
l2

(3.7)

The relative resistance change ∆R/R as a function of tip displacement in z-direction for a single
strain gauge is now given by:
3t
∆R
= G 2 δz
R
l

(3.8)

As discussed in section 1.5 and shown in figures 1.19 and 1.20, four piezo resistive strain gauges
are deposited on each slender rod in a Wheatstone bridge configuration. The measured voltage Vm
across the Wheatstone bridge is a function of resistance of the four piezo resistive strain gauges,
R1 , R2 , R3 and R4 , and supply voltage V0 , according to [Elwenspoek 01]:
Vm =

R1 R4 − R2 R3
V0
(R1 + R3 ) (R2 + R4 )

(3.9)

In most Wheatstone bridge configurations all resistor values, are chosen equal to each other, i.e.
R1 , . . . ,R4 = R0 , resulting in a zero output voltage Vm . When resistance changes are small, i.e.
∆R ≪ R, the measured voltage changes approximately linear with ∆R1 , . . . ,∆R4 :
Vm ≈

∆R1 − ∆R2 − ∆R3 + ∆R4
V0
4R0

(3.10)

It can be seen that the measured voltage Vm is unaffected by disturbances that affect all resistors
equal, e.g. homogeneous temperature deviations.
Assuming that all strain gauges exhibit an equal response to displacement δz , and combining equation 3.10 with equation 3.8 yields:
Vm ≈ G

3t
V 0 δz
l2

(3.11)

It should be clear that sensitivity of the probe, equation 3.11, and maximum longitudinal stress
σxx,max , equation 3.7, for a given displacement δy are both proportional to t/l2 . Therefore, optimum sensitivity is always a balance between allowed over travel distance at which plastic deformation to the probe suspension initiates and required sensitivity.
Requirement 8, as stated in section 3.1.1, states a minimum over travel distance of 200 µm. Since
silicon is a brittle material, its mechanical properties can vary significantly as a function of the
processing conditions and structure dimensions [Jadaan 03]. The average fracture strength as
stated in literature thus varies between 0.57 GPa, as tested on a specimen with a 2 µm thickness
[Greek 97], and 4.9 GPa [Ballarini 98]. From literature, a value of 1 GPa is used as a relative safe
value for the fracture strength of the slender rods [Bagdahn 02, Ding 01A, Ding 01B, Greek 99,
Jadaan 03, Sharpe 01].
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Using δz = 200 µm, σxx,max = 1 GPa and E = 168.8 GPa, appendix D.3, equation 3.7 yields:
t
≈ 10
l2

(3.12)

Combining this result with equation 3.4 yields for the stiffness of the slender rod cr :
cr =

√
3
Ewt3
F
≈
= 1000Ewt 2
3
δz
l

(3.13)

Thus, given the requirement in equation 3.12, minimum probe stiffness is obtained when width w
and thickness t are minimized. The main limitations to decreasing slender rod size are given by the
manufacturing process. The minimum width w in the current manufacturing process is limited to
approximately 160 µm. This results from the minimum width of the piezo resistive strain gauges,
the aluminum connection tracks and space between tracks of the Wheatstone bridge circuit on the
slender rods.
As discussed in sections 2.1.4 and 2.3.1, stiffness of the probe should be optimized for a specific
measurement task and tip radius. Thickness t is used to control probe stiffness, since it is relatively
simple to adjust it during processing, e.g. by choosing a SOI-wafer with a different device layer
thickness. For practical reasons, the minimum thickness t for probe systems with a 250 µm tip
radius is therefore set to 30 µm. Using equation 3.12 this results in a rod length l of 1.7 mm. Rod
dimensions in the probe are therefore given by l = 1.7 mm, w = 160 µm and t = 30 µm. Using
equation 3.4 with E = 168 GPa results in a stiffness of a slender rod cr of 140 N/m.
Finally, combining equation 3.12 with equation 3.11 and using G = 30 yields:
Vm ≈ 900V0 δz

(3.14)

From this equation it can be seen that by increasing supply voltage V0 the signal, and thereby the
signal to noise ratio, improves. However, by increasing the supply voltage, power dissipation in
the slender rods also increases, as will be discussed in the next section.

3.1.3

Supply voltage and signal amplification

As discussed in the previous section, supply voltage V0 to the Wheatstone bridge influences signal
Vm , equation 3.14, and the power dissipated in the slender rods. As discussed in section 2.4 power
dissipated in the slender rods causes a temperature rise of the probe system. Since the supply
voltage is constant, equilibrium will be obtained and its influence on measurement uncertainty
can be neglected.
For practical reasons an upper limit to the total power dissipation in the silicon chip is used of
2 mW, i.e. 170 µW per strain gauge. Recalling equation 2.76, power dissipation P in a resistor
with resistance R due to a supply voltage V0 is given by1 :
P =

V02
R

(3.15)

For a maximum admissible power dissipation P of 170 µW per strain gauge, supply voltage V0 can
be increased when the strain gauge resistance increases. As shown by equation 3.14 this increases
measurement signal Vm for a given displacement δz .
However, Johnson noise [Johnson 28], also referred to as thermal noise, also increases when resistance R is increased:
1 By switching the power supply on and off during operation, the supply voltage V can be increased for a given power
0
consumption. However, the INA-118 amplifier used requires a settling time of 2 ms. Therefore switching power on and off
is not practical with the INA-118, when operating at the required measurement frequency of 1 kHz. Implementation of a
switching power supply is therefore not used in the current version of the probe system.
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Vn =

√
4KT RB

(3.16)

Where Vn is noise voltage in V, T is temperature in K, R is resistance in Ω, B is bandwidth in Hz
and K is the Boltzmann constant, i.e. K = 1.38 · 10−23 J/K.
Contributions of environmental noise, e.g. from a fluorescent tube, are less dependent on supply
Voltage V0 or resistance R. Therefore, with respect to these disturbances signal-to-noise ratio will
improve when supply voltage V0 and resistance R are increased.
By increasing resistance R of the piezo resistive strain gauges, supply voltage V0 may thus be
increased for a given power dissipation in the piezo resistive strain gauges. The signal-to-noise
ratio of the INA-118 pre-amplifiers is measured as a function of total resistance of the Wheatstone
bridge. It was found that an optimum signal-to-noise ratio with this amplifier is obtained when
resistance R of the piezo resistive strain gauges is 50 kΩ. A maximum admissible power dissipation
P of 170 µW per strain gauge thus results in a maximum supply voltage V0 of 5.8 V.
Using equation 3.14 with a supply voltage V0 of 5 V results in a measurement signal of 4.5 µV/nm.
A displacement of 10 µm, the measurement range, thus results in a signal of 45 mV. Ideally,
probe electronics should produce a signal of 10 V when the probe tip is displaced by 10 µm, i.e.
measurement range of the probe. This requires the measurement signal across the Wheatstone
bridge to be amplified 220 times, which is possible using an INA-118 amplifier operating at 1 kHz,
the required measurement frequency. This results in an output signal of 1 mV/nm.

3.2 Layout of the chip
A top-view of the probe by Pril [Pril 02] is shown in figure 3.2. It can be seen that the chip outline
is square. When slicing a wafer to release devices straight cutting lines are needed. Hence a square
outline is used in many silicon MEMS components. However, due to the fragile nature of the probe,
slicing is not possible and hence chips are broken out of the wafer. A square outline is therefore
not a requirement anymore and other chip shapes can be considered.

Figure 3.2: Top view of original probe by Pril [Pril 02].
From figure 3.2 it can be seen that the functional part of the chip shows a threefold symmetry.
For optimum use of material a triangular outline or a six-corner polygonal outline is therefore
preferred. A drawback of a polygonal shape with six edges is that it has three internal degrees of
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freedom in the plane of the chip. As discussed in appendix E.2 these degrees of flexibility reduce
the stiffness of the design during handling and therefore a triangular outline is preferred.
To obtain an isotropic stiffness at the probe tip, the slender rod position on the probe chip is
optimized for a triangular area of the chip. This is shown schematically in figure 3.3.

lr

larm
α

lchip

Figure 3.3: Schematic of the position of the slender rods within the chip.
In the optimization process the rod length is set to 1.7 mm, as discussed in section 3.1.2 and angle
α between slender rod and arm of the central platform is varied. Arm length larm thus varies when
the angle α changes. The effect of slender rod position on probe stiffness in xy- and z-direction is
analyzed using finite element simulation. The resulting stiffness at the probe tip in x-direction, cx ,
and in z-direction, cz , is shown in figure 3.4 as a function of angle α.
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Figure 3.4: Stiffness cx and cz at the probe tip as a function of angle α
between slender rod and arm in the center platform.
It is noted that when α = 0 and α = 180◦ the length direction of the slender rod and arm are
aligned and the design is over constrained, as discussed in section E.2. This can also be seen in the
analysis, where the stiffness cx and cz increases when the angle is below 30 or above 150 degrees,
i.e. α < 30 and α > 150.
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The ratio between stiffness cz at the probe tip in z-direction and cx in x-direction is shown in
figure 3.5. It should be noted that the point of intersection between stiffness cx and cz in figure
3.4, where the ratio is 1, depends on stylus length and is therefore somewhat arbitrary. By choosing
an appropriate stylus length, the stiffness at the probe tip can always be made isotropic. However,
by optimizing the angle between rod and arm the stylus length at which the stiffness is isotropic
can be maximized. By increasing stylus length at which an isotropic stiffness is obtained, the
measurement behavior of the probe is improved. This corresponds to requirement 2 for the probe,
as stated in section 3.1.1.
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Figure 3.5: Ratio of cz over cx as a function of the angle α between the
slender rod and arm in the center platform.

From figure 3.5 it can be seen that the optimum ratio of cz over cx is obtained when α = 24◦ .
However, as discussed before, a value of α ≥ 30◦ is used to prevent the suspension from being
over-constrained. From the viewpoint of stiffness, a value of α = 30◦ is thus preferred for the
probe.
The second point of interest with respect to chip layout is influence of slender rod position on
probe sensitivity. Probe sensitivity can be calculated from transformation matrix A. In Appendix
D.7 the theoretical transformation matrix Atheory is calculated, where:

Atheory



A1x
=  A2x
A3x

A1y
A2y
A3y


A1z
A2z 
A3z

(3.17)

Here, top-left element A1x corresponds to the sensitivity of rod 1 for a displacement in x-direction.
Probe tip position is assumed to be ideal, i.e. ptx = pty = 0 and ptz = −lst , where stylus length lst
is set to 6.8 mm in the current design. Rod sensitivities for a displacement in x- and y-direction are
shown in figure 3.6 as a function of angle α between rod and arm, as shown in figure 3.3.
It is noted that the rod sensitivities for a displacement in z-direction are equal, i.e. A1z = A2z =
A3z , and are not influenced by angle α between rod and arm. This is logical, since rod deformation
for a displacement in z-direction is the same, regardless of the layout, when the probe tip position
is ideal.
As discussed in Appendix D.7, probe sensitivity Si in direction i is given by:
Si ≡

|Axti |
|xti |

(3.18)

Here, xti is a vector containing the direction i of the tip displacement, e.g. xti = [100]′ corresponds
to a tip displacement in x-direction.

100

Probe Development
6

6

A1z

5

A1x

4

A2x

3
2

A3x

1
0
30

60

90

120

Sensitivity in V/mm

Sensitivity in V/mm

7

A1z
A1y

5
4

A2y

3
2

A3y

1
0
30

150

60

90

120

Angle α in degrees

Angle α in degrees

(a) x- and z-direction

(b) y- and z-direction

150

Figure 3.6: Sensitivities of the three rods, relative to sensitivity of rod
1 in z-direction A1z : (a) sensitivities of rods 1, 2 and 3:
A1x , A2x and A3x , for a tip displacement in x-direction, (b)
sensitivities of rods 1, 2 and 3: A1y , A2y and A3y , for a tip
displacement in y-direction.

Using this equation sensitivities Sx , Sy and Sz for a tip displacement in x-, y- and z-direction,
respectively, can be calculated as a function of angle α between rod and arm, as shown in figure
3.7.
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Figure 3.7: Sensitivities Sx , Sy and Sz of the probing system as a function of the angle α.

It is clear from figure 3.7 that sensitivities in the x- and y-direction are equal, regardless of chip
layout. This is expected from the symmetric chip layout. Furthermore, when angle α between rod
and arm is 30 degrees, sensitivities Sx , Sy and Sz are approximately the same.
As mentioned before, an optimum ratio between stiffness cx in x-direction and stiffness cz in zdirection is obtained when α = 30◦ . As shown in figure 3.7, sensitivity in x- and y-direction
is also maximized with this layout, resulting in a design with a stiffness and sensitivity which is
approximately equal in all directions.
Therefore a value for α of 30◦ is used in the probe, resulting in a design for the probe as shown in
figure 3.8.
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Figure 3.8: Top view of redesigned triangular chips in wafer.

3.2.1

Anisotropic effects

As discussed in appendix D.3 the Young’s modulus and Shear modulus in single crystalline silicon
depends on the orientation with respect to the crystal structure. The stiffness of a silicon structure
is thus dependent on its orientation within the wafer. Therefore, the suspension stiffness in a
micro electromechanical system, like the tactile 3D probe discussed in this thesis, may be direction
dependent [Bos 07C].
As discussed later in this section, these variations in the elastic modulus are the main cause for an
anisotropic stiffness in a single crystalline silicon suspension. In order to counteract the effects of
the anisotropic elastic modulus an isotropic base material like polysilicon can be used [Ayazi 01,
Howe 96, Tang 90]. There are also disadvantages to using a different base material however,
like residual stresses and lower yield strength in the case of polysilicon [Chasiotis 05, Kahn 00,
Kahn 01].
Another method is to align the structures along equivalent crystallographic orientations [Lee 03,
Kim 01]. However, as discussed in section 3.2, the suspension of the tactile 3D probing system
consists of three slender rods oriented in a triangular fashion. As mentioned at the start of this
section, this results in an anisotropic mechanical stiffness. Unless this is compensated for, the
measurement behavior of the probe is influenced by stick-slip and parasitic movements [Bos 07C],
as discussed in section 2.3.6.
The effects of a different Young’s modulus between the slender rods can be compensated by adjusting their dimensions [Bos 07C]. However, due to the production process, e.g. wet etching,
adjusting the thickness of the cantilever is relatively complex and less accurate compared to adjusting its length or width. Even though adjusting the length of a structure is relatively simple it
might influence its function, e.g. in a mechanism. It is therefore convenient to adjust the width.
It should be noted that variations in the structural dimensions may also result from deviations in
the manufacturing process. Examples include thickness variations in the case of timed etching.
From appendix D.3 it can be seen that variations in the Young’s modulus can be as high as 37%. In
this case the influence of the anisotropic Young’s modulus in a silicon cantilever is the main cause
for a non symmetric stiffness when thickness variations between the rods are less then 14%. Thus
for suspensions similar to the tactile 3D probing system it can be concluded that variations in the
elastic modulus are the main cause for an anisotropic stiffness.
The first step to compensate for the effects of the anisotropic Young’s modulus in the sensor is to
derive a model for the tactile 3D probe stiffness, as discussed in appendix D.5. When the ratio
of the slender rod width wr over its length lr is small, the Young’s modulus E of the rod’s length
direction can be used [Lekhnitskii 63]. The Young’s modulus E and shear modulus G depend
on the crystalline orientation of the slender rod. From appendix D it can be seen that rod 3 is
oriented along the < 011 > crystallographic direction. Its Young’s and shear modulus are therefore
1.688 · 1011 Pa and 0.508 · 1011 Pa respectively, as shown in figures D.3 and D.4. Rods 1 and 2 are
rotated by 120◦ and 240◦ with respect to rod 3. Their Young’s and shear modulus are 1.380 · 1011 Pa
and 0.696 · 1011 Pa, respectively.
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Using equation D.35 on the probing system by Pril [Pril 02] with rod length lr of 1.625 mm, width
wr of 163 µm and thickness tr of 30 µm, the stiffness matrix at the probe tip Cprobe is calculated to
be:

Cprobe



78.2
=  −0.7
−17.7

−0.7
68.6
1.2


−17.7
1.2 
456.0

(3.19)

From equation 3.19 it is clear that C11 6= C22 , resulting in an anisotropic stiffness in the xy-plane.
An isotropic stiffness in the xy-plane, i.e. C11 = C22 , can be obtained from equation D.35 by
adjusting the dimensions of the slender rods. As discussed in this section, a convenient method is
to adjust the width wr of the rods. It can be shown that by increasing the width wr12 of rods 1 and
2 to 198 µm, an isotropic stiffness matrix in the xy-plane is obtained:

C∗probe



83.2
=  0.0
−0.7

0.0
83.2
0.0


−0.7
0.0 
516.8

(3.20)

It is noted that, in the probe by Pril, the stiffness in z-direction C33 is approximately 6 times higher
than the stiffness in the xy-plane, C11 and C22 . As discussed in the previous section, the tactile 3D
probing system as discussed in this thesis has a fully isotropic stiffness, i.e. C11 = C22 = C33 , when
the stylus length ls is 6.8 mm.
The results from equation 3.20 are verified using a Finite Element Model (FEM) with anisotropic
material properties and show excellent agreement.
The stiffness of a compensated probe suspension is measured using the Mitutoyo Surftest SV-600
surface roughness measurement instrument. The tip of this instrument applies a constant force of
3.4 mN as it is moved over the slender rod under test, as shown in figure 3.9. By measuring the
deflection of the tip, the stiffness can be calculated.

Figure 3.9: Setup used to measure the deflection of the slender rods.
A triangular aluminum plate is used to create a mechanical
connection between the rods.
The measurement results for a non compensated sensor are given in the left-hand column of table
3.1. It can be seen that the deflections at rods 1 and 2 are similar, 46.5 and 46.7 µm respectively,
but differ significantly from the deflection at rod 3, 43.8 µm. These results are in agreement with
the results from finite element simulation, as shown by the right-hand column. It is noted that the
deflection is influenced by the intermediate body and glue layer which are included in the model.
Finally, the measurement results on a compensated probe suspension are shown in table 3.2. The
variations in the deflection of the suspension are significantly reduced with respect to the variations
shown in table 3.1.
It is thus shown that an isotropic stiffness can be obtained with the tactile 3D probe as discussed in
this thesis. This is discussed in appendix D.4 where the results of the anisotropic stiffness in single
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Deflection at the rod endpoint in µm
Measurement Finite element simulation

Rod 1
Rod 2
Rod 3

46.5
46.7
43.8

49.1
49.1
46.5

Table 3.1: Deflection of the slender rods in a non compensated probe suspension due to an applied
force of 3.4 mN.
Deflection in µm
Rod 1
Rod 2
Rod 3

48.2
48.0
47.8

Table 3.2: Measured deflection at the endpoint of the slender rods in a compensated probe suspension due to an applied force of 3.4 mN.

crystalline silicon and stiffness effects of structural elements in the probe, e.g. the stylus, are used
to obtain a probing system with isotropic suspension at its tip.

3.2.2

Center platform and stylus

As discussed in sections 2.3.1 and E.4, stiffness of the center platform and stylus should be as high
as possible to assure that a probe tip displacement results in maximum slender rod deformation.
However, mass of stylus and center platform also contributes to the colliding mass of the probe. To
prevent plastic deformation when probing an aluminum work piece by a probe with a 150 µm tip
radius at an approach speed of 1 mm/s the colliding mass should be less than 35 mg, requirement
6 in section 3.1.1. Therefore, the design of the center platform and stylus requires a high specific
stiffness, as discussed in the previous section.
For the chip redesign, a deep reactive ion etching (DRIE) procedure can be used to create high
aspect ratio structures. Using this process, the aluminum three legged star, used in the original
design to connect the stylus to the three slender rods, can be replaced by a silicon structure. From
table E.1 it can be seen that specific stiffness of silicon when compared to aluminum is 63% higher.
Also, thermal bending deformation of silicon, table E.3, is 169% lower with respect to aluminum.
For reasons of thermal stability and boundary conditions in processing of silicon wafers it was
decided to use a solid cross section for the three legs in the center platform. The force on a leg in
the center platform in the current chip design, as discussed in section 3.2, is schematically shown
in figure 3.10.
It can be shown that stress σxx (x) in the length direction of the arm at position x and shear stress
τxy (x) are given by:

σxx (x)
τxy (x)

6 (l + a1 − x)
t F (l + a1 − x)
=F
2
I(x)
w(x)t2
3a2
= F 2
t w(x)
=

(3.21)

As discussed in the previous section, efficient use of material, and thereby a light and stiff construction, is obtained when the von Mises equivalent stress σe is uniform across the structure. Using
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Figure 3.10: Schematic of force on the arm in center platform of chip.

the approach from appendix F with equation 3.21 yields for the equivalent von Mises stress σe (x)
at position x:

σe2 (x) =

9F 2
t4 w2 (x)



2

4 (l + a1 − x) + a22



(3.22)

For an isotropic equivalent von Mises stress, i.e. σe (x) = σe , width w(x) at position x is given by:
w(x) = c∗

q

2

4 (l + a1 − x) + a22

(3.23)

Where:

c∗ =

3F
t2 σ e

(3.24)

Constant c∗ is used to control the weight of the center platform and match the stiffness of the arm
to that of the stylus.
The specific stiffness of the stylus is improved by using a hollow tube, as discussed in the previous
section. Using standard beam theory, the stiffness of the stylus with a length of 6.8 mm, outer
radius of 0.2 mm and inner radius of 0.1 mm is calculated to be 2.3 kN/m.
From the design, as discussed in section 3.2, it was calculated that a1 = −2 mm, a2 = 1 mm
and larm = 10 mm. Using these values, cantilever stiffness k described by equation 3.23, can be
calculated to be:
k = c∗ 3500Et3

(3.25)

For optimum stiffness per weight, the stiffness of the center platform and the stylus should be
equal. The stiffness k of a single arm, as given by equation 3.25, should thus be approximately
1200 N/m.
Using this stiffness in equation 3.25, i.e. k = 1200 N/m, and using E = 138 GPa and t = 0.25 mm
results in c∗ = 0.16. The results are checked using finite element simulation (FEM), resulting in
the center platform design as shown in figure 3.11.
The combined mass of probe tip, stylus, center platform and intermediate body, as shown in figure
3.11 is 34 mg, thus satisfying requirement 6 as stated in section 3.1.1.
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Figure 3.11: Photo of assembly of chip, stylus and probe tip.

3.2.3

Micro spherical tips

Currently, styli with ceramic tips are commercially available with a tip diameter of 125 µm. Smaller
tips are currently not available. As discussed in section 2.3.4 the probe tip diameter limits the
minimum size of structures that can be measured by the probe.
Therefore several micro spherical tips were manufactured with a diameter below 100 µm using
two different methods. The first method uses a glass fiber, which is given a set diameter using a
wire drawing procedure. The fiber end is then locally heated to create a glass tip. This results in a
thin fiber with tip, which can be glued into a larger hollow stylus in order to assemble it onto the
probe chip.
It should be clear that assembling a thin fiber, e.g. 30 µm diameter, into a small hole, e.g. 50 µm
diameter, is a challenging task. As an alternative a custom wire-drawing procedure can be used
where a fiber is locally heated and stretched, as shown schematically in figure 3.12. This can be
performed in several stages, thus creating a thin glass fiber on top of a thicker fiber, which can be
handled more easily. The tip can again be manufactured by local heating.
(a)

(b)

(c)

(d)

Q
Q

Q

v1
v1

Figure 3.12: Schematic of manufacturing borosilicate micro tips: (a)
wire drawing of fiber, (b) final wire drawing stage to create micro stylus, (c) local heating of stylus to create tip,
(d) finished stylus with tip.
A borosilicate stylus manufactured using this procedure is shown in figure 3.13. The stylus is made
out of borosilicate glass and stylus and tip have a diameter of approximately 40 µm and 50 µm,
respectively.
An important drawback of a borosilicate stylus is that it is an insulator. This may result in large
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Figure 3.13: Photo of borosilicate stylus on 1 euro coin. The tip of the
stylus is just above the island of Majorca.

electrostatic forces during scanning or probing, as discussed in appendix C.2. Also, stiffness of a
borosilicate stylus is relatively low, i.e. its Young’s modulus is 64 GPa. As a result, a borosilicate
stylus is sensitive to effects of surface forces during measurements, as discussed in the previous
chapter.
The second method uses a conductive, often metallic, material which is shaped using wire electrostatic discharge grinding (WEDG) [Alting 03, Masuzawa 00, Pham 04, Rajurkar 06]. By placing
the work piece on a rotary axis axi-symmetrical products, e.g. a stylus, can be manufactured. Using this procedure a spherical tip can also be manufactured at the stylus end, which can be used
as probe tip. However, as discussed by Sheu [Sheu 04, Sheu 05] this results in a relatively rough
surface due to electro discharge craters.
Therefore, a one pulse electrostatic discharge (OPED) is used to create the tip. Stylus material in
this research is tungsten carbide, which has a Young’s modulus of 360 GPa. The manufacturing
steps are shown schematically in figure 3.14.
(a)

(b)

(c)

(d)

Figure 3.14: Schematic of EDM manufacturing of micro probe tips: (a)
rough machining of stylus, (b) finish machining of stylus,
(c) discharge manufacturing of tip, (d) finished stylus with
tip.

Figure 3.15 shows the setup used to manufacture a tungsten carbide stylus. The stylus, as manufactured using this procedure is shown in figure 3.16. The tip diameter in this experiment is
approximately 50 µm. It is noted that the tip surface, which is manufactured using a one pulse
electrostatic discharge (OPED), is much smoother than the stylus surface, which is manufactured
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using a wire electrostatic discharge grinding (WEDG) procedure.

Figure 3.15: Setup used to manufacture a tungsten carbide stylus using
wire electrostatic discharge grinding (WEDG). The stylus
is mounted on a rotary axis.

It is obvious that the energy of a one pulse electrostatic discharge increases as the peak current
and/or pulse duration increases. Increasing pulse energy results in a larger tip diameter. Also tip
roundness deteriorates for a higher energy pulse due to unbalanced shrinking forces [Sheu 04,
Sheu 05]. Finally, it should also be obvious that the energy needed to create a tip decreases with
decreasing stylus diameter.
Using wire electrostatic discharge grinding, a tungsten carbide rod with a diameter of 1 µm is
manufactured by Egashira et al. [Egashira 05, Rajurkar 06]. The approach, as described in this
section, is used by Sheu [Sheu 05] to create a stylus with a diameter of 10 µm and a tip of 15 µm.

3.3 Probe holder
The probe holder is an intermediate component that provides the mechanical and electrical interface between silicon probe chip and coordinate measuring machine (CMM). The interface to a
coordinate measuring machine is somewhat system specific. Therefore the NanoCMM developed
by Van Seggelen [Seggelen 07] is used as an example.
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(a) Stylus on 10 euro note

(b) Stylus tip

Figure 3.16: Tungsten carbide stylus with a tip diameter of 50 µm, (a)
stylus with a 10 euro note, letters shown are printed below
the map of Europe, (b) photo zoomed in on stylus and tip.

3.3.1

Electronics

As discussed in section 1.5 a tip displacement results in a deformation of the probe suspension,
which consists of three slender rods. On each slender rod four piezo resistive strain gauges are
deposited in a Wheatstone bridge configuration. To amplify the Wheatstone bridge signal alternating current (AC) and discrete current (DC) electronics can be used. Typically, the influence of 1
/ f -noise in AC electronics is small in comparison to DC electronics [Horowitz 89]. However, DC
electronics have the advantage that effects of capacitive coupling in probe chip and connections
are reduced [Pril 02]. For this reason, DC electronics are used in the probe.
Custom build electronics allow the opportunity to optimize electronics to the application and can
be integrated with probe housing. A schematic of the electronics used in the probe is shown in
figure 3.17. It can be seen that the electronics are divided into three parts. The first part (a) is
the probe chip where one Wheatstone bridge is deposited on each of the three slender rods in its
suspension. In the second part (b) the Wheatstone bridge signal is amplified using an INA118
amplifier operating at a gain of 200. In the third part (c) the amplified signal is connected to two
INA118 amplifiers operating at a gain of 1, thereby creating a differential output signal which is
connected to CMM electronics using shielded twisted pair cables.
(a)

(b)

(c)
Vref

+

-

INA118

R5 , 1k2 Ω

+

-

INA118
C1 ,

+

100 nF
-

INA118

Figure 3.17: Schematic of probe electronics.
Resistor R5 and capacitor C1 function as a low-pass filter to reduce high frequency noise in the
signal. The measurement frequency of the probe is 1 kHz, as stated by requirement 4 in section
3.1.1. The signal reduction to the measurement signal due to the low pass filter is set to a maximum
of 1 dB, approximately 10%, resulting in a cutoff frequency of 1.3 kHz. This results in the RC value,
as shown in figure 3.17.
The second point of interest is position of the electronics with respect to the probe and coordinate
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measuring machine (CMM). As shown by equation 3.14 in section 3.1.2 a tip displacement of 1 nm
corresponds to a measurement signal in the Wheatstone bridge of 4.5 µV for a 5 V supply voltage.
The signal is therefore sensitive to environmental noise. To minimize effect of environmental noise
on this signal the distance between chip and electronics should be minimized and shielded.
However, the heat dissipated by a single INA118 amplifier is approximately 4 mW during normal
operation. To reduce heat dissipation to the probe holder the electronics are divided into two parts
(b) and (c) as shown in figure 3.17. The amplifier, part (b), is placed next to the probe holder to
reduce the influence of environmental noise on the measurement signal. The amplified signal is
less sensitive and the second set of amplifiers, part (c), can therefore be placed at a certain distance
from the probe holder, as schematically shown in figure 3.18.
Probe chip, part (a)

Spring loaded contact pen

Probe holder

Electronics, part (b)

Flex cable

Electronics, part (c)

Figure 3.18: Schematic of the probe holder with position of electronic
components.
From figure 3.18 it can be seen that the position of electronics in the holder is a trade off between
heat dissipation and signal to noise ratio of the electronics. In this setup, a thermal barrier can
be created between holder and electronics, while shielding all electronic connections between the
probe chip and part (b) of the electronics. Figure 3.19 shows the assembled holder, where the
spring loaded pens and part (b) of the electronics are mounted onto the holder.
The standard deviation in electronic noise when the probe is in contact with a work piece is measured to be 2 mV, which corresponds to 1.6 nm.

3.3.2

Clamping of the chip

The electrical connection between the probe chip and holder is discussed in the previous section.
In this section the mechanical connection between the probe chip and holder will be discussed.
The mechanical connection is shown schematically in figure 3.20. The spring loaded pens, used to
create the electrical connection, are used to supply the clamping force between the probe (1) and
holder cap (2). The holder cap itself is clamped onto the holder using a fixation screw (3).
The assembly of probe chip, stylus and tip can now be replaced as a unit, which is electrically
and mechanically coupled to the holder. In the original design by Pril [Pril 02] the probe chip
is electrically connected to a flex-cable using wire bonds. However, this approach increases the
replacement cost of the probe, requirement 5 in section 3.1.1, and makes assembly more difficult.
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Figure 3.19: Photo of probe holder with spring loaded contact pens and
holder for electronics, part (b).

Probe (1)

Holder cap (2)

Fixation screw (3)

Figure 3.20: Schematic of clamping of the probe chip in the holder cap,
using spring loaded pens to supply the clamping force.
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An important challenge when a the probe chip is mechanically clamped onto the holder is micro
friction in the contact region. This results from a different tangential strain distribution between
two components, as schematically shown in figure 3.21. The resulting micro friction causes a
hysteresis effect, as discussed in section 2.5.2.
dFN = dxw

w

Ft

F0 (x) − dxwµ

F0 (x)

dFN µ = dxwµ
(l − x)

x

F1 (x)

F1 (x) + dxwµ

l

dx

Figure 3.21: Schematic of micro friction in a mechanically clamped contact.
The force F0 (x) at position x results in a stress σ(x) = F0 (x)/A0 . Where A0 (x) and E0 are the
cross sectional area and Young’s modulus of the top cantilever, respectively. The strain in the top
and bottom cantilevers at position x is thus given by:

ε0 (x) =
ε1 (x) =

(l − x) wµ
F0 (x)
=
A0 (x)E0
A0 E0
Ft − (l − x) wµ
F1 (x)
=
A1 (x)E1
A1 E1

(3.26)

To prevent micro slip in the contact the strains ε0 (x) and ε1 (x) should be equal along the contact
region. It can easily be shown that this is satisfied when:
Ft
A1 (x)E1
=
−1
A0 (x)E0
(l − x) wµ

(3.27)

Equation 3.27 is satisfied when both cantilevers have a cross sectional area which varies with a
linear relation to x, and A1 (0) = 0 and A0 (l) = 0.
However, the cross sectional area in the probe system can not be varied according to equation
3.27 and hence some micro slip will occur in the contact region. For the probe system the top
cantilever, i.e. the holder cap (2), is assumed to have a much greater stiffness than the probe chip,
i.e. A0 (x)E0 ≫ A1 (x)E1 . Position x where the top cantilever strain equals the bottom cantilever
strain, is now given by:
ε0 (x) = ε1 (x)

⇒

Using F1 (x) = Ft − (l − x) wµ yields x = l −

F1 (x) =

A1 (x)E1
F0 (x) = 0
A0 (x)E0

(3.28)

Ft
wµ .

The area affected by micro slip extends from the end of the cantilever, where x = l, to position
x = l − Ft /(wµ). The length over which micro slip occurs in the contact region between both
bodies thus equals Ft /(wµ). The micro slip region can be decreased by increasing the normal force
per unit area w. The total elongation ∆ltot in the bottom cantilever due to micro slip in the contact
is now given by:
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∆ltot =

Z

l−Ft /(wµ)

ε1 (x)dx =

Z

l−Ft /(wµ)

l

l

Ft − (l − x) wµ
dx
A1 (x)E1

(3.29)

When the cross sectional area of the bottom cantilever is constant, i.e. A1 (x) = A1 , the total
elongation ∆ltot in the bottom cantilever is given by:
∆ltot = −

1 Ft2
2 wµA1 E1

(3.30)

In the probe system, the chip is supported by three contact points each with a length and width of
2 mm. The pre-load force on each contact point is supplied by four spring loaded contact pens that
give a total force FN of 0.8 N. The cross sectional area A1 is taken as the cross sectional area of
the chip above the contact point, i.e. 2 mm by 0.5 mm. Using a suspension stiffness ct of 480 N/m,
the maximum force Ft at an over travel distance of 10 µm is 4.8 mN. Using a Young’s modulus E1
of 138 GPa and a coefficient of friction µ = 0.15, thus results in a micro slip region of 160 nm. The
total elongation ∆ltot due to micro slip in the contact between probe and holder cap is less than
0.1 nm.

3.3.3

Connection to measurement machine

As mentioned at the start of section 3.3, the interface to the coordinate measuring machine
(CMM) is somewhat system specific and therefore the NanoCMM, developed by Van Seggelen
[Seggelen 07], is used as an example. The design and measurement principle of the NanoCMM
are discussed in section 1.3.
The NanoCMM metrology loop is manufactured from aluminum to reduce thermal gradients and
effects of a homogeneous temperature deviation, as discussed in section E.3. Therefore the probe
holder, as used in the NanoCMM, is also manufactured from aluminum. The density of aluminum
is also relatively low, about 2700 kg/m3 , thereby decreasing holder mass and power consumption
in the z-actuator. The probe holder weight is further reduced by removing redundant material, as
discussed in section 3.2.2, resulting in a total weight of 25 gr.
The NanoCMM z-axis is separated from the xy-stage. For the electrical connection between part
(b) and (c), a flex-cable is thus used, as schematically shown in figure 1.8. Deformation of this flex
cable due to a translation in z-direction is highly repeatable. The NanoCMM, with probe, is shown
in figure 3.22. The probe close up photo in figure 3.23 shows the position of the electronics part
(b) and (c) on the CMM.

Figure 3.22: Photo of probe in NanoCMM by van Seggelen.
The mechanical connection between probe and CMM is done using three contact planes. Each
contact plane is preloaded using a screw through its center. Finally, a photo of the probe with a
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Figure 3.23: Close up of probe in NanoCMM by van Seggelen.

500 µm tip diameter as it approaches a free form surface using the NanoCMM is shown in figure
3.24.

3.4 Conclusion
The deflection of the probe tip is measured by piezo resistive strain gauges deposited on three
slender rods that form the suspension of the probing system. Four piezo resistive strain gauges
are deposited on each rod in a Wheatstone bridge configuration. Using a supply voltage V0 of
5 V, a measurement signal of 4.5 µV per nanometer tip displacement is obtained. This signal is
amplified using an INA-118 amplifier to produce a measurement signal of 1 mV per nanometer tip
displacement, i.e. 10 V for a displacement of 10 µm.
By optimizing the layout of the probe chip an isotropic stiffness and sensitivity at the probe tip in
each direction is obtained for a stylus length of 6.8 mm. The stiffness of the probe suspension is
also optimized to obtain an aspect ratio of 50 between the length and radius of the stylus. This
relatively high aspect ratio allows the use of small tips, e.g. with a 25 µm radius, on relatively large
styli, e.g. 1 mm, making the probing system suitable for measuring MEMS and other miniaturized
components.
To measure these small components several micro spherical probe tips are manufactured. The first
method uses a borosilicate fiber which is given a set diameter using a wire drawing procedure. In
the second method a tungsten carbide stylus is manufactured using electro discharge manufacturing (EDM). Both methods have been used to create a stylus with a 50 µm tip diameter.
To avoid plastic deformation of a work piece during probing, the design of the center platform and
stylus are optimized to obtain a high stiffness per weight. As a result, a maximum colliding mass at
the probe tip of 34 mg is obtained. This allows probing of an aluminum work piece by a sapphire
probe tip with a radius of 150 µm at a velocity of 1 mm/s without plastic deformation of the work
piece or probe tip.
Finally, the probe chip is clamped into the holder using spring loaded contact pens. These contact
pens are also used to create the electrical connection between electronics and chip. As a result, the
probe chip can easily be exchanged when damaged, reducing replacement costs.
The specifications, as stated at the start of this chapter have all been met.
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Figure 3.24: Photo of probe approaching a free form surface.

Chapter

4

Suction gripper for micro
assembly

Assembly is a crucial part in the realization of a product. Compared to assembly in the macro world,
assembly in the micro world is influenced by scaling effects [Brussel 00, Tichem 04]. Therefore,
during assembly of the probe as discussed in this thesis and other products containing micro components several additional aspects influence the assembly process when compared to conventional
macro-scale assembly. These aspects include:

• The influence of surface forces on the assembly process: section 2.1.7;
• High requirements on the placement uncertainty: the required positional uncertainty and
clearances between parts are in the range of 0.1 to 10 µm for micro components [Brussel 00,
Tichem 02];
• Small and fragile components: typical product dimensions are 0.5 to 30 mm where dimensions of functional structural elements can be in the range of 10 to 100 µm [Brussel 00,
Tichem 02];
• High contact stresses due to the colliding mass and stiffness of the assembler: section 4.3;
• Parts are often from different technological domains, e.g. semi-conductor and precision mechanical engineering: tolerances on parts may show a large variation and assembly often
involves the joining of non conventional material combinations [Tichem 02].

First, the influence of these aspects on the manufacturing and assembly costs of products containing micro-parts is described. In section 4.2 several techniques, used in the assembly of these micro
products, are briefly discussed. Then, in section 4.3, the influence of contact forces when handling
micro-scale components in serial assembly is discussed. As discussed in section 4.5 a new suction
gripper is developed, which is suitable for handling these micro-scale components in serial assembly. Experimental results with this gripper are given in section 4.6, and finally the assembly of the
probe is briefly discussed in section 4.7.
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4.1 Introduction

Increasing cost

The costs that can be attributed to packaging and assembly are between 75-95% for most micro
electromechanical systems (MEMS) [Maluf 04]. Figure 1 shows a model by Bos and Bullema
[Bos 06, Bos 07A] which relates total product cost to component size. It can be seen that material
costs decrease with component dimensions. However, further miniaturization eventually results in
high requirements on the material used, especially its purity, increasing the material costs.

Total product cost

Assembly cost

Fabrication cost

Material cost
(a)

(b)

Decreasing size

Figure 4.1: Model of the total product cost as a function of the size of
the device [Bos 06, Bos 07A].
Fabrication costs, as described by Hayashi [Elwenspoek 01], increase for smaller components as it
is more difficult to machine them. The cost of assembly also increases for smaller components as it
is more difficult to handle them and the required placement uncertainty increases [Böhringer 99,
Brussel 00].
The minimum total cost in figure 1 is obtained in point (a). Using this model, a further decrease
in component dimensions, point (b), results in an increase in the total product cost. Decreasing
the cost of fabrication of smaller components [Taniguchi 83] and improving the assembly speed
and uncertainty results in a shift of the optimum product size, point (a), to smaller component
dimensions and a reduction in total product cost.

4.2 Assembly techniques
From the previous paragraphs it should be clear that the assembly of micro products differs from
assembling macro products at several key aspects. The use of macro scale assembly equipment
to assemble micro components thus leads to many challenges, especially at the interface. However, several techniques have been demonstrated that work around or make use of these aspects
[Böhringer 99, Brussel 00].
In general these techniques can be categorized as parallel or serial assembly [Cohn 97, Hsu 03].
As mentioned in the previous paragraph, since parts are small, fragile and often produced in
batched, parallel assembly makes sense since the handling effort is distributed over a number
of parts. Examples include flip-chip wafer-to-wafer transfer of parts [Cohn 96, Singh 97] and
assembly using an array of micro grippers [Keller 97]. The parallel assembly of multiple parts
where the relation between a part and its destination is known in advance is often referred to as
deterministic parallel microassembly [Böhringer 99].
Another parallel assembly technique is stochastic microassembly; often referred to as self assembly. It is based on a system of particles evolving towards a state of minimal potential en-
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ergy [Böhringer 99]. Several effects can be used as driving forces for the assembly process, including fluidic agitation and mating part shapes [Srinivasan 01, Syms 03, Yeh 94], vibratory agitation and electrostatic force fields [Böhringer 98], vibratory agitation and mating part shapes
[Hosokawa 95] and mating patterns of self-assembling monolayers [Janssen 06, Ricco 92].
Parallel techniques offer high throughput and often good placement accuracy. However, they
are only useful for a limited number of assembly operations and systems [Butler 98, Cohn 98,
Langen 94]. Therefore serial assembly techniques, in which components are picked and placed
individually, are still used for most micro assembly operations.
An important challenge in serial assembly is the contact between the macro-scale assembler and
the component. The colliding mass and stiffness of the assembler is very high in relation to the
mass and stiffness of most micro products. This results in high forces at the interface, as will be
discussed in the next section.

4.3 Influence of contact forces
During a typical pick and place action the assembler first moves the attached gripper to the desired
pick up location. There the assembler positions the gripper to make contact with the component.
The gripper then fixates the component to the gripper and the assembler moves the gripper and
attached component to the placement location; e.g. a second component. When the component is
positioned correctly it is released by the gripper and the assembler with gripper moves to the next
pick up location. During these operations, collision and static forces are one of the main challenges
for a successful assembly operation [Brussel 00].
The effect of the forces during collision and the static forces on the deformation of the component
depends on the geometry of the contacting surfaces. In sections 2.1.3 to 2.1.5 the forces due to
collision and over travel during a probing operation are discussed. For the sake of simplicity, a
similar situation is assumed where a spherical component is placed on a planar surface. Using
this approach, the influence of the colliding mass and the axial stiffness of the gripper on the
admissible approach speed is calculated using Hertz contact theory [Johnson 85]. Compliance of
the components, which results in a higher admissible speed, is not taken into account.
First the influence of the colliding mass on the admissible approach speed is calculated. The
collision forces occur as a result of the relative difference in speed between gripper and component
at the moment of contact. The maximum occurring Von Mises stress in the plane p0 and the depth
of indentation δ are given by [Johnson 85]:
2
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Where FHz is the contact force and Ered is the reduced Young’s modulus [Johnson 85]. During a
collision the kinetic energy is absorbed by the elastic deformation of both bodies:
1
mv 2 =
2

Z

0

δY

FHz (δ) dδ =
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4
60Ered
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Here σ0.2 is the yield strength of the component and δY is the depth of indentation at which plastic
deformation begins, using the Tresca criterion [Tabor 51]. The mass m is the equivalent mass of
the sphere, i.e. the mass that is ’felt’ when trying to accelerate the sphere.
From equation 4.3 it can be seen that the admissible approach speed v decreases with a decreasing
radius of the sphere. This can also be seen in figure 4.2 where we assume that the gripper is rigidly

118

Suction gripper for micro assembly

connected to the component. The equivalent mass in this case is the mass of the component and
gripper combined. The figure shows the admissible approach speed to prevent plastic deformation
as a function of the mass of the gripper for several component radii.
1
Radius 2 mm

Admissible speed in mm/s

Radius 1.5 mm
0.8

Radius 1 mm

0.6

0.4

0.2

0
0

5

10
15
Gripper mass in g

20

25

Figure 4.2: The effect of the gripper mass on the admissible approach
speed when placing a sapphire sphere on a planar aluminum
workpiece.
The moving mass of traditional grippers is often more than 100 grams, resulting in high collision
forces. To prevent permanent damage, the collision speed therefore needs to be kept low, often
well below 0.1 mm/s, also see figure 4.2. As a result assembly time and its contribution to the total
product cost are high.
After the collision of the two components and when the contact is detected a signal is provided to
the assembly robot to stop the movement of its head. The distance between the point of contact and
the point at which the movement of the assembler ends is referred to as the over travel distance.
The static force at the point of maximum over travel depends on the over travel of the assembler
and the stiffness c between both components, i.e. the stiffness of the loop through the assembly
robot between both components.
The over travel distance of the assembler depends on the approach speed of the assembler, its
deceleration a and its reaction time tr . The admissible speed regarding over travel vovt is given by
[Vliet 96, Pril 02]:

vovt = −tr a +

s

t2r a2 + 170

3
r2 σ0.2
a
2
cEred

(4.4)

From the viewpoint of dynamics a high stiffness of the assembler robot is advantageous. However,
as seen in the above equation this also leads to a decreased admissible approach speed. This is also
shown in figure 4.3, where the admissible approach speed is shown as a function of the stiffness
between the components for tr = 2 ms and a = 10 mm/s2 .
To decrease the over travel of the assembler an open loop placement can be used, where the gripper
is moved to a predefined position. However, the position of the gripper is influenced by manufacturing and positional accuracies of both the components and the assembler. In the situation of a
form closed loop [Schellekens 98], as can be found in many (semi)automated assemblers, this may
result in high static forces during placement or release of the component when it is not in contact
with the base component.
For both the open as well as closed loop systems it is therefore preferred to create a loop which is
closed using a predefined force, often referred to as a force closed loop [Schellekens 98]. When
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Figure 4.3: Effect of stiffness on the admissible approach speed when
placing a sapphire sphere on a planar aluminum workpiece.

locally decreasing the loop stiffness, to reduce the static force, it is preferred to do this as close
to the component as possible to minimize the negative effect on the dynamics of the system. One
possibility is to realize this in the gripper, as will be discussed in section 4.
Another issue in micro assembly are surface forces as they are dominant over gravitational forces
in the micro regime [Brussel 00]. There are possibilities to reduce the surface forces between a
gripper and component, including the use of conductive materials, decreasing the contact area,
use hard materials, use of a hydrophobic coating and working in a dry atmosphere or in ionized
air [Brussel 00]. If the gravitational forces are not dominant over surface forces for a specific
placement operation, an active release mechanism is needed.

4.4 Grippers for micro assembly
From the previous sections, several general requirements for a gripper can be stated:
• The gripper should be able to pick up a component at a specified position;
• The gripper should be able to release a component at a specified position;
• The contribution of the gripper to the positional uncertainty during assembly should be well,
e.g. by a factor of 2-3, below the placement uncertainty of the assembly robot;
• The component should not be damaged during assembly, nor should physical properties of
the component be changed by the interaction.
As discussed in section 4.3 and in chapter 2 these requirements are not as trivial as they may seem,
especially when assembling micro components with macro scale equipment.
Several actuation principles can be used to pick up a component, including suction, electrostatic,
magnetic, surface tension and friction forces. Tichem et al. [Tichem 04] provide an overview
of grippers suitable for micro assembly, categorized by their actuation principle. Each actuation
principle has its advantages and limitations when handling specific components. An example is
the magnetic force which is influenced by the magnetic susceptibility of the component material.
Also, the components may be damaged by the physical contact between gripper and component or
by the actuation principle. An example of the latter is the damage that may be inflicted to sensitive
electronic components by electrostatic gripping. The best actuation principle thus depends on the
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part to be manipulated, the environment and the requirements to the assembly operation; e.g.
cycle time and placement uncertainty.
As mentioned in section 4.3, the effects of surface forces are an important challenge during the
handling of micro components. For a large number of components these surface forces are dominant over gravitational forces, making it more difficult to release them. Therefore care must be
taken to minimize these forces during assembly and it is thus needed to use an active release
mechanism.
An actuation principle that is widely used in both macro and micro assembly, is the suction gripper
[Brussel 00, Tichem 04]. The design of this gripper usually consists of a thin tube or pipette
connected to a vacuum pump and is thus cheap to manufacture and easy to replace. Also the cycle
time can be well below 100 ms. Furthermore it has the option to release components using a puff
of air, it is usable on a wide range of materials and it does not alter the properties of the gripped
component.
The main limitation of a suction gripper is the physical contact between gripper and component.
As discussed in section 4.3 this leads to high collision and static forces during the pick up and
placement of components, possibly damaging them. Other limitations are the handling of certain
kinds of porous materials and the possibility that small particles obstruct the tube. The presence
of particles is a common problem during micro assembly, which is therefore usually performed in
a clean room environment.
An advantage of a suction gripper is that the positional deviations between gripper and component
after the pick up operation are small. However, several effects may change the relative position
between component and gripper during the pick up operation. These include effects as a result of
the suction forces, the feeding of the components and effects of the vibrations introduced by the
collision between gripper and component. In many cases, the component is therefore re-oriented
after the pick up operation; e.g. using a vision system.
To reduce the collision forces during assembly and thereby decreasing plastic deformation of the
components Höhn et al. [Höhn 99] developed an aerostatic gripper. Here the component is suspended on an air cushion which prevents physical contact between gripper and component. The
preload force is, similar to a vacuum preloaded air bearing, supplied by a suction nozzle. However,
mechanical stops are needed to secure the lateral position and the rotation of the part around the
gripper axis. Also, the stiffness of the gripper in axial direction is still high, which may result in
high static forces during assembly, as discussed in section 4.3. A force closed loop would reduce
the static forces caused by the over travel of the assembly robot.

4.5 Design of the gripper
Specifications for the gripper can be deducted from the general requirements discussed in the
previous section. It is also mentioned that a suction gripper is useful to pick up and fixate a
wide variety of materials, has a low cycle time, is widely used and it has the option to release
components using a puff of air. The first two general requirements for a gripper, as mentioned in
the previous section, can therefore be fulfilled using a suction gripper.
The third requirement: ’the contribution of the gripper to the positional uncertainty during assembly should be well below the placement uncertainty of the assembly robot’ depends on the assembly
robot used. A quick survey of assembly robots [Opstal 06] yields an achievable placement uncertainty of 5-100 micrometers. For the gripper to be useful in these assemblers the contribution to
the placement uncertainty should therefore be well below 2 micrometers.
The fourth requirement: ’the components should not be damaged during assembly, nor should the
properties of the component be changed by the interaction’ depends on the actuation principle. A
suction gripper does not change the properties of the components. However the physical contact
may damage the components, as shown in section 4.3. Therefore the fourth requirement is made
explicit by specifying that no plastic deformation should occur when a sapphire sphere with diameter of 1 mm is placed on a planar aluminum workpiece, σ = 300 10−6 N/m2 and Ered = 70 109 Pa,
with an approach speed of 1 mm/s. The assembly robot is assumed to decelerate with 10 mm/s2
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after a reaction time tr of 2 ms. With these values a maximum equivalent mass of 1.4 gram and a
maximum stiffness of the placement loop of 2500 N/m is obtained using equations 4.3 and 4.4.
The general requirements from the previous section thus lead to the following additional specifications for the new gripper design:
• The components are gripped and fixated using suction;
• The total positional uncertainty introduced by the gripper should be less than 2 micrometers;
• The equivalent mass which is rigidly connected to the component should be less than 1.4
gram;
• The stiffness of the gripper in axial direction should be less than 2500 N/mm.
The proposed design is shown in figure 4.4 [Bos 07A, Bos 07B]. In this design the needle of the
suction gripper (10) is suspended using a radial porous air bearing (5). During a movement of the
assembler, with attached gripper, the axial position of the needle is constrained using a mechanical
stop (2). This mechanical stop is pre-loaded using a bellow (8), as shown in figure 4.4. The bellow
is also used to prevent rotation of the needle around its axis. As a result the needle is constrained
in 6 degrees of freedom (DOF) during movement of the assembler.
Interface to robot (1)

Interface to robot (1)

Mechanical stop (2)

Air restriction (7)
Bellow (8)

Vacuum inlet (3)
Air release (4)

Radial hole (9)

Porous air bearing (5)

Needle (10)

Housing (6)

(a)

(b)

Figure 4.4: Schematic of the new gripper design, (a) front view of the
gripper with a cutout section, (b) subassembly of the needle,
bellow and interface to the robot.
During a pick up operation the assembler positions the gripper to make contact with the component
to be picked up. When the gripper collides with the component the needle moves in axial direction
into the gripper housing (6), guided by the porous air bearing (5). The equivalent mass during
this collision is therefore limited to the mass of the needle and the equivalent mass of the bellow,
which acts as a spring. For a given approach speed the collision force is thus reduced compared to
a traditional gripper, as shown in the next section.
When, during a pick up or placement operation, the needle is moved from its axial zero position,
the resistance of an electrical circuit between the mechanical stop and the needle is altered. A
signal is given to the (robotic) assembler, which stops its movement. As discussed in section 4.3,
the forces as a result of the over travel of the assembler are influenced by the stiffness of the loop
between both components and thus by the bellow stiffness. Since the equivalent mass is low, as
discussed in the previous paragraph, the forces due to accelerations of the needle are reduced. As
a result the bellow stiffness can be decreased, which decreases the force as a result of the over
travel of the assembler. The force as a result of the over travel of the assembler is thus reduced
when the bellow stiffness is decreased.
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To secure the component after contact between gripper and component a low pressure level, hereafter referred to as vacuum, is supplied to the vacuum inlet (3). The lateral position of the component is fixated via physical contact between the needle and component. The vacuum is supplied
to the gripper needle using a vacuum inlet chamber in the gripper housing and radial holes in the
needle (9), as shown in figure 4.4. By measuring pressure variations in the vacuum supply, contact
with the component is detected.
A prototype version has been manufactured, as shown in figure 4.5. The gripper needle has a
length of 45 mm and an outside diameter of 6.3 mm. For its high stiffness to weight ratio aluminum
is selected for the needle, resulting in a mass of 1.3 grams. A second needle is manufactured from
a high purity magnesium alloy (MgAl9Zn1). The magnesium needle weighs approximately 0.8
grams, well below the 1.4 grams specified. To allow the handling of miniature components a
nozzle is mounted onto the gripper needle. The nozzle is exchangeable to allow handling different
size components.
Magnesium has good material damping, but does not form a protective oxidation layer like aluminum. The corrosion rate of magnesium greatly depends on its purity, alloy components and the
environment [Kainer 00]. For the high purity alloy used a corrosion rate of several micrometers
per year is expected in a low-humidity clean room environment [Song 03]. These effects are not
expected to influence the placement uncertainty introduced by the gripper. However, the properties of the air bearing will be influenced over time as a result of the increasing air gap, which limits
the life span of a magnesium needle.
Housing

Vacuum inlet

Inlet for air bearing

Porous air bearing

Pick up needle

Figure 4.5: Picture of the assembled gripper.
A mechanical stop with an axial stiffness of approximately 2 · 105 N/m is used in the prototype
gripper. The needle is preloaded using a bellow with an axial stiffness of 50 N/m. It can be
calculated that a preload distance of 50 micrometers results in an axial eigen frequency of the
needle of 180 Hz. Also, when the needle moves in the gripper housing, e.g. during a collision, air
from within the bellow and the top chamber is forced out via several air restriction holes, indicated
by (7) in figure 4.4. This functions as an air damper and further improves the dynamical behavior
of the gripper.
In the proposed design the vacuum hose is connected to the gripper housing. The vacuum pressure
is supplied to the gripper needle using a vacuum inlet chamber and radial holes in the needle, as
discussed earlier. There is no direct physical contact between the vacuum hose and the needle.
As a result the forces due to pressure variations in the hose and deformations of the hose during
movement of the assembler operate on the gripper housing, decreasing their effect on positional
deviations of the needle.
The needle itself is suspended using a radial air bearing. As a result, friction and hysteresis in
the design are neglectable. The absence of friction also reduces the formation of particles. To
prevent crosstalk between the air bearing and the vacuum inlet chamber an intermediate chamber
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is manufactured. This chamber is connected to the environment using several holes, indicated by
(4) in figure 4.4, in the gripper housing.
The center of mass of the needle is designed to be slightly above the center of the porous air
bearing. As a result, the counter mass on the top of the needle partly balances the mass of the
component when the gripper is accelerated in radial direction. Positional deviations of the needle
with respect to the housing have been calculated to be less than 1 micrometer for components up
to 1 gram and accelerations up to 10 G in any direction. When required, the dimensions of the
gripper can be reduced using a custom air bearing or a magnetic bearing. This further reduces the
equivalent mass and stiffness, making it even better suited for the assembly of small components.

4.6 Experimental results
As discussed in the previous section a vacuum chamber and radial holes in the needle are used to
create a pressure in the needle. However, since the flow restriction between the vacuum chamber
and the environment is limited, air will flow from the environment to this chamber or vice versa,
depending on the pressure inside the chamber. A high flow loss is an indication of a poor flow
resistance and may cause the gripper to blow away small components.
Figure 4.6 shows the flow loss in the gripper as a function of the pressure inside the needle. For
this gripper a needle pressure of 20 kPa corresponds to a pick up or release force of approximately
0.5 N. With this fixation force the gripper with attached component can be accelerated up to 11 G
without releasing the component; for a component mass below 1 gram and a coefficient of friction
of 0.2. The flow loss at this pressure is approximately 0.02 l/s. Another issue is the flow loss in
the porous air bearing. This is specified to be less than 0.02 l/s. A displacement of spheres with a
diameter of 100 µm or larger on a planar surface has not been observed during assembly with this
gripper as a result of this flow loss.
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Figure 4.6: Flow loss in the gripper as a function of the pressure inside
the needle.
The force during a collision is measured using the setup shown in figure 4.7. The gripper (2) is
mounted on a column (1) using a clamp (4). The column is guided in vertical direction using roller
bearings. A force sensor (5) is mounted under the gripper needle using a clamp (6). The column
is risen so that the distance between the gripper needle and the force sensor is 1 mm. After release
of the column gravity accelerates it with the attached gripper in the direction of the force sensor.
After a fall distance of 1 mm the gripper needle collides with the force sensor with a speed of
approximately 130 mm/s. The gripper housing is connected to the column and the gripper needle
is now in contact with the force sensor. Since the column continues its free fall after the collision,
the needle is thus pushed inside the gripper housing. The forces between the gripper needle and
the force sensor for the first 9 ms are shown in figure 4.8.
To protect the gripper a mechanical stop is implemented between the column (1) and sensor clamp
(6). When the column collides with the mechanical stop its movement ends. The collision between
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the column and the mechanical stop on the sensor clamp also results in vibrational forces between
gripper and sensor. However, as this occurs at a later point in time, the forces as a result of this
second collision are not shown in figure 4.8.
Column (1)

Gripper (2)

Air supply to bearing (3)

Gripper clamp (4)

Force sensor (5)

Sensor clamp (6)

Figure 4.7: Setup used to measure the collision force.
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Figure 4.8: Forces as measured during a collision with the gripper at an
approach speed of 130 mm/s.
It can be seen that even with an approach speed of 130 mm/s the forces during collision remain
less than 60 mN. The initial build up of force is most likely caused by the preload of the bellow, as
discussed in section 4.5. A preload force of 15 mN, indicates a preload distance of the bellows of
approximately 300 micrometers. This is higher than required and as specified in the design. This
may be caused by a poor length tolerance on the bellow. The preload force could be decreased by
adjusting the internal dimension of the gripper housing after assembly.
Another point of interest are the peaks in the force curve. It can be seen that the maximum force
is not achieved during the initial collision, but during the second collision. This is caused by the
collision dynamics. The force sensor consists of a mass suspended on a spring. After the first
collision, the gripper will bounce of the sensor. The sensor mass itself will also bounce of the
gripper in the opposite direction. Since the column continues its movement, the relative speed
during the second collision will be increased, resulting in a higher force. After the second collision
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the vibration is damped within several milliseconds, showing the good dynamic behavior of the
gripper as a result of the low moving mass and the air restriction holes. Finally it can be seen that
the build up of force continues after the collision. This is expected since the column continues its
free fall after the collision.
The gripper is successfully used to pick up and release several sapphire spheres with a diameter
of 0.3 mm. Positional deviations of the needle with respect to the housing have been calculated
to be less than 1 micrometer for accelerations up to 10 G and components up to 1 gram. The
requirements as stated in section 4.5 have therefore been met.

4.7 Assembly of the probe
Initially, assembly of the probe by Pril [Pril 02] was performed manually by a skilled technician
using tweezers and a microscope. This process is time consuming and the standard deviation in the
3D placement uncertainty at the probe tip is approximately 0.2 mm. Also, since the chip suspension
is fragile, the yield during assembly was approximately 60 - 80%, which is insufficient.
Therefore, a redesign of the probe, as shown in figure 4.9, was developed to facilitate the assembly
of the probe.

(a) Redesign of the probe

(b) Photo of chip on substrate

Figure 4.9: Photo’s of the redesign of the probe where the chip is
mounted on a ceramic substrate.
This redesign was assembled using an automated assembly line, developed by TNO Industry in
Eindhoven, as shown in figure 4.10.
As mentioned at the start of this chapter, tolerances on parts may show a large variation for micro
components. The styli used during assembly showed a standard deviation in length of approximately 0.1 mm due to manufacturing tolerances. The high stiffness of the assembler resulted in
high contact forces, as discussed in section 4.3. The resulting plastic deformation of the stylus
often rendered a part useless for further assembly. Also, the suspension of several test chips was
damaged due to these forces.
To reduce the assembly forces the gripper, as discussed in this chapter, was developed and the
design of the probe was modified, as shown in figure 4.11. An important improvement in the
design is that the center platform of the suspension is integrated in the silicon chip using a deep
reactive ion etching (DRIE). This eliminates deviations due to alignment of these parts. Also, no
adhesive is required to assemble the components and the coefficient of thermal expansion of the
center platform and chip are equal, which improves the measurement behavior. This eliminates
the most critical step in the assembly.
A remaining critical step is the assembly of the stylus onto the probe chip. To reduce the influence
of the stylus length on the assembly and improve handling of the stylus by a nozzle a support part
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Figure 4.10: Automated assembler used to assemble the probe, photo
courtesy of SenterNovem.

Figure 4.11: Photo of assembled probe.
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is added to the stylus base. The support is in contact with the probe chip along its outer rim, thus
increasing the contact area, which improves the alignment of the stylus with respect to the chip
and the contact stiffness. The contact stiffness is of interest, since deformations of the glue layer
between parts causes hysteresis during measurements, as discussed in section 2.5.2.
Assembly of the stylus onto the new probe chip is shown schematically in figure 4.12. It can be
seen that the fragile parts do not deform during assembly, as the center platform is supported
by the assembly plane. Also, alignment of the chip in the assembler is now done in a statically
determinate way, in which all degrees of freedom in the plane are fixated once and a controlled
force is used to position the chip in the assembler.
(a)

(b)
Assembly force

Probe chip

Probe chip
Assembly plane

Mechanical stop
Preload force

Figure 4.12: Schematic of the probe assembly, (a) top view and (b) side
view.
Currently, assembly is performed manually using the tool shown in figure 4.13. The main virtues
of the gripper, as discussed in this chapter, are used in the design of the tool. The probe chip
(8) is aligned in the tool using three mechanical stops (4), as schematically shown in figure 4.12.
A nozzle (3) is used to pick up a stylus and place it onto the probe chip (8). First, the nozzle
(3) is positioned close to the chip (8) using the coarse adjustment handle (7) and guide way (1).
Then, the stylus is placed onto the chip using a fine adjustment screw (5). The static force during
placement is controlled by the over travel, as controlled by the fine adjustment screw (5) and the
stiffness of the leaf springs (2).
Guide way (1)

Fine adjustment screw (5)
Hose (6)

Leaf spring (2)
Coarse adjustment handle (7)
Pickup nozzle (3)

Probe chip (8)

Mechanical stop (4)

Figure 4.13: Closeup photo of assembly tool.

The development of the assembly tool and the redesign of the probe resulted in an improvement
in placement uncertainty at the tip by a factor of 10 and an increase in yield during assembly from
60 - 80% initially, to over 95%.
Once the probe chip, stylus and tip are assembled they are placed into a holder cap, as shown in
figure 3.20 and can be stored for future use. The yield during assembly and use of the probing
system thus primarily effects the replacement costs of the probe chip. As a result the replacement
costs of the probe with respect to the design by Pril [Pril 02] have been reduced by almost a factor
of 10.
In future work the gripper, as discussed in this chapter, will be used in an automated assembler
to assemble the probe. It is expected that yield and positional deviations during assembly will be
improved further.

128

Suction gripper for micro assembly

4.8 Conclusions
A new design for a suction gripper is proposed. In the design friction and hysteresis are neglectable. A prototype gripper is realized with a magnesium needle. It has a length of 45 mm, a diameter
of 6.3 mm and a mass of 0.8 gram. A further reduction in gripper size is possible by using a custom
air bearing or a magnetic bearing.
The needle in the prototype version is supported in axial direction using a bellow with a stiffness
of 50 N/m. The axial needle position is prescribed by a mechanical stop, resulting in an eigen
frequency of 180 Hz. Positional needle deviations with respect to the housing have been calculated
to be less than 1 micrometer for accelerations up to 10 G and components up to 1 gram. The
requirements as stated in section 4.5 have therefore been met.
The collision force with the gripper for an approach speed of 130 mm/s is measured to be 60 mN
or less. The gripper is successfully used to pick up and release several sapphire spheres with a
diameter of 0.3 mm.
Finally, the assembly method designed for the novel probing system is tested using a manual
assembly tool. The development of the assembly tool and the redesign of the probe resulted in an
improvement in placement uncertainty at the tip by a factor of 10 and an increase in yield during
assembly from 60 - 80% initially, to over 95%. The resulting replacement costs of the probe with
respect to the design by Pril [Pril 02] have been reduced by almost a factor of 10.
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Experimental results

Experimental results with the tactile 3D probing system are discussed in this chapter. Unless stated
otherwise in text, the probing system used has a sapphire probe tip with a radius of 250 µm and
a stylus length of 6.8 mm. The first step is the calibration of the probing system as discussed in
the next section. After the calibration the probe is used in a series of measurements. One of the
most important characteristics of 3D probes is their repeatability, which is discussed in section 5.2.
As discussed in chapter 2 surface forces play an important role in the interaction between probe
tip and work piece, especially when measuring miniaturized components. The influence of these
forces on the measurement behavior of the probing system is discussed in section 5.3.
The dynamic excitation of the probing system and signal noise, e.g. due to acoustic noise and
vibrations of the measurement mirror in the calibration setup, is discussed in section 5.4 using a
frequency analysis of the probe signal. Then, in section 5.5 the drift of the probing system over a
60 hour period is discussed. Finally, the combined 3D measurement uncertainty of the tactile 3D
probing system is calculated in section 5.6.

5.1 Probe calibration
Measurements are performed in a temperature controlled laboratory and the probe system is
shielded using a grounded steel box with a polyethylene foam interior. The temperature inside
the laboratory and inside the box as measured over a 50 hour period is shown in figure 5.1. From
this graph it can be seen that the applied shielding greatly reduces short term temperature variations. The maximum temperature variation of the laboratory and inside the isolation box over a
50 hour period is approximately plus minus 0.2 and 0.1 K, respectively.
Before the tactile 3D probing system is used in measurements its behavior is calibrated, as discussed
in appendix A.2. The calibration is performed in 4 directions, shown in figure A.1, which are given
by the displacement matrix D:


0 1
D= 0 0
−1 0

−√21
1
2 3
0


1
−√
2
− 12 3 
0

(5.1)

As discussed in section A.2 a linear relation between the measured voltages and the displacement
of the probe tip is determined. The measured sensitivity of each of the three rods for each of the
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Figure 5.1: Measured temperature variation, grey line: temperature
variation in the laboratory, black line: temperature variation inside the isolation box.

four measurement directions for the tactile 3D probing system is given by:


1.37
M = 1 · 106  1.43
1.44

−1.12
−0.15
1.28

−0.06
1.39
−1.03


1.33
−1.08 
−0.09

(5.2)

When the measured sensitivity matrix M is known, the transformation matrix A can be calculated:
A−1 = MDT DDT

−1

(5.3)

For the tactile 3D probing system the transformation matrix A is given by:


−3.94
A = 1 · 10−7  −2.85
−2.28

−0.57
4.68
−2.25


4.32
−1.93 
−2.53

(5.4)

The probe tip displacements in x-, y-, and z-direction are indicated by ∆tx , ∆ty and ∆tz , respectively. Now that the transformation matrix A is known, the displacement of the probe tip Dt in
three dimensional space can be calculated as a function of the signals m1 , m2 and m3 from the
three slender rods:



∆m1
∆tx
Dt =  ∆ty  = A  ∆m2 
∆m3
∆tz


(5.5)

5.2 Probe repeatability
Once the transformation matrix A is known, the measurement behavior of the probing system can
be determined. The repeatability of the 3D tactile probing system is measured using a plane mirror
differential laser interferometer setup, as discussed in section 1.6.1. Using this setup, the displacement of a mirror is measured by the probing system and laser interferometer simultaneously. The
displacement as measured by the calibration setup dc is one dimensional. Therefore it is multiplied
by the direction in which the measurement is performed, see equation 5.1.
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The residuals R in x-, y- and z-direction, rx , ry and rz , respectively, between the displacement
as measured by the laser interferometer and the same displacement as measured by the probing
system in direction a is thus given by:



0
rx
R =  ry  = Dt −  0  dc
−1
rz


(5.6)

It is noted that in direction a, a tip displacement in -z-direction, it is assumed that the mirror of
the calibration setup does not translate in x- or y-direction. Any displacement measured by the
probing system in x- or y-direction, ∆tx and ∆ty , thus directly contributes to the residual between
probe and laser in x- and y-direction, i.e. rx and ry .
The residuals in directions a and b for a repeatability test using 2050 measurement points are
shown in figure 5.2. The residuals ry and rz have been given an offset of 20 and 40 nm, respectively,
to improve readability of the graph. The maximum top-top deviation in figure 5.2 (a) is 11 nm.
The standard deviation of the repeatability test is about 2 nm in all points.
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Figure 5.2: Residual between the displacement as measured by the tactile 3D probing system and the calibration setup.
In figure 5.2 (b) a linear increasing residual in z-direction, rz , can be observed. This results from
the rolling effect as discussed in section 2.2.1. Using equation 2.47 with a length l of 6.8 mm and
a tip radius rt of 250 µm, a displacement ∆x of 5.5 µm of the probe tip in x-direction results in a
displacement due to rolling of the probe tip on the work piece surface of 202 nm. Rolling of the
probe tip on the work piece surface is thus accurately measured by the probing system and does
not result in a measurement deviation.
The results from figure 5.2 are analyzed and the average value and standard deviation at each
point is calculated. This is shown in figure 5.3, where a 95% confidence interval is indicated at
each measurement point. The same graph for directions c and d is shown in figure 5.4. The
standard deviation is about 2 nm in all points and for all directions of the repeatability test.

5.3 Effect of surface forces during measurements
The surface force measurements, as shown in figure 2.22 in section 2.1.7, were repeated with
the new tactile 3D probing system. First the effects of the surface force when measuring in zdirection are discussed, as shown in figure 5.5. The probe tip is brought into contact with a steel
gauge block at 25 nm positional increments. The probing system, used in this experiment, has an
isotropic stiffness of 280 N/m.
From this graph it can be seen that the position of the probe tip is influenced by the work piece
at a separation of approximately 125 nm. When the work piece is moved closer to the probe tip a
snap in effect, as also shown in figure 2.22, is observed at a separation of approximately 50 nm.
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Figure 5.3: Residual between the displacement as measured by the tactile 3D probing system and the calibration setup. The vertical bars indicate a 95% confidence interval (k = 2).
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Figure 5.4: Residual between the displacement as measured by the tactile 3D probing system and the calibration setup. The vertical bars indicate a 95% confidence interval (k = 2).
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Figure 5.5: Measurement of the effect of surface forces when contacting
a steel gauge block with a sapphire probe tip in z-direction.
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The snap in force can be calculated to be approximately 14 µN. When the work piece is moved
away from the probe tip after contact a snap out effect is observed at a separation of 150 nm,
corresponding to a snap out force of 42 µN. From this graph it can also be seen that the snap in
and snap out effects are repeatable.
This measurement is repeated in x-direction, orientation b, as shown in figure 5.6. From this graph
it can be seen that the effect of the attraction between the work piece and probe tip is visible at
a separation of 500 - 600 nm. Also, the snap in effect is much more pronounced when compared
to figure 5.5. At a separation of 150 nm, corresponding to 42 µN, the probe tip snaps to the work
piece. The increased snap in force in x-direction may be caused by the attraction between the stylus
and work piece, as the stylus extended about 1 mm over the steel gauge block in this experiment.
Finally, after contact a snap out effect is observed at a separation of 210 nm, corresponding to a
snap out force of 59 µN.
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Figure 5.6: Measurement of the effect of surface forces when contacting
a steel gauge block with a sapphire probe tip in xy-direction.

5.4 Frequency analysis
Figure 5.7 (a) shows the measurement signal in z-direction at a measurement frequency of 1 kHz
when the probe is freely suspended in open air. The standard deviation of this signal over a period
of 1 second is about 1 nm with a top-top deviation of 5.4 nm. As mentioned in section 2.1.9 a
freely suspended probe is susceptible to floor vibrations and acoustic excitations. This can be
observed from the graph of the power spectral density of this signal, as shown in figure 5.7 (b).
At the first eigen frequency of the probe, a vibration at 550 Hz in z-direction, a clear peak can be
observed in the power spectral density graph. The energy content of this peak corresponds to a
root-mean-square (rms) noise of 0.9 nm.
The remaining peaks in figure 5.7 (b) are most likely the result of flicker noise in the electronic
components. Flicker noise, often referred to as 1/f noise, results from fluctuations in the conductance and is proportional to f −γ , where γ is in the range of 0.8 - 1.4 [Hooge 94, Wong 03].
To decrease the positional noise of the probing system due to acoustic excitation a polyethylene
foam shielding has been applied. The power spectral density of the probe signal when shielded
is shown in figure 5.8 (a). The energy content of the peak at 550 Hz is reduced to a root-meansquare (rms) noise of 0.3 nm. This shows that the applied shielding not only decreases thermal
fluctuations of the probing system, but also decreases the influence of acoustic disturbances.
The positional noise due to acoustic noise and floor vibrations is also expected to decrease when
the probing system is brought into contact with a surface. This is shown in figure 5.9 where the
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Figure 5.7: Measurement signal of the probe when freely suspended in
open air: (a) time signal, (b) power spectral density (PSD)
of the time signal.
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probe is placed in an aluminum bracket and positioned on top of a fixed aluminum stand. The
nominal deflection of the probing system in this setup was measured to be 2.6 µm.
Figure 5.8 (b) shows the power spectral density of the probe signal when in contact with the
aluminum stand. The root-mean-square noise at 550 Hz, the eigen frequency of the probing system, is reduced to about 0.1 nm and is thus not expected to have a significant influence on the
measurement uncertainty of the probing system.

Figure 5.9: Photo of probe in contact with a fixed aluminum stand.

Finally, the influence of contact with the calibration setup, as described in section 1.6.1, is shown in
figure 5.10. After contact with the calibration setup the frequencies 50, 150, 250, 350 Hz . . . contain
a clear peak in the power spectral density graph. Typical sources of these odd order harmonic
noise components include fluorescent lighting, power cables and ground loops. It should be clear
by comparing figure 5.10 to figure 5.8 that these peaks are introduced by the calibration setup. It
was found that the peaks result from the piezo actuator used to drive the measurement mirror.
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Figure 5.10: Power spectral density of probe signal when in contact with
calibration setup: (a) at a deflection of 1 µm, (b) at a deflection of 2 µm.

A second observation from figure 5.10 is a peak around 900 Hz. This is caused by a vibration of
the measurement mirror, with the added weight of the calibration artifact, in z-direction in its
first eigen frequency. The experiment is repeated at displacements up to 8 µm at 1 µm intervals.
The frequency and energy content of the peak around 900 Hz is approximately equal at each position. The standard deviation in the measurement signal of the probing system in contact with the
calibration setup is less than 2 nm in x, y and z.
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5.5 Drift of the probing system
The drift of the probing system is shown in figure 5.11. In the left hand graph the drift in the
measurement signal of a freely suspended probe is shown, i.e. no contact between the probe tip
and work piece. Measurements are taken at 10 second intervals and a running average is taken
over 10 points to separate the effects of drift from signal noise.
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From figure 5.11 (a) it can be seen that over a measurement period of 60 hours, the maximum
top-top deviation due to drift in a 20 minute interval is 2 nm. A typical top-top deviation during
this measurement over a 20 minute interval is 1 nm. The maximum and typical standard deviation
over a 20 minute interval are 0.6 and 0.2 nm, respectively.
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Figure 5.11: Drift of the probing system over a 60 hour period, (a) when
freely suspended, (b) in bracket on stand.

Figure 5.11 (b) shows the drift in the measurement signal of the tactile 3D probing system when
the tip is in contact with an aluminum stand, as shown in figure 5.9. It can be seen that during a 60
hour measurement the measurement signal in z-direction shows a top-top drift of approximately
45 nm.
This is caused by the difference in the coefficient of thermal expansion between the aluminum
stand, α = 23.2 · 10−6 K−1 , and the Invar probe holder, α = 3.6 · 10−6 K−1 . The length of the Invar
probe holder in z-direction is about 30 mm. The difference in the coefficient of thermal expansion,
19.6 · 10−6 K−1 , over a length of 30 mm results in an difference in expansion of 588 nm/K. A drift
of 45 nm thus results from a homogeneous temperature variation of 77 mK, also see figure 5.1.
The thermal drift as measure on the aluminum stand is thus mainly caused by the stand itself.
From figure 5.11 (b) it can be seen that over a measurement period of 60 hours, the maximum
top-top deviation due to drift in a 20 minute interval is 3 nm. A typical top-top deviation during
this measurement over a 20 minute interval is 1 nm. The maximum and typical standard deviations
over a 20 minute interval are 0.9 and 0.3 nm, respectively.

5.6 Uncertainty evaluation of the probing system
The 3D measurement uncertainty [Gum 93, Schellekens 02] of the tactile 3D probing system is
shown in table 5.1. The total measurement uncertainty of the probing system (k = 1) within a
5.5 µm range, using the calibration setup discussed in section 1.6.1, is 8.7 nm. The uncertainty at
95% confidence interval (k = 2) is therefore 17.4 nm. The values from table 5.1 will be discussed
in the remainder of this section.
The repeatability of the probing system is discussed in section 5.2. The results in this section
are obtained using 2050 measurement points within a 5.5 µm range over a 60 hour period. Each
measurement cycle lasted approximately 5 minutes and drift of the probing system during this
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Uncertainty in nm
without compensation

Uncertainty in nm
with compensation

Probe uncertainty
3D repeatability
Hysteresis and micro slip
Drift in electronics
Uncertainty due to calibration

3.5
1.0
0.4
3.5

3.5
1.0
0.4
0.9

Combined 3D uncertainty (k = 1)

5.1

3.8

Other effects
Tip roundness and diameter
Work piece deformation

5.8
4.0

5.8
< 1.0

Combined 3D probe uncertainty (k = 1)

8.7

7.0

Table 5.1: Uncertainty evaluation of the tactile 3D probing system.

Dead path length
Refractive index of air
Wavelength instability
Periodic deviations
Drift in bracket and holder
Mechanical misalignment
Combined setup uncertainty (k = 1)

Uncertainty in nm
without compensation

Uncertainty in nm
with compensation

< 0.1
< 0.1
< 0.1
1.2
0.9
3.2

< 0.1
< 0.1
< 0.1
< 0.1
0.9
< 0.1

3.5

0.9

Table 5.2: Uncertainty evaluation of the calibration setup.

time is included in the repeatability of the probing system. The repeatability in all points and in all
directions is about 2 nm, resulting in a combined 3D uncertainty (k = 1) in repeatability of 3.5 nm.
Hysteresis and micro slip result in a hysteresis curve, as discussed in section 2.5.2. Figures 5.3
and 5.4 in section 5.2 show that the distance dh between the curves for the forward and backward
movement is 2 nm or less for all directions, corresponding to a hysteresis percentage H of 0.04%.
Using a square distribution a standard deviation due to hysteresis and micro slip of 0.6 nm is
obtained, which results in a combined 3D uncertainty (k = 1) of 1 nm.
The drift in probe electronics is measured in section 5.5. For a freely suspended probe a typical
standard deviation of 0.2 nm is obtained, resulting in a combined 3D uncertainty (k = 1) of 0.4 nm.
The uncertainty due to the calibration using the plane mirror differential laser interferometer, as
discussed in section 1.6.1, is shown in table 5.2. The main contribution to the measurement uncertainty in the probe calibration is the mechanical alignment between the probe and measurement
mirror in the various orientations. The mechanical alignment results in a systematic deviation, the
influence of which can be decreased by improving the alignment or by compensating for its influence. Without this compensation the uncertainty due to calibration is 1.8 nm in each direction,
resulting in a combined 3D uncertainty (k = 1) of 3.1 nm for the calibration of the probe. The
contributions to the measurement uncertainty of the calibration are discussed in appendix H.
The contribution of the roundness and diameter of the probe tip is included after calibration,
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as discussed in section 1.6.3. It is shown that the maximum contribution of tip roundness and
diameter after calibration is 20 nm. Using a square distribution a standard deviation of 5.8 nm is
obtained.
The final contribution is work piece deformation, as discussed in section 2.3.3. The contribution
of work piece deformation can be compensated for or a low force probing strategy can be used,
e.g. extrapolating measurement data to the point of zero contact force. It is noted that the effects
of work piece deformation are included in the calibration procedure of the probing system. If no
compensation or low force probing strategy is used, the maximum deviation due to work piece
deformation will be plus minus 7 nm at a deflection of 5.5 µm. Using a square distribution a
standard deviation of 4 nm is obtained.

5.7 Conclusions
Calibration of the tactile 3D probing system, as discussed in this thesis, is performed in a temperature controlled laboratory. The probing system is shielded using a steel box with a polyethylene
interior, resulting in a maximum temperature variation of approximately 0.1 K. The resulting maximum top-top drift of a freely suspended probe is about 1 nm over a 20 minute measurement and
2 nm over a 60 hour measurement.
The repeatability of the probing system is measured over a 6 hour period using 2000 measurement
points over a repeated 5.5 µm displacement at the probe tip. The single point repeatability at each
position at a 95% confidence interval (k = 2) is measured to be 4 nm. The 3D repeatability at each
position within the 5.5 µm tip displacement interval is measured to be 7 nm.
The effect of surface forces when probing an aluminum work piece using a sapphire probe tip with
a 250 µm tip radius are measured. It is shown that the effect of surface forces when probing in
z-direction, along the length direction of the stylus, in these experiments can be observed at a
separation of 125 nm. At a separation of 50 nm, corresponding to approximately 14 µN, the probe
tip snaps to the work piece. The snap out force in this experiment is measured to be approximately
42 µN.
When repeating the measurement in x-direction, the magnitude of the surface forces was measured
to increase significantly. This may be the result of surface forces between the stylus and work piece,
as the stylus extended about 1 mm over the work piece in these experiments.
Finally, the combined 3D uncertainty of the probing system with a 95% confidence interval (k =
2) is estimated to be 17.4 nm. Main contributions to the probing uncertainty include the systematic uncertainty due to probe calibration and the deformation of the work piece and probe tip.
When these systematic deviations are compensated for or a low-force probing strategy is used, a
combined 3D uncertainty (k = 2) of 14 nm can be obtained.
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Conclusions and
recommendations

6.1 Conclusions
A new tactile probing system for 3D metrology on MEMS and other miniaturized components has
been developed, manufactured and tested. The probing system has a 1D repeatability of 2 nm in
any direction and has a combined 3D uncertainty (k = 2) of 17.4 nm. A ratio between the length
and radius of the measurement part of the stylus of 50 can be obtained, making the probing system
suitable for measuring deep and narrow structures.
Several micro spherical probe tips are manufactured. The first method uses a borosilicate fiber
which is given a set diameter using a wire drawing procedure. In the second method a tungsten
carbide stylus is manufactured using electro discharge manufacturing (EDM). Both methods have
been used to create a stylus with a 50 µm tip diameter.
The design of the probing system is based on an analysis of the aspects that influence the measurement of miniaturized components using a tactile 3D probing system. The analysis presented serves
as a reference work on the aspects that influence 3D tactile probing on miniaturized components
and is based on simulation results, literature and experimental results, using the probe by Pril
[Pril 02] and the novel tactile 3D probing system.
Assembly of the probing system is complicated by the effects of surface forces and fragility, size
and manufacturing tolerances of parts. Assembly of the tactile 3D probing system is realized
on an automated assembler robot for micro components developed by TNO Industry. Based on
experimental results with the probing system and other micro products, the design of the tactile
3D probing system is optimized for assembly. To further facilitate assembly, a suction gripper has
been developed for the assembly of miniaturized components.
The development of the assembly tool and the redesign of the probe resulted in an improvement in
placement uncertainty at the tip by a factor of 10 and an increase in yield during assembly from 60
- 80% initially, to over 95%. Once the probe chip, stylus and tip are assembled they are placed into
a holder cap and can be stored for future use. The yield during assembly and use of the probing
system thus primarily effects the replacement costs of the probe chip. As a result the replacement
costs of the probe with respect to the design by Pril [Pril 02] have been reduced by almost a factor
of 10.
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The requirements for the tactile 3D probing system are discussed in chapter 3. A main requirement
is an overall 3D repeatability during single point probing of 20 nm or below, assuming a thermal
stability of ±0.1 K. The standard deviation in repeatability of the probing system is measured to
be 2 nm for all measurement directions. The repeatability test is performed using 2000 measurement points taken in a 6 hour time frame over a repeated 5.5 µm displacement. The single point
repeatability of the probing system at a 95% confidence interval (k = 2) is thus 4 nm and the 3D
repeatability is 7 nm, satisfying the requirement.
The colliding mass and stiffness of the probing system should be below 35 mg and 350 N/m, respectively, to avoid plastic deformation during a collision with a 1 mm/s approach speed and a
150 µm tip radius. The colliding mass of the tactile 3D probing system is calculated to be 34 mg
and the stiffness of the suspension can be as low as 20 N/m. Moreover, the stiffness of the probing
system is isotropic for a stylus length of 6.8 mm.
The combined 3D uncertainty of the probing system with a 95% confidence interval (k = 2) is
estimated to be 17.4 nm in a measurement range of 5.5 µm. Main contributions to the probing
uncertainty include the systematic uncertainty due to probe calibration and the deformation of the
work piece and probe tip. When these systematic deviations are compensated for or a low-force
probing strategy is used, a combined 3D uncertainty (k = 2) of 14 nm can be obtained.
All requirements, as stated in section 3.1.1, are satisfied.

6.2 Recommendations
An important contribution to the measurement uncertainty of tactile 3D probes are deviations due
to the roundness and diameter of the probe tip. Calibration of the probe tip is required to obtain
the combined 3D uncertainty (k = 2) of 17.4 nm as stated in the previous section. This is especially
challenging for probe tips with a diameter well below 1 mm and the contribution of the probe tip
to the measurement uncertainty is thus a main effect when measuring miniaturized components.
More work on calibration methods for these small probe tips is therefore required.
The aspect ratio of 50 between the length and radius of the measurement part of the stylus that can
be obtained with the current probing system is sufficient for most measurement tasks on miniaturized components. However, further miniaturization will increase the need for smaller tips and
higher aspect ratios. The manufacturing of smaller tips and improvements on the aspect ratio
therefore remains a point of focus for future research.
The measurement range of the probing system is currently limited to 10 µm, which is sufficient
for most precision coordinate measuring machines. By compensation of the anisotropic material
properties of silicon, as discussed in this thesis, the stiffness at the probe tip can be made isotropic.
As a result, the behavior of the probing system can be modeled over a larger range. It is expected
that this will allow an increase in the measurement range of the probing system to 30 µm.
The measurement uncertainty and probing behavior is influenced by the aspects of micro probing, as discussed in chapter 2. This chapter and the experimental results discussed in chapter 5
will provide a solid foundation for future research and better modeling of probing systems. This
will allow for a better error compensation and further improve the measurement uncertainty and
probing behavior of the tactile 3D probing system discussed in this thesis.
Finally, an automated assembler can be used to assemble the probing system using the suction
gripper discussed in chapter 4. It is expected that an automated assembler will further reduce
assembly tolerances and improve yield.

Appendix

A

Original probe by W. Pril

The probe was developed at the Precision Engineering section of the Eindhoven University of
Technology by Pril in his Ph.D. work [Pril 02]. The operation of the probe is discussed in section
1.5. The original specifications, calibration and measurement results of this probe will be discussed
in this appendix.

A.1

Specifications

The specifications for the probe, as described by Pril in his thesis [Pril 02], are:
1. The overall 3D uncertainty of the probe system should be smaller than 20 nm, assuming a
thermal stability of ± 0.1 K;
2. It should be possible to use a 0.3 mm diameter sphere as a probe tip;
3. The stylus length should be larger than 4 mm;
4. The width of the probe house should be smaller than two times the stylus length;
5. It should be possible to measure with a probing speed of 1 mm s−1 , without damaging the
workpiece;
6. The time needed to take a measurement should be less than three seconds;
7. The measurement range should be larger than the CMM over travel at a probing speed of 1
mm s−1 ;
8. The absolute maximum range of the probe system should be larger then the CMM over travel
at maximum speed;
9. The cost of the probe system should be reasonable compared to the price of a high accuracy
CMM, implying a maximum of 60,000 euro.
The implicit requirements in points 5, 7 and 8 lead to the following explicit specifications for the
probe:
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1. The equivalent mass of the probe, this is the mass that is ’felt’ when accelerating the probe
tip, should be less than 20 mg;
2. The stiffness of the suspension should be smaller then 200 N m−1 ;
3. The measurement range of the probe should be larger than 7 µ m;
4. The maximum range of the probe should be larger than 0.5 mm.
Other requirements, as stated in the above mentioned thesis, are that it should be possible to
deduce the (static) probing force from the tip position with a reproducibility of at most a few
percent. Furthermore the natural frequency of the probe should be high, preferably a few hundred
Hertz. This attenuates the free oscillation of the probe. Probe oscillation results in a higher collision
force, hinders contact detection between probe and workpiece and increases the bouncing time
after a collision.

A.2

Probe calibration

As mentioned in section 1.5 the displacement of the probe tip is measured using piezo resistive
strain gauges deposited on each rod. A transformation matrix A is used to give the relation between the measurement signal from the strain gauges on the slender rods and the displacement of
the probe tip, as shown in equation 1.3. However, due to manufacturing and assembly tolerances
the sensitivity coëfficients in this matrix cannot be predicted with sufficient uncertainty in advance.
Therefore the transformation matrix A is determine using the plane mirror differential laser interferometer setup, discussed in section 1.6.1. A displacement of the measurement mirror results in a
displacement of the probe tip and deformation of the slender rods. The measurement signals from
the strain gauges on the slender rods as a result of this displacement are recorded. Simultaneously,
the displacement of the measurement mirror relative to the reference mirror is measured using a
heterodyne laser interferometer.
By repeating this procedure at several positions, the relation between the displacement of the
probe tip and the signals from the strain gauges can be determined. The sensitivity of each rod
for this direction is calculated by fitting a line through the measurement results. The plane mirror
differential laser interferometer setup used is explained in more detail in [Pril 02, Loon 97].
As mentioned in section 1.6.1 the probe can be oriented using three V-shaped grooves on the top
and on a side of the bracket used to clamp the probe. Three spheres on the probe housing, that
match the position of the V-shaped grooves, allow an operator to rotate the probe with respect to
the bracket by 120 and 240 degrees respectively.
The measurement directions used to determine the behavior of the probe are shown in figure A.1.
As shown in this figure the behavior of the probe is measured in the negative z-direction, figure
A.1 a, and the x-direction, figure A.1 b. The third orientation is the result of a 120 degree rotation
of the probe in the Kelvin clamp, shown in figure A.1 c. In theory this is sufficient to determine the
transformation matrix A.
However, direction c does not correspond to the y-direction and therefore the sensitivity coefficients s1y · · · s3y are influenced by the uncertainty in the calculation of s1x · · · s3x . To improve
the uncertainty of the method a fourth orientation is added, which corresponds to a 240 degree
rotation of the probe in the Kelvin clamp, shown in figure A.1 d.
It is noted that the measurement directions from figure A.1 are normalized. The measurement
signals ∆m1 , ∆m2 , ∆m3 in equation 1.3 are therefore equal to the sensitivity of each rods for a
particular measurement direction. Using the results for four measurement directions in equation
1.3 yields:

A.3 Measurement results
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Figure A.1: Four directions for which the relation between the signal
from the stain gauges on the slender rods and the probe tip
displacement is measured.
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Here A is the measured sensitivity matrix and m1a is the measured sensitivity of the stain gauges in
rod 1 for a displacement in direction a. Since the probing directions and the measured sensitivities
of the rods are known, the transformation matrix A can be calculated. However, since four probing
directions are used to determine the relation between three rods in three degrees of freedom (DOF)
the system is overdetermined. Therefore a least-squares method is used to calculate A:
A−1 = MDT DDT

−1

(A.2)

When the transformation matrix A for a particular probe is known, it can be used in measurements.

A.3

Measurement results

In this section we will briefly show the calibration- and measurement results for a probe according
to the original design by Pril, as discussed in this appendix. As discussed in the previous section,
first the probe is calibrated to determine the relation between the voltage across the slender rod
circuits and the displacement of the probe tip. This measurement is repeated in four directions,
as shown in figure A.1. The output voltages for the probe of all three slender rod circuits for a
displacement in x-direction are shown in figure A.2.
As discussed in section A.2, a linear relation between the measured voltages and the displacement
of the probe tip is determined. This results in a measured sensitivity of each of the three rods for
each of the four measurement directions a, b, c and d, as used in equation A.1:


0.4832
M =  −0.3744
0.4710

−0.0923
0.0983
0.2625

0.2614
0.0769
−0.1284


−0.1284


−0.2057  µV·nm−1
−0.0959

(A.3)

When the measured sensitivity matrix M is know, the transformation matrix A for this probe can
easily be found using equation A.2, thereby completing the calibration of the probe:
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Figure A.2: Output voltages for original probe 1 of all three slender rod
circuits for a displacement in x-direction.
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It should be noted that the sensitivity coefficients in the transformation matrix A are influenced
by environmental variables. As a result they are not constant in time, as shown in figure A.3.
The standard deviation in the sensitivity coefficients, as measured over a 16 hour interval, is 8 ·
10−11 V/nm which corresponds to 2 nm over a 10 µm measurement.
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Figure A.3: Measured sensitivities of the three strain gauges during a 16
hour measurement.
When the probe is calibrated its behavior is analyzed using the setup used during the calibration
procedure and described in section A.2. During a measurement the displacement of the probe tip
as measured by the slender rod circuits is compared to the same displacement as measured by the
calibration setup. Recalling equation 1.3:

A.3 Measurement results
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∆m1
∆x
 ∆y  = A  ∆m2  = Dt
∆m3
∆z


(A.5)

Here Dt is the three dimensional displacement of the probe tip as measured by the signal from the
slender rod circuits. The displacement as measured by the calibration setup dc is one dimensional.
Therefore it is multiplied by the direction in which the measurement is performed. The measurement direction for orientations a - d is given in equation A.1. The residual in all three directions
rx , ry and rz for a measurement in z-direction can thus be calculated using:



0
rx
Rz =  ry  = Dt −  0  dc
−1
rz


(A.6)

The residuals between the measurement of the probe and the calibration setup for the directions
a - d are shown in figure A.4. It is noted that the residuals in x, rx , and y, ry , are shifted by 40 and
20 nanometers respectively. This is done throughout the paper to improve readability.
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Figure A.4: Residuals in x, y and z-direction between a displacement as measured by original probe
1 and the same displacement as measured by the calibration setup: (a) for orientation
a, (b) for orientation b, (c) for orientation c, (d) for orientation d.

From these figures several observations can be made. First for orientation a it can be seen that
some hysteresis appears in the measurements. Also, the residuals, especially in rz , appear to shown
some non linearities. It can also be seen that the maximum deviation is well within 10 nanometers.
For orientations c and d a linear increasing z-residual, rz , is observed. The same linear increasing
z-residual is observed for orientation b. However, opposed to the other two orientations in the
xy-plane of the probe, c and d, this linear increasing z-residual is interrupted after a displacement
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of approximately 4 µm and a large hysteresis curve appears. Also the residuals in the x- and ydirection of the probe, rx and ry , show some hysteresis. Since the measurement directions b, c
and d are in the xy-plane it can be concluded that the measurement results with the probe are
influenced by the measurement direction.
These aspects of the measurement will be discussed in the remainder of this chapter. Also, several more general aspects of probing will be discussed. These are arranged according to several
important influence factors, including contact effects, geometric effects, material effects, etc.

Appendix

B

Contact of nominally flat rough
surfaces

Often, the probe tip and work piece are assumed to be perfectly flat. Since both surfaces are
perfectly smooth contact between them is continuous within the nominal contact area and absent
outside it. However, practical objects have rough surfaces, resulting in a discontinuous contact
area [Greenwood 67, Johnson 85]. Or in the words of Bowden [Bowden 54, Greenwood 99]:
Putting two solids together is rather like turning Switzerland upside down and standing
it on Austria - the area of intimate contact will be small.
As a result of these rough surfaces high contact pressures may occur due to the small contact area
of the roughness peaks [Weckenmann 04]. This results in smearing of the roughness peaks at the
probed points [Uhlmann 03] or during scanning [Morel 2006, Zahwi 01].
Therefore, this section starts with a general theory of contact between nominally flat rough surfaces. The model presented will give an indication of the amount of plastic deformation present
in the contact. It will be shown that, using this theory, plastic deformation of roughness peaks can
never be avoided completely.
Theories about the influence of the surface roughness on the contact between two objects are used
in describing friction [Bowden 54, Greenwood 99, Krim 96], electric contact resistance [Holm 58,
Thomas 99] and thermal contact resistance [Cooper 69, Laraqi 03, Mikic 74A].
The Greenwood and Williams model [Greenwood 66] is widely accepted to describe the effects of
the surface roughness on the contact between two objects [Bahrami 06, Johnson 85]. The main
assumptions of this model are [Greenwood 66, Chang 87]:
1. The surfaces have homogeneous mechanical properties;
2. The asperity summits have a spherical shape all with constant radius κs . The mean summit
curvature is of the same order as the root-mean-square curvature of the surface; κS ≈ σκ , as
described by equation B.4;
3. The asperity heights zs show a Gaussian distribution φ (zs ), where the distribution of surface
heights is the same as the standard deviation of the surface heights;
4. The asperities deform elastically, i.e. Hertz theory can be applied for each individual summit;
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5. Asperities are far apart and there is no interaction between them;
6. There is no bulk deformation; only the asperities deform during contact.
It should be noted that the assumption ’the surfaces have homogeneous mechanical properties’, is
not valid at a micro scale. Micro scale material effects like free surface energies, atomic vacancies, dislocations and grain boundaries can have a significant influence on the local mechanical
properties of the material [Dingreville 04, Huang 00, Lima 99, Mizubayashi 99, Sanfeld 00]. As a
result, local variations in the Young’s modulus up to 10 % due to these effect are not uncommon
[El-Deiry 02, Kalkman 01, Lee 00A, Ruud 94, Shull 96]. The Young’s modulus at this scale can
even be time dependent due to a relaxation effect [Kalkman 01]. These effects will result in a
deviation in the calculated indentation of a few nanometers at maximum, as discussed in section
2.3.3. Moreover, local effects are averaged out over the roughness peaks in contact. Therefore
the assumption ’the surfaces have homogeneous mechanical properties’ is used for the analysis
presented in this section.
Extensions of the Greenwood and Williamson model [Greenwood 66] include the use of nonuniform radii of curvature of the asperities [Whitehouse 70] and anisotropic surfaces [Bush 79].
McCool [McCool 86] compared the results from these models and concluded that the basic Greenwood and Williamson model, despite its simplistic form, gives very good results.
Originally Greenwood and Williams [Greenwood 66] defined a peak as all points higher than their
immediate neighbors at the sample interval used. However, Greenwood and Wu [Greenwood 01]
later concluded that this definition is wrong and gives a false idea of both the number and the radius of curvature of the peaks. Instead they propose to return to the Archard concept [Archard 57]
that roughness consists of protuberances on protuberances on protuberances, as shown in figure
B.1. This implies that contact may be plastic at light loads but becomes elastic at heavier loads.
r1
(a)

r1
(b)

r2

(c)

r3

r2

Figure B.1: Archard’s model of protuberances on protuberances on protuberances, which he used to describe the effects of surface
roughness [Archard 57].
In practice, the roughness of a surface is often measured using a profilometer. This apparatus draws
a stylus over a sample length of the surface of the object and produces a trace of the surface profile,
as shown in figure B.2. Note that the vertical magnification of a profilometer trace is typically 50
to 100 times larger than the horizontal magnification. The slopes of the roughness peaks on the
real object are therefore not as steep as they appear in the picture. This effect is often referred to
as the ’Talysurf delusion’ [Greenwood 99], named after one of the more popular profilometers.
The center line through the trace is established by minimizing the mean square deviation of the
points on the surface relative to this line. Using this center line, two definitions are now made.
First, the separation d between two surfaces in contact is now defined as the distance between the
datum planes of the surfaces through their center line. And secondly, the average roughness depth
Ra , relative to the center line, is now defined as [Blunt 03, Johnson 85, Smith 02]:
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Figure B.2: Profilometer trace of a mild steel specimen after grounding
[Greenwood 99].
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| z(x) | dx
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Where z(x) is the distance of the surface at position x relative to the center line and L is the
sampling length. Statistically the ’root mean square’ or standard deviation σz of the distance z(x)
of the surface relative to the center line is also of interest:
s

σz =

1
L

Z

L

z(x)2 dx

(B.2)
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The Ra value by itself does not provide information about the shape of the surface profile, i.e. about
the distribution of the deviations from the mean [Johnson 85]. The cumulative height distribution
of a sandblasted surface at different stages of wear is shown in figure B.3. The vertical axis has a
normal probability distribution, which forms a straight line when the height distribution follows a
Gaussian profile. The gradient of the line is a measure for the standard deviation σz .
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Figure B.3: Transitional topography due to wear of a sandblasted surface (a). As wear continues, the curve moves steadily to the
left (b,c) [Greenwood 99, Williamson 69], original picture
in inches.
It can be seen in this graph that even though the overall height distribution is not Gaussian,
the higher parts of the surface, which are most interesting for the analysis, may be regarded as
Gaussian [Greenwood 99]. It has been found that the upper part of most real surfaces can be regarded as Gaussian, even if the distribution as a whole is highly skewed [Bickel 63, Greenwood 66,
Greenwood 99, Greenwood 01, Johnson 85, Stout 90, Whitehouse 94, Williamson 68, Williamson 69].
The assumption that the asperity heights zs show a Gaussian distribution φ (zs ) can therefore be
used for most practical surfaces.

150

Contact of nominally flat rough surfaces

As discussed at the start of this section, the shape of the roughness peaks is also of interest. When
measuring the surface roughness using a profilometer, the surface height z(x) is measured at discrete intervals of length ∆x over the sample interval L. The curvature κi at position i can be
calculated using [Greenwood 66, Johnson 85, Thomas 99]:
κi =

zi+1 − 2zi + zi−1
∆x2

(B.3)

And the standard deviation is given by:
v
u i=n
u1 X
κ2
σκ = t
n i=1 i

(B.4)

Where n = L/∆x is the total number of samples.

The curvature κ of a summit is equivalent to the radius r used to describe Hertz contact mechanics,
e.g. in appendix G.
It should be clear from equations B.2, B.3 and B.4 that in practice the parameters σz and σκ , used
to describe the surface, depend on the sampling length L and the sampling interval ∆x used in
the measurement. In terms of Archard’s model, shown in figure B.1, the surface can be modeled
as having a continuous spectrum of wavelengths. Neither wavelengths which are longer than
the sample length L nor those who are shorter than the sampling interval ∆x will be recorded
faithfully by the profilometer. A practical limit for the sample length is the size of the specimen
and a lower limit to the meaningful sampling interval is the radius of the profilometer stylus
[Church 91, Johnson 85, Wu 99]. The effect of the stylus radius is comparable to the effect of
mechanical filtering when scanning a work piece with the 3D tactile probe, as discussed in section
2.3.4.
Greenwood [Greenwood 01] proposed that the relation between load, approach and overall stress
distribution for the asperity shown in figure B.4 will be close to that of a perfectly smooth asperity
of the same general shape. Johnson [Greenwood 67, O’Connor 63, Vermeulen 64] measured the
effect of a force distributed over a regular array of micro contacts and concluded that its effect is
similar to a uniform force applied over the same area. As discussed by Greenwood [Johnson 85,
Greenwood 01, McCool 86] the assumption that the asperity summits have a spherical shape all
with constant radius κs can be used without a significant influence on the result. However, it should
be noted that the smaller asperities will likely deform plastically, whereas the larger asperities may
deform elastically.
As shown by Johnson [Johnson 85], the contact stresses in frictionless contact between two elastic
solids depends only upon the relative profile of the two surfaces, i.e. upon the shape of the gap
between them before loading. The system may therefore be replaced, without loss of generality, by
a flat rigid surface in contact with a body having an effective Young’s modulus Ered and a profile
which results in the same gap between the surfaces before loading. The equivalent roughness σ and
asperity slope κ between two nominally flat surfaces which have a root-mean-square roughness of
σ1 and σ2 , respectively, is given by:

σ
κ

q
σ12 + σ22
q
κ21 + κ22
=
=

(B.5)
(B.6)

As mentioned at the start of this section, it is assumed that the asperity heights zs show a Gaussian
distribution φ (zs ). Here φ (zs ) expresses the probability of finding a summit height zs or higher.
If there are N summits in the nominal contact area A0 , the number of summits in contact at
separation d is given by [Greenwood 99, Johnson 85]:
n=N

Z

d

∞

φ (zs ) dzs

(B.7)
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Figure B.4: Effect of roughness on the asperities. (a) Roughness on the
asperity only influences the initial stages of contact (b) The
region from A to B is taken as a single asperity, whose behavior depends on its overall size [Greenwood 01].

If summit i with height zs,i exceeds the separation d, the summit will be compressed by a distance
δi = zs,i − d. Assuming, the summit will make contact in a circular area with radius ai , the contact
area Ai can be calculated using equation G.2:
Ai = πa2i = πδi κS

(B.8)

The compression δ of summit i results in a force Fi , which is calculated using equation G.3:
Fi =

3
4√
κS Ered δi2
3

(B.9)

Combining equations B.8 and B.9 with equation B.7 yields the total area of contact A and the total
force Fc as a result of the compression of the summits in contact:
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∞

(zs − d) φ (zs ) dzs
Z ∞
3
4√
(zs − d) 2 φ (zs ) dzs
κS Ered N
3
d

A = πκS N

(B.10)

d

Fc

=

(B.11)

It is interesting to note that new contacts are continually forming. Initially these contacts have
zero size and zero pressure. As a result the average size of the micro contacts (A / n) and the
average contact pressure (Fc / A ) are constant for an exponential distribution of summit heights
zs [Greenwood 99]. The results for a Gaussian distribution of summit heights zs approximate to
this.
For an aluminum surface with a Gaussian height distribution and a root-mean-square roughness
σ of 40 nm loaded against a rigid plane, such that the mean planes are 0.1 µm = 2.5σ apart, the
portion of asperities making contact is:
Z

∞

2.5σ

φ (zs ) dzs

i.e.

φ (2.5) ≡ 0.0062

(B.12)
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The reduced Young’s modulus Ered and yield strength σ0.2 for an aluminum work piece are 70 GPa
and 280 MPa, respectively. Equation G.6 gives the indentation δY at which elastic-plastic deformation begins. Assuming spherical summits with a constant curvature κS of 40 µm this yields
δY = 4.1 nm ≈ 0.1σ.
Therefore all asperities higher than 2.5σ + δY ≈ 2.6σ will have yielded, i.e. a fraction φ (2.6) =
0.0047 or 0.47%. It should be noted that with this model for the contact between rough surfaces,
as described in this section, it is not possible to avoid yield completely [Persson 00].
The following quote by Archard [Greenwood 99] illustrates the difference between Hertz contact
mechanics, the first part, and the influence of surface roughness on this contact, the second part:
If the primary result of increasing the load is to cause the existing contact areas to grow,
then area and load will not be proportional: but if the primary result is to form new
areas of contact, then area and load will be proportional.

Appendix

C

Surface forces

C.1 Van der Waals force
Van der Waals force, often referred to as London’s or dispersion force, is caused by a momentary
dipole moment between atoms resulting from interaction between electrons in the outermost band
rotating around the nucleus [Feddema 01]. This moment exists even for atoms which do not contain a permanent polarization. While the average distribution of electrons is uniformly distributed
around the nucleus, the outermost electrons of one atom are inducing a dipole on the other atoms
with in turn induce a dipole on still more atoms [Israelachvili 74].
The resulting interaction energy Ei and force f i between two atoms or molecules is given by
[Feddema 01]:

Ei
fi

λ
d6cc
= ∇Ei

=

(C.1)

Where dcc is the distance between the molecule centers and λ is the London constant. The London
constant depends on temperature and material properties, such as the distortion polarization,
permanent dipole moment and ionization energy.
Two notes should be made at this point. First, two atoms in close proximity will exert a repulsive
force on each other, the Pauli repulsion. The repulsive force originates from the overlap the the
electron clouds of the atoms. The Lennard-Jones potential describes this force F by an inverse
relation to d12
cc [Israelachvili 92, Ruan 94, Stifter 98], i.e.:
F ∝

1
d12
cc

(C.2)

Second, the relation between Ei and the distance between the molecule centers dcc , changes from
an inverse relation to the sixth power, equation C.1, to an inverse seventh power law at separations
greater than 10 to 50 nm [Nayfeh 85]. This retardation is explained when accounting for the time
of travel of the polarization field as it travels from one atom to the next [Feddema 01]. As the
distance increases, the time of travel approaches the lifetime of the instantaneous dipole of the
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original molecule. Instead of the induced fields being additive, they become subtractive, reducing
the energy and force of the interaction [Kiefer 78, Langbein 71, Langbein 74].
The minimum distance between atomically smooth surfaces is commonly assumed to be 0.2 nm
[Brussel 00]. In this work a distance of 0.4 nm [Arai 95] is used. It is assumed that both the Pauli
repulsion and the retardation due to the time of travel of the polarization field can be neglected at
this distance, and equation C.1 can be used.

V1

V2
fi

dcc

Figure C.1: Scheme for the integration of the interaction force f i between two macroscopic bodies.

The interaction force between two macroscopic bodies f i m , shown in figure C.1, can now be
calculated using [Hamaker 37]:

f i m = n1 n2

Z

V2

Z

V1

(C.3)

f i (dcc )dV1 dV2

Where n1 and n2 are the number of atoms per unit volume in body 1 and 2, respectively.
The double volume integral from this equation was solved by Hamaker for two spheres [Hamaker 37]:

Fvdw =



2 2
Hdcc r1 r2  8r1 r2
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2
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2
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d2cc − (r1 − r2 )
−





(C.4)

Here, r1 and r2 are the sphere radii, dcc is the distance between the centers and H is the Hamaker
constant, where H = π 2 n1 n2 λ.
By letting r2 go to infinity, Hamaker also determined the van der Waals force Fvdw between a
sphere and an infinite half space:

Fvdw =

2Hr13
2

3d2ww (dww + 2r1 )

(C.5)

Where dww is the distance between the wall and the edge of the sphere.
To obtain the geometry of more complex parts Derjaguin proposed the ’Derjaguin approximation’
[Derjaguin 34]. Other papers on more complex shapes include [Argento 96, Hunter 01, Marvin 82,
Tadmor 00].
An important influence factor for the van der Waals forces is the surface roughness of both parts. A
rough estimate of this effect is described by Arai et al. [Arai 95], using the model shown in figure
C.2. The effects of surface roughness are accounted for by increasing the distance between the
wall and the edge of the sphere dww by half of the peak-to-peak surface roughness Rt :

C.1 Van der Waals force

155

Rt
= dww +
2

2
dww
=
Fvdw
d∗ww

d∗ww
∗
Fvdw

(C.6)

Plane

dww

Sphere

Rt

Figure C.2: Influence of the surface roughness on the van der Waals attraction.
The contact force between the objects will likely result in a local plastic deformation of the roughness peaks. This permanent deformation increases the effective contact area. The adhesion force
between the surfaces thus increases for an increasing contact force [Jones 03].
As discussed in this section, the van der Waals energy Ei and force Fvdw depend on the Hamaker
constant H. Using Berthelot’s principle, the London constant λ12 between two particles of different
materials equals the geometric mean of the interaction constants λ11 and λ22 of the individual
materials [Berthelot 98, Lorentz 81]:
λ12 =

p

H12 =

p

And:

λ11 λ22

(C.7)

H11 H22

(C.8)

Where H12 is the Hamaker constant between two particles and the Hamaker constants of the
individual materials are given by H11 and H22 .
Using Berthelot’s principle and the Hamaker combining rule, the Hamaker constant H132 for two
particles in a medium with a Hamaker constant H33 is given by [Hamaker 37, Hunter 01]:
H132 = H12 + H33 − H13 − H23 =

p

H11 −

p

H33

 p

H22 −

Note that the Hamaker constant H132 has a negative value, when:
H11 > H33 > H22

or

H11 < H33 < H22

p

H33



(C.9)

(C.10)

When equation C.10 is satisfied, the dispersion interaction energy becomes repulsive [Neumann 79,
Oss 79, Visser 72]. The Hamaker constant of several materials is shown in table C.1.
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Material

Hamaker constant

Metals
Gold
Silver
Copper
Aluminum
Iron
Quartz
Diamond
Carbon
Water
Sapphire
Silicon
SiO2
Germanium

16.2 - 45.5
44.0
40.0
28.4
36.0
21.2
5.5 - 41.3
28.4
21.7
4.38
15.5
25.6
8.55 - 50
30.0

Reference
[Visser 72]
[Klimchitskaya 00]
[Drauglis 69]
[Krupp 72]
[Klimchitskaya 00]
[Burke 67]
[Visser 72]
[Drauglis 69]
[Feddema 01]
[Krupp 72]
[Drauglis 69]
[Drauglis 69]
[Visser 72]
[Büttner 70]

Table C.1: Hamaker constants for several materials. All values are given in 10−20 J.

As an example, the van der Waals force between an aluminum half space and a sapphire sphere
with a radius of 250 µm is now calculated. First, the Hamaker constant is calculated using equation
C.8. With the values from table C.1 a Hamaker constant of 23.6·10−20 J is obtained. Using equation
C.5 and assuming a distance between the edge of the sphere and wall dww of 0.4 nm [Arai 95] a
van der Waals attraction force Fvdw of 61.5 µN is obtained.
The effect of surface roughness is taken into account using equation C.6. Assuming a peak-to-peak
surface roughness Rt of 5 nm, a van der Waals force Fvdw of 1.17 µN, or 2% of 61.5 µN, is obtained.

C.2

Electrostatic attraction

Electrostatic attraction is the result of a buildup of charge in one or more objects. For a conductor,
the electric field inside the object will be zero, and the electrostatic charge resides on the surface,
as shown in figure C.3. Surface charge may result from a number of sources, including friction
forces and differences in contact potential, often referred to as tribo-electrification or contact electrification [Fearing 95, Loeb 58, Verdonck 06].
It is assumed that the surface charge densities over surface 1 and 2, σ1 and σ2 , are constant
[Becker 82, Feddema 01]. Using Gauss’s law [Nayfeh 85] the interaction energy Ei2 and force
f i between two infinitesimal small surface areas, as shown in figure C.3, is given by [Grant 90,
Lorrain 88]:

Ei2
fi

σ1 σ2
4πǫ0 d
= ∇Ei2

=

(C.11)

Here, ǫ0 is the permittivity in vacuum, 8.85 · 10−12 C2 /(Nm2 ), and d is the distance between the
infinitesimal surface areas.
The force between the macroscopic bodies f i m , is obtained by integration of f i over the surface
areas S1 and S2 of body 1 and 2:
fi m =

Z

S2

Z

S1

f i (d)dS1 dS2

(C.12)
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Figure C.3: Scheme for the integration of the interaction force f i between two surfaces.

From this equation, the electrostatic force between two charged spheres Fe2 can be calculated
[Arai 95]:

Fe2 =

4πσ1 σ2 r12 r22
ǫ0 d2cc

(C.13)

Where r1 and r2 are the radii of sphere 1 and 2, respectively, and dcc is the distance between the
sphere centers.
The electrostatic force between a charged sphere and a non charged conducting sphere Fe1 is
obtained in a similar way [Arai 95]:

Fe1 =

ǫ − ǫ0 πσ12 r12 r22
·
ǫ + ǫ0
ǫ0 d2cc

(C.14)

Where ǫ is the dielectric constant of the non charged conducting sphere.
The surface charge σ may be caused by contact electrification, as discussed at the start of this section. The surface charge due to contact electrification depends on the materials used, in particular
on the contact potential difference between the materials, oxidation and impurities, the environment, for instance the relative humidity, and the conditions under which the transfer of charge
took place, for example contamination of the surface and movements during contact. The relative
importance of these effects is situation dependent. By movements during contact, e.g. by rubbing,
a good insulator may accumulate charge whereas the total charge transferred between two metals
is usually no greater than the charge acquired by a simple contact [Lowell 80].
First, the surface charge between two metal bodies that are brought into contact and are then
separated is discussed. Harper [Harper 51, Harper 57] suggests that the bodies will exchange
electrons by tunneling so that thermodynamic equilibrium is maintained. The difference in the
surface potentials of the metals Vc will be:
Vc =

Φ2 − Φ1
e

(C.15)

Where Φ1 and Φ2 is the work function of material 1 and 2 and e is the electron charge, 0.1602177 ·
10−18 C.
The work function Φ for several materials is given in table C.2. The work function of a metal is
sensitive to the presence of oxide, surface contamination and other factors [Lowell 80]. Therefore,
a calculation of the contact potential based on ’handbook’ values is a rough estimate at best.
Experiments shown that the charge transfer between metals is proportional to their contact potential difference Vc [Harper 51, Harper 67, Lowell 75]:
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Material

Work function Φ in eV

Material

Work function Φ in eV

Aluminum
Gold
Platinum
Silicon

4.08
5.1
6.35
4.85

Copper
Iron
Silver
Titanium

4.7
4.5
4.30
3.7

Table C.2: Work function for several materials in electron volt, where 1 eV = 1.60217646 · 10−19 J
[Lide 98, Trigwell 01].

(C.16)

Q = C0 Vc

Where C0 is the effective capacitance between the two adjacent bodies at the separation when
tunneling becomes neglectable. As the two bodies are separated C0 decreases until charge exchange by tunneling ceases. It is noted that C0 has a weak dependency on the rate of separation.
However, the effects of the separation rate can be neglected in most experiments [Harper 51,
Harper 67, Lowell 75]. Harper [Harper 51, Harper 57] obtained a tunneling cut-off distance dcut
of 10 Å, or 1 nm. Lowell [Lowell 75, Lowell 80] obtained an average value of 1000 Å, or 100 nm, in
his experiments. The latter value takes into account that due to surface roughness most of the two
surfaces are separated by much larger distances when the closest point of separation is at 1 nm.
The effective capacitance C0 for the contact between a sphere and a plane is given by [Castle 02,
Harper 60, Lowell 75]:
C0 = 4πǫ0 r1



1
2r1
γ + ln
2 dcut



(C.17)

Where r1 is the radius of the sphere, dcut is the separation between the wall and sphere at which
tunneling ceases and γ is the Euler-Mascheroni constant, which is approximately 0.57721566.
A rough estimate is given for the force between an aluminum sphere with a radius r1 of 250 µm
and a silicon wall. Using a tunneling cut-off distance dcut of 50 Å, or 5 nm, [Harper 60] a value of
1.6 · 10−13 is obtained for C0 . Using table C.2, a potential difference Vc of 0.77 V is obtained, which
results in a charge Q on the aluminum sphere and silicon wall of approximately 1.2 · 10−13 C. The
resulting charge density on the sphere σ1 is approximately 1.5 · 10−7 C/m2 . Using equation C.13
and letting r2 go to infinity, a force due to the contact potential difference between the sphere and
wall of 8.3 pN is obtained.
When one or both objects are grounded, the static surface charge on the conductor and the associated forces are greatly reduced [Brussel 00]. However, the objects may be covered with insulator
layers, such as native oxides. Experiments on silicon show a build up of 1 nm of native oxide after
several days in air at room temperature [Morita 90]. This native oxide is a good insulator and can
withstand a maximum field strength of up to 3 · 109 V/m [Sze 81].
The surface roughness of the object can prevent charge neutralization by intimate contact with
a grounded conductor. The residual charges can be difficult to remove in a dielectric layer and
can cause adhesion. Fearing [Fearing 95] describes the decay of the stored charge as a first order
exponential, with time constant:


d1
τ = ρ ǫ + ǫ0
d2

(C.18)

Where ρ and ǫ are the resistivity and relative permittivity of the dielectric, ǫ = 3.9ǫ0 and ρ =
1012 Ωm for SiO2 . For a thickness d1 of the dielectric layer of 10 nm and a thickness of the air
layer d2 of 20 nm a time constant of 39 seconds is obtained. Compared to the settling time of the
probe, as discussed in section 2.1.5, the time needed to remove the stored charge is thus orders of
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magnitude larger. Removing the stored charge by this mechanism is thus unfavorable with respect
to the total measurement time.
The charge acquired by an insulator from a contact with a metal or other insulator depends on
the nature of the insulator material, but also on the type and duration of the contact [Cottrell 78,
Davies 67, Medley 53]. Significant amounts of charge may be generated by friction forces and
differences in contact potential [Fearing 95]. The charge density observed on organic polymers
after contact with metals is usually in the range of 10−5 to 10−3 C/m2 [Lowell 80]. For good
insulators, such as smooth silica and mica charge densities up to 10−2 C/m2 have been observed
at a gap of 1 µm, less than the mean free path length of an electron in air [Horn 92]. This extreme
charge density would result in a force of several Newtons for the contact between a sphere with a
250 µm radius and a planar half space.
At atmospheric pressure and a gap in the order of centimeters the maximum charge density is
limited to about 3 · 10−5 C/m2 , due to the breakdown strength of air, which is about 3 · 106 V/m
[Brussel 00, Koyano 96, Lowell 80]. Using the same approach as before with this value, a force
due to the charge as a result of friction between a silicon sphere and an aluminum wall of 80 µN
is obtained.

C.3 Hydrostatic adhesion
As mentioned by Tsuchitani et al. [Brussel 00, Tsuchitani 94], the dominant force in micro structures is usually caused by the surface tension due to capillary condensation, when RH > 60%,
or the hydrogen bonding force between water molecules adsorbed on the two surfaces. Hydrostatic attraction is increased by a high humidity, large radii of curvature, long contact times and
hydrophilic surfaces.
Hydrostatic attraction arises from surface tension effects due to molecular attraction exerted on the
outer molecules in a liquid. Due to this attraction the outer molecules experience a net attractive
force toward the liquid interior, which causes the liquid surface to contract. At equilibrium there
is a balance between the contracting forces and the repulsive collisional forces from the other
molecules, which determines the surface area [Adamson 97, Israelachvili 92].
Figure C.4 shows a schematic of a sphere on a plane with a liquid film in between. The forces on
the sphere due to surface tension in the liquid are often described in literature by capillary effects
due to the pressure difference between the liquid and surrounding medium, and surface tension
effects on the circumference of the circular edge between the liquid and sphere with radius r. The
force Fs1 in z-direction due to surface tension on the circumference is given by [Israelachvili 92]:
Probe tip

θ1

rt

z
r1

Liquid film

x

Plane
r2

θ2

Figure C.4: Schematic of a sphere on a plane with a liquid film in
between, forming a concave shaped meniscus. Note that
the thickness of the water layer, which is typically a few
nanometers, is highly exaggerated in this picture.

Fs1 = 2πrγ cos θ

(C.19)

Where θ is the angle at which the surface tension force is exerted and γ is the surface tension of
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the liquid, for water at 20 ◦ C γ = 0.073 N/m [Israelachvili 92]. By using θ = 0 and r = r2 equation
C.20 is obtained [Arai 95, Fisher 26].
(C.20)

Fs1 = 2πr2 γ

Capillary effects arise from the pressure difference ∆p between the pressure inside the liquid and
the environmental pressure. For the situation depicted in figure C.4, the pressure difference is
given by the Young-Laplace equation [Bhushan 99, Chilamakuri 99]:
∆p = γ



1
1
+
r1
r2



(C.21)

And the force in z-direction due to capillary effects between the sphere and plane Fs2 is given by:
Fs2 =

πr22 ∆p

=

πr22 γ



1
1
+
r1
r2



(C.22)

The total force Fs is obtained by combining equations C.20 and C.22:
Fs = πr22 γ



1
1
+
r1
r2



+ 2πr2 γ

(C.23)

The radii of the meniscus r1 and r2 , the radius of the sphere rt , the separation distance d and
the contact angles θ1 and θ2 are connected via simple equations, see e.g. [Kralchevsky 01A,
Kralchevsky 01B, Lazzer 99].
Common approximations when the tip radius rt is much larger than r1 , and hence r2 >> r1 are
[Pakarinen 05]:

∆p = γ/r1
r22

≈ 2rt r1 (cos θ1 + cos θ2 )

(C.24)

Using the above approximation with equation C.23 yields [Arai 95, Kralchevsky 01B, Orr 75]:
Fs ≈ 2πrt γ (cos θ1 + cos θ2 )

(C.25)

Where θ1 and θ2 are the contact angles at the surface of the probe tip and plane, respectively. Using
θ1 = 0 and θ2 = 0, equation C.25 is reduced to [Bowling 88, Fearing 95, Tori 94]:
Fs ≈ 4πrt γ

(C.26)

Other notable solutions for the forces between two objects include [Kolodezhnov 00, Lazzer 99,
McFarlane 50, Willett 00].
Under the assumptions made with respect to equation C.26, the adhesion force due to the hydrostatic attraction is independent of the relative humidity. However, depending on the system, the
relative humidity may have a strong influence on the adhesion force. This is discussed using the
Gibbs free energy for an ideal gas [Adamson 97, Crassous 93, Stifter 00]. Using equation C.21, the
change in the molar free energy ∆G at constant absolute temperature T and molar volume V due
to a change in pressure is given by:
RT
dP
= V dP =
P
Z p0
RT
p0
∆G =
dP = RT ln
P
p
w
pw
dG

(C.27)
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And:

∆G
p0
RT ln
pw

= V ∆P


1
1
= Vγ
+
r1
r2

(C.28)

Where R is the universal gas constant, R ≈ 8314.5 J/kmol · K, p0 the partial pressure of water
vapor in the air and pw the vapor pressure of water. Equation C.28 is generally referred to as the
Kelvin equation. Solving this equation for the Kelvin radius rk yields:
1
=
rk



1
1
+
r1
r2



=

RT
p0
ln
γV
pw

(C.29)

The Kelvin radius rk is a measure for the size of the meniscus that forms between the two surfaces
for the given parameters. Also, it is used as a measure for the minimum distance that should be
kept between the surfaces to prevent the formation of a stable layer of water between the objects
[Brussel 00].

C.4 The influence of relative humidity on hydrostatic adhesion
An important point of interest with respect to the hydrostatic attraction is the influence of the
relative humidity, which directly influences the adsorption of water on the surface of the objects
[Bracken 97, Cleaver 04, Harriman 97]. The adsorption will naturally depend upon the partial
pressure of water vapor, the temperature of the system and the affinity of the objects for water
molecules. An important driving force for the adsorption is the relative humidity RH:
RH =

p0
pw

(C.30)

Where p0 is the partial pressure of water vapor in the air and pw is the vapor pressure of water.
Variations in temperature are accounted for by the associated variation in the vapor pressure of
water pw .
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Water layer thickness in nm
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The thickness of the adsorbed water layer also depends on the object, in particular its hydrophilicity. The thickness of the water layer is typically between a tenth and several tens of nanometers
[Grigg 92, Heim 96, Hooton 04, Hu 95A, Hu 95B, Patel 97]. Also, especially for hydrophobic surfaces, water droplets may appear on the surface [Freund 99]. Figure C.5 shows the measurement
results for the measurement of the thickness of the water layer on the head and disk of a magnetic
recorder [Li 90, Tian 92].
5
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Figure C.5: Thickness of adsorbed water layer as a function of relative
humidity. Left: Thickness of the water layer on the head of
a magnetic recording drive [Tian 92]. Right: Thickness of
the water layer on a Ni-Co-P coated disk [Li 90].
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Most literature references, including [Christenson 88, Cleaver 04, Fisher 81, Harnby 96, Sugawara 93,
Zimon 82], conclude that the hydrostatic adhesion increases monotonically with an increasing relative humidity RH. Another factor of influence is the surface roughness of the contact area.
The effects of the surface roughness and relative humidity has been discussed by several authors,
including [Harnby 96, McFarlane 50, Rabinovich 02]. The hydrostatic attraction is shown to decrease when the surface roughness increases.
This can be seen in figure C.6 a, where the surface roughness prevents the formation of a complete
capillary meniscus at the point of contact. Therefore, capillary condensation only occurs around
several discrete contact points. As a result, the radii r1 and r2 and the associated hydrostatic force
Fs , as given by equation C.23, decreases.
When the thickness of the adsorbed moisture layer becomes larger than the mean asperity height,
the attraction force shows a marked increase for many systems. At a critical relative humidity RHc ,
sufficient water is adsorbed to engulf the asperities, as shown in figure C.6 b.
RH < RHc

(a)

RH > RHc

(b)

Figure C.6: Capillary condenstation between rough surfaces.
Rabinovich et al. [Rabinovich 02] investigated the relation between the critical relative humidity
RHc and the surface roughness for glass spheres on a range of planar surfaces. The critical humidity in this experiment was observed to increase from 25%, for a RMS surface roughness of 0.2 nm,
to 65%, for a RMS surface roughness of 3 nm.
When the relative humidity is further increased to the point of saturation, several authors [Chikazawa 84,
Coelho 78A, Coelho 78B, Harnby 96, McFarlane 50, Rabinovich 02, Zimon 82] observed that in
many systems the adhesive force was below the corresponding theoretical value, using equation
C.23. The reduction in hydrostatic attraction is caused by the reduced Laplace pressure in the
meniscus [Fisher 81, Christenson 88].
However, most experimental results found in literature on the effects of the relative humidity on
the adhesive force are very system specific [Cleaver 04]. Influence factors include the surface
roughness in the contact area, the rate of separation, chemical changes due to the presence of
water, the contact time, the properties of the materials used, in particular their hydrophilicity, etc.
Figure C.7 shows the adhesion force as a function of relative humidity for the contact between two
glass objects, the solid line, and the contact of two gold-coated glass objects, the dashed line.
The contact between the uncoated glass objects shows a clear peak at 32.4% RH. A similar curve
between potassium objects and glass objects was observed by Chikazawa [Chikazawa 84]. The
adhesion between the potassium objects was observed to show a sudden increase at 65% RH,
followed by a sharp drop at 70% RH. For glass samples a similar graph was obtained, with a
peak adhesion between 70% and 80% RH. Christenson [Christenson 88] identified the maximum
value of the hydrostatic adhesion between two smooth mica cilinders to occur at 70% RH. Similar
results were obtained by Harnby et al. [Harnby 96] who observed an increase in adhesion with
increasing RH. The critical value of RH at which the adhesion increased markedly was found to
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Figure C.7: Adhesion as a function of relative humidity between a
sphere with a 37 µm diameter and a plane [Cleaver 04].

lie between 60% and 90% RH, which is in broad agreement with the results by Zimon [Zimon 82]
and Tsuchitani [Tsuchitani 94].
As mentioned before, the relation between the relative humidity and the adhesion force is often complex. One example of this is the peak in the solid line for the two glass objects in figure C.7. It was only observed during measurements with a decreasing humidity and not during
the same measurement and an increasing humidity level. Cleaver and Tyrrell [Cleaver 04] postulate that there may be an interaction between the silica surface and water vapor, as shown
by [Biggs 95, Butt 99, Vigil 94], or a water-induced surface reaction at a high relative humidity [Clark 79, Trens 96]. Upon desorption the water layer would become supersaturated and the
corrosion products precipitate out as needle-like structures on the surface. When the relative humidity is then increased, the increase in surface roughness as a result of these peaks prevents the
occurrence of an adhesion peak.
Finally, Zimon [Zimon 82] performed several experiments in which he applied a hydrophobic coating on one or both of the surface areas. He defined an adhesion number as the relative number
of particles that remained on the surface after applying a defined acceleration. Compared to the
experiments with uncoated glass, where an adhesion number of over 90% was observed, the adhesion number dropped to 2% at 25% RH and 40% at 90% RH, when both surfaces were coated.
When only one surface was coated the adhesion number was roughly in between the two above
extremes.
As an example, the hydrostatic attraction between a sapphire sphere with a radius of 250 µm and
and aluminum plane is calculated. For the calculation we assume a relative humidity RH of 60%,
an absolute temperature T of 293.15 K and a molar volume of water V of 18 · 10−6 m3 /mol. Using
equation C.29 with R = 8.3145 J/mol · K and γ = 0.073 N/m a Kelvin radius rk of 1 nm is obtained.
Since rt >> rk , equation C.26 is used, which gives a total hydrostatic attraction Fs of 0.23 mN.

164

Surface forces

Appendix

D

Stiffness and characteristics of
the suspension

D.1 Introduction
In this appendix the stiffness of the sensor and important characteristics of a suspension with
three slender rods, as drawn in figure D.1, are calculated. The calculations in this appendix partly
expand on the theory presented in Appendix A of [Pril 02], Appendix C of [Widdershoven 04] and
Appendix G in [Heldens 05].
xr3

Rod 1

yr3
lr3

Rod 3

Rod 2

< 011 >

y

wr3

x

Figure D.1: Top view of the suspension used in the sensor with rod numbers and crystallographic direction, indicated by < . . . >.
The three rods that make up the suspension of the sensor are indicated in figure D.1, along with
their length lr , width wr and thickness tr . The distance in m between the center point of the sensor
and the end of the rod in x-direction and y-direction is given by xr and yr respectively.
First the stiffness matrix for a single rod in local coordinates is calculated in appendix D.2. This is
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the basic element for the stiffness calculations. However, as discussed in appendix D.3, the Young’s
modulus and shear modulus of the silicon base material used in the suspension dependent on
the crystallographic orientation within the wafer. As a result the stiffness of a rod depends on its
orientation within the wafer.
Then in appendix D.4 a stiffness model of the sensor is calculated. The model is used to calculate
the influence of the finite stiffness of the parts of the sensor; e.g. the stylus. The influence of the
anisotropic Young’s and shear modulus in silicon is discussed in appendix D.5.
The general assumptions made to calculate the stiffness of the sensor suspension are:
• The displacements and rotations of the slender rods are small, so that standard elastic theory
can be applied;
• The effective length of a slender rod decreases when it is deformed outside the plane. These
displacements are neglected;
• Translations of the probe tip are considered to be small with respect to the stylus length.
Therefore, all second and higher order rotations of the intermediate body can be neglected.

D.2

Stiffness matrix for a slender rod

The local stiffness matrix for a slender rod is the stiffness matrix at the endpoint of the rod in local
coordinates. The coordinate system shown in figure D.1 is the global coordinate system for the
sensor. In the local coordinate system for a rod the z-axis is the symmetry axis of the suspension
and the y-axis is parallel to its length direction, as shown in figure D.2.
zl
xl

yl

Figure D.2: Local coordinate system for a slender rod. .

The local forces and moments on the rod f l and the local displacements and rotations xl depend
on the local stiffness matrix Cl :
(D.1)

f l = C l xl
Where:
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And [Young 02]:

cxx =

Er tr wr3
Er tr wr
Er t3r wr
, cyy =
, czz =
3
lr
lr
lr3

ckxz =

1
2

ckzx = − 21

Er wr t3r
lr2

(D.3)

Er wr t3r
Er wr3 tr
, kzz = 31
lr
lr



1 t4r
tr
Gr wr t3r 1
1−
− 0.21
≈
lr
3
wr
12 wr4
kxx =

kyy

Er wr3 tr
,
lr2
1
3

Here lr , wr and tr are the length, width and thickness in m of the rod, as shown in figure D.1. The
rods are manufactured from a silicon wafer. Therefore their Young’s modulus Er in Pa and shear
modulus Gr in Pa depend on their orientation within the wafer, as discussed in appendix D.3.
Note that cyy is at least two orders of magnitude larger than the other c-constants because the
length of the rods lr is at least one order of magnitude larger than the thickness tr of the rods.
As a result, the rotation of the intermediate body around the z-axis and its displacement in x- and
y-direction can be neglected.

D.3 Mechanical behavior of single crystalline silicon
In the previous section the local stiffness matrix for a rod is shown. However, the Young’s modulus
E and shear modulus G in single crystalline silicon depend on the orientation with respect to the
crystallographic structure [Ballarini 05, Bos 07C, Johansson 88, Wortman 65], as shown in figure
D.3 and figure D.4. Therefore, the stiffness of a silicon rod depends on its orientation within the
wafer.
The suspension of the 3D tactile sensor consists of three rods, as shown in figure D.1. When the
ratio of the width wr over the length lr of a rod is small, the Young’s modulus Er in Pa and the
shear modulus Gr in Pa in its length direction can be used [Lekhnitskii 63]. The length direction
of rod 3 is oriented along the < 011 > crystallographic direction. The Young’s modulus of rod 3
Er3 and its shear modulus Gr3 are 168.8 · 109 and 50.8 · 109 Pa, respectively, as shown in figure D.3
and figure D.4.
Rods 1 and 2 are rotated by 120◦ and 240◦ with respect to rod 3. As a result their length directions
are oriented along equivalent crystallographic directions. The Young’s modulus of rods 1 and 2
Er12 and their shear modulus Gr12 are 138.0 · 109 and 69.6 · 109 Pa, respectively.

D.4 Stiffness model of the sensor
In this appendix a stiffness model of the 3D tactile sensor is presented, based on the schematic
model presented in figure D.1. The sensor is considered as a series of elastic elements, each with
its own stiffness matrix. The local stiffness matrix of a slender rod in the suspension is presented
in appendix D.2. The stiffness matrices for the other elements can be obtained in a similar way.
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Figure D.3: Young’s modulus as a function of the crystallographic direction in silicon in the (100) plane.
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Figure D.4: Shear modulus as a function of the crystallographic direction in silicon in the (100) plane.
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First the local stiffness matrices for each element are transformed into global coordinates. The
following must hold for this transformation:
≡

f l = C l xl

(D.4)

f g = C g xg

Here f are the forces and moments on the element, C is the stiffness matrix and x are the displacements and rotations of the element. The subscript l indicates local variables and the subscript g
global variables.
The local forces and moments f l can be transformed to global forces f g using [Paul 81]:
F
F F
f g = TF
lg Rlg f l = T lg Rlg Cl xl

(D.5)

Transformation matrices T lg and Rlg indicate translations and rotations of the element from local
to global coordinates. Superscript F is used to indicate a transformation of forces and moments. It
is noted that in equation D.5 rotations as a result of transformation matrix RF
lg are executed before
translations as a result of T F
.
lg
Transform global displacements and rotations xg to local displacements and rotations xl :
P
xl = T P
gl Rgl xg

(D.6)

The subscript gl of the transformation matrices T and R indicates a transformation from global
to local coordinates. Superscript P is used to indicate a transformation of displacements and
rotations.
Combining equations D.4, D.5 and D.6 gives:
F
P P
TF
lg Rlg Cl T gl Rgl xg = Cg xg

(D.7)

Freeing the global stiffness matrix leads to:
F
P P
Cg = T F
lg Rlg Cl T gl Rgl

(D.8)

−1

(D.9)

It is noted that:
F
F F
TF
gl Rgl = T lg Rlg

The transformation matrix T takes into account translations in x, y and z direction, as shown in
figure D.5. The transformation matrix from global to local forces and moments T F
gl is given by:

TF
gl






=




1
0
0
0
−tz
ty

0
1
0
tz
0
−tx

0
0
1
−ty
tx
0

0
0
0
1
0
0

0
0
0
0
1
0

0
0
0
0
0
1










(D.10)

The transformation matrix from global to local displacements and rotations of the element T P
gl is
given by:

TP
gl






=




1
0
0
0
0
0

0
1
0
0
0
0

0
0
1
0
0
0

0
−tz
ty
1
0
0

tz
0
−tx
0
1
0

−ty
tx
0
0
0
1
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Figure D.5: Transformation from global to local coordinate system.

The transformation matrix R only takes into account rotations around the z axis, as shown in figure
D.5:

P
RF
gl = Rgl






=




cos (−α) − sin (−α)
sin (−α) cos (−α)
0
0
0
0
0
0
0
0

0
0
1
0
0
0

0
0
0
cos (−α)
sin (−α)
0

0
0
0
− sin (−α)
cos (−α)
0

0
0
0
0
0
1
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When the global stiffness matrices for each element are known they can be combined. First, the
global stiffness matrix Cr1 of rod 1 is combined with the global stiffness matrix Cl1 of the leg of the
star connected to rod 1. Since the rod and leg are serial elements the combined stiffness matrix
Crl1 can be calculated using:
1
1
1
=
+
(D.13)
Crl1
Cr1
Cl1
The stiffness at the center point of the star Crl can be obtained by combining the matrices Crl1 ,
Crl2 and Crl3 . Since the elements rl1, rl2 and rl3 are parallel Crl can be calculated using:
(D.14)

Crl = Crl1 + Crl2 + Crl3

Note that in this approach the center of the intermediate body is taken as the point of rotation.
Parasitic movements of the intermediate body during probing are thus not taken into account. The
method will therefore result in a diagonal stiffness matrix for the intermediate body.
The stiffness matrix at the sensor tip Ct can be found by taking into account the stiffness of the
stylus Cst and the position of the tip, relative to the intermediate body:


Cxx,t
Ct =  0
0
Where:

0
Cyy,t
0

0
0
Czz,t




(D.15)
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Cxx,t
Cyy,t
Czz,t
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=



=



=



1
Cxx,rl
1
Cyy,rl
1
Czz,rl

l2
1
+ st +
Cββrl
Cxx,st
2
lst
1
+
Cααrl
Cyy,st
−1
1
+
Czz,st

+

−1

−1

Here lst is the length of the stylus and Cxx,st is its bending stiffness in x direction.
Note that the probe tip is assumed to be positioned exactly above the rotation point of the intermediate body. Displacements as a result of an off axis position of the sensor tip are therefore not
taken into account, resulting in a diagonal stiffness matrix at the sensor tip. The stiffness model
discussed in section D.5 does take these effects into account as well the parasitic movements of the
intermediate body.
For the redesign, discussed in section 3, the stiffness matrix at the sensor tip Ct for a stylus length
lst of 7 mm and a length lr , width wr and thickness tr of the rods of 1.6 mm, 160 µm and 30 µm,
respectively, the stiffness matrix in N/m is given by:


280.5
Ct =  0
0

0
297.0
0


0
0 
425.2

(D.16)

When all elements except the slender rods are taken as infinitely stiff, the same calculation yields:


428.3
Ct =  0
0

0
467.8
0


0
0 
469.3

(D.17)

From equation D.16 and D.17 it can be seen that Cxx,t 6= Cyy,t , due to the anisotropic Young’s and
shear modulus of the silicon base material, as discussed in appendix D.3. Another point of interest
is the ratio of the coefficients between both equations. Ideally, a tip displacement should result in a
deformation of the slender rods only. However, since the intermediate parts have a finite stiffness,
a tip displacement will also result in a deformation of the intermediate parts. A low stiffness of the
intermediate parts will therefore result in a lower deformation of the slender rods for a given tip
displacement.
By comparing equation D.16 to equation D.17 it can be seen that the ratio of Czz,t between both
equations is 1.10. The ratios of Cxx,t and Cyy,t are 1.53 and 1.58, respectively, due to a relative
low bending stiffness of the stylus compared to its axial stiffness.
Decreasing the thickness tr of the slender rods to 10 µm yields:


15.6
Ct =  0
0

0
17.0
0


0
0 
17.3

(D.18)

When all elements except the slender rods are taken as infinitely stiff, the same calculation yields:


15.9
Ct =  0
0

0
17.4
0


0
0 
17.4

(D.19)

It can be seen that the ratio of Cxx,t , Cyy,t and Czz,t between equation D.18 and D.19 is 1.02, 1.02
and 1.01, respectively.
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Decreasing the ratio indicates a higher deformation of the slender rods for a given tip displacement
and thus an increase in sensitivity. However, the bending of the rods is measured using piezo
resistive strain gauges mounted on top of the rods. Decreasing the height of the rods also decreases
the strain in the rod at the position of the strain gauges. Therefore, an optimum rod height can
be calculated for a given sensor design, in which the ratio between the height of the rods and
the sensitivity loss due to finite stiffness effects is maximized. This is discussed in more detail in
section 2.3.1.
Finally, the anisotropic stiffness of the sensor suspension can be compensated by adjusting the
width wr of rod 1 and 2, as discussed in appendix D.5 and section 3.2.1. An isotropic stiffness is
obtained for a stylus length lst of 6.7 mm:


19.7
Ct =  0
0

D.5


0
0 
19.7

0
19.7
0

(D.20)
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In the previous section a stiffness model of the sensor is discussed. However, as already mentioned
several assumptions were made that limit its use when analyzing the influence of the anisotropic
stiffness in silicon and an off-axis position of the sensor tip. Therefore a model of the suspension
is introduced in this section in which all elements other than the slender rods are assumed to have
infinite stiffness.
First the stiffness matrix for each rod is calculated using equation D.2. Here cxx3 is the element cxx
of stiffness matrix Cr3 of rod 3. As mentioned in appendix D.3 rod 1 and rod 2 are oriented along
equivalent crystallographic directions. Therefore Cr1 = Cr2 = Cr12 with coefficients cxx12 . . . kzz12 .
As shown in figure D.1, the rods have a relative rotation to rod 3 within the suspension. The
R
rotated stiffness matrices CR
r1 and Cr2 for a rotation around the z axis of 120 and 240 degrees
respectively are given by:

CR
r1
CR
r2

=
=





R120
∅
R120
∅

∅

R120
∅

R120



Cr12

2



Cr12



R120
∅
R120
∅

∅

R120
∅

R120

−1

−2

,

(D.21)

Where R120 is a rotation matrix for a rotation of 120 degrees about the z-axis:

R120



cos(120)
=  sin(120)
0

− sin(120)
cos(120)
0


0
0 
1

(D.22)

The position pr3 at which the endpoint of rod 3 is connected to the intermediate body, as shown
in figure D.1, is given by:

pr3




xr
≡  yr 
0

(D.23)

pr1 and pr2 can be calculated by rotating pr3 about the z-axis, over 120 and 240 degrees respectively; analogous to equation D.21.
During probing, a force f t is applied to the probe tip. The position of the tip pt and the force vector
f t are given by:
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ptx
pt =  pty 
ptz


(D.24)


ftx
f t =  fty 
ftz


(D.25)

Due to the force f t , the intermediate body will translate over xi and rotate over ri . The translations
and rotations of the intermediate body are gathered together in di :

di =



xi
ri





xix
xiy
xiz
rix
riy
riz




=













(D.26)

Due to the translation and rotation of the intermediate body, the free ends of the rods will be
displaced over dr :
drn =



xi + ri × prn
ri



,

(D.27)

n = 1,2,3

The forces f rn and moments mrn acting on the rods, gathered together in grn , can be calculated
by multiplying drn with Crn :
grn ≡



f rn
mrn



= Crn drn ,

(D.28)

n = 1,2,3

Assuming a static situation, the sum of forces and the sum of moments acting on the intermediate
body should equal zero:

3
X

−f rn

=

0

(−mrn + prn × −f rn )

=

0

ft +

n=1

pt × f t +

3
X

n=1

(D.29)

By solving these equations, the rotations and translations of the intermediate body can be written
as function of the applied force on the probe tip:






di = 





2
3
2
3

−1
2
3 ftx crxx + cryy 
−1
2
3 fty crxx + cryy
−1
1
3 ftz (crzz )
−1
(pty ftz − ptz fty ) krxx + kryy + crzz x2r + 2ckrzx yr + crzz yr2
−1
(ptz ftx − ptx ftz ) krxx + kryy + crzz x2r + 2ckrzx yr + crzz yr2
−1
1
2
2
3 (ptx fty − pty ftx ) krzz + cryy xr + crxx yr − 2ckrxz yr












(D.30)

Because lr is at least one order of magnitude larger than tr , cryy is at least two orders of magnitude
larger than the other cr -constants. As a result, displacements of the tip due to translations of the
intermediate body in x- and y-direction or rotation about the z-axis are two orders of magnitude
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smaller than displacements of the tip due to rotations of the intermediate body. Neglecting displacements of the intermediate body in x- and y- directions the applied force on the tip can be
written as function of the displacement of the intermediate body:



ft = 

3
2
3
2



−1
krxx + kryy + crzz x2r + 2ckrzx yr + crzz yr2  riy p−1
tz + 3czz ptx ptz xiz
−1

krxx + kryy + crzz x2r + 2ckrzx yr + crzz yr2 rix p−1
tz + 3czz pty ptz xiz
3crzz xiz

(D.31)

Assuming that the intermediate body does not rotate around the z-axis, i.e. rtz = 0, the displacement of the intermediate body is dependent on the tip displacement according to:



xtx − rty ptz

xty + rtx ptz

 
 xtz − rtx pty + rty ptx
xt + rt × −pt
di =
=

rt
rtx


rty
rtz





 
 
 
≡
 
 
 

0
0
xiz
rix
riy
0










(D.32)

It follows that:

xiz

−1
= xtz + pty p−1
tz xty + ptx ptz xtx

rix
riy

= −xty p−1
tz
= xtx p−1
tz

(D.33)

By substituting the equations of D.33 into equation D.31, the applied force on the tip f t can be
written as a function of the tip displacement xt :

(D.34)

f t = Cprobe · xt

Where Cprobe is the stiffness matrix at the probe tip:

Cprobe

And:



C11
=  C21
C31

C12
C22
C32


C13
C23 
C33

(D.35)
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3
1
czz12 + czz3 x2r + 3czx12 yr + czz12 yr2 p−2
tz
2
2


1
3
+
kyy12 + kxx12 + kyy3 p−2
tz
2
2



C11 =

2 −2
+ (czz12 − czz3 ) 2xr ptx p−2
tz + (2czz12 + czz3 ) ptx ptz



1
3
czz12 + czz3 yr2 + (czx12 + 2czx3 ) yr + czz12 x2r p−2
tz
2
2


3
1
+ kxx3 + kxx12 + kyy12 p−2
tz
2
2

C22 =

2 −2
+ ((czz12 − czz3 ) yr + czx12 − czx3 ) 2pty p−2
tz + (czz3 + 2czz12 ) pty ptz
czz3 + 2czz12

C33 =
C12 = C21 =

C23 = C32 =
C13 = C31 =

((czx3 − czx12 ) xr + (czz3 − czz12 ) xr yr ) p−2
tz
+ ((czz12 − czz3 ) yr + czx12 − czx3 ) ptx p−2
tz

−2
+ (czz12 − czz3 ) xr pty p−2
tz + (2czz12 + czz3 ) ptx pty ptz
−1
((czz12 − czz3 ) yr + czx12 − czx3 ) ptz + (czz3 + 2czz12 ) pty p−1
tz
−1
(czz12 − czz3 ) xr p−1
tz + (czz3 + 2czz12 ) ptx ptz

For a an isotropic suspension, Cr1 = Cr2 = Cr3 , equation D.35 reduces to [Widdershoven 04]:

Cprobe
b



= 

3
2b

2 −2
· p−2
tz + 3crzz ptx ptz
−2
3czz ptx pty ptz
3crzz ptx p−1
tz

3crzz ptx pty p−2
tz
−2
3
2 −2
2 b · ptz + 3crzz pty ptz
−1
3crzz pty ptz

= krxx + kryy + crzz x2r + 2ckrzx yr + crzz yr2


3crzz ptx p−1
tz

3crzz ptx p−1
tz
3crzz

(D.36)

Note that for an ideal position of the probe tip, ptx = pty = 0 and ptz = lst , this stiffness matrix
reduces to a diagonal matrix where C (1,1) = C (2,2), in accordance with the stiffness matrix
calculated by Pril [Pril 02].

D.6 Stresses in the slender rods
It is assumed that the slender rods are infinitely stiff for loads in their length direction, compared
to other stiffnesses, i.e. cryy = ∞. The forces and moments acting on the rods are transformed to
their local frames, i.e. their length direction is aligned to the y-axis:

g′r3
g′r1
g′r2

= gr3

R120
=
∅

R120
=
∅

∅

R120
∅

R120

−1

−2

gr1
gr2

(D.37)
(D.38)

From these forces and moments, the stresses in the rods can be calculated. The shear and tensile
stresses, gathered together in a vector σ n , can be calculated by multiplying g′rn with a 6x6 matrix
S [Pril 02]:
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σn ≡ 




σnxx
σnyy
σnzz
σnyz
σnxz
σnxy






 = Sg′
rn




(D.39)

Where:


0


 −


S=




0

β(α− 21 )tr lr

1
Ar

Irz

0
0

0
0
0
0

1
Ar

0

0
−

(

)wr lr
2Irx

α− 12

0
0
0

1
Ar

0

0

0

1
− Irx
0
0
0
0

0
0
0

xr
Irz

Gr tr
kryy lr

0






0 

0 

0 
0

(D.40)

Here, Irx and Irz are the second moment of area around the x- and z-axis, respectively, and Ar is
the cross-section of the rod. The dimensionless parameters α and β indicate the position on the
rod in local coordinates in y- and z-direction, respectively, as shown in figure D.2. Naturally, the
maximum stress will be at the ends of the slender rod, i.e. α = 0 and α = 1, at the top and top and
bottom, i.e. β = 12 or β = − 12 .
For slender rod 1, equation D.39 yields:

σ 1 = Sg′r1

tr
= 3
2lr lst










0
Er (−12αxr xtx + (6αlr − 12αyr − lr ) xty − 12αlst xtz )
0
0
−2Gr lr2 xtx
−Er tr (−2xr lr xtx + (lr − 2yr ) xty − 2lst xtz )










(D.41)

Here, Er is the Young’s modulus and Gr is the shear modulus of the slender rod, and xtx , xty and
xtz are the displacements of the probe tip in x-, y- and z-direction, respectively. The length lr ,
width wr and thickness tr of the slender rod and their position in the chip, given by xr and yr , are
indicated in figure D.1.

D.7

Conversion matrix

The resistance of the piezo resistive strain gauges, located on the surfaces of the slender rods,
depends on the local strain. As discussed, the stress at the top surface is given by equation D.39,
where β = 21 tr . Using Hooke’s law, i.e. σ = Eε, the strain ε at the top surface is given by:





εn ≡ 




εnxx
εnyy
εnzz
εnyz
εnxz
εnxy





 σn
=
 Er



(D.42)

Polysilicon strain gauges are sensitive to longitudinal and transversal strain only. Therefore the
relative change of their resistance ∆R/R can be described as:
∆R
= Gl εyy + Gt εxx
R

(D.43)
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where the longitudinal and transversal gauge factors Gl and Gt are introduced. On each of the
rods four strain gauges are located, i.e. R1 . . . R4 . The resistance change is measured in a full
Wheatstone bridge circuit, as discussed in section 3.1.2. The measured voltage Vm across the
bridge in first order approximation can be calculated using:
Vm =

V0
4



∆R1
∆R2
∆R3
∆R4
−
−
+
R1
R2
R3
R4



(D.44)

where V0 is the supply voltage of the bridge circuit. The relative change of resistance can be
calculated using equations D.43 and D.42, with α = − 21 for R1 and R4 and with α = 12 for R2
and R3 . The strain can be expressed in the tip displacement xt . As the model is linear, the voltages
Vm1 , Vm2 , and Vm3 show a linear relation to the tip displacements. Hence the dependence can be
written in matrix form:

V m1
 Vm2  = Axt
V m3


(D.45)

The theoretical transformation matrix Atheory , as given by equation D.45, can be worked out to be:

Atheory

√
√

4ptx + 2xr + 2√3yr − √3lr
3tr Gl 
= V0 2
4ptx + 2xr − 2 3yr + 3lr
4lr ptz
4ptx − 4xr

√
4pty − 2√3xr + 2yr − lr
4pty + 2 3xr + 2yr − lr
4pty − 4yr + 2lr


4ptz
4ptz 
4ptz

(D.46)

Note that for an ideal position of the probe tip, ptx = pty = 0 and ptz = −lst , the theoretical
transformation matrix Atheory , as given by equation D.46, corresponds to the theoretical stiffness
matrix as calculated by Pril [Pril 02].
The sensitivity Si of the probe for a given direction i is now given by:
Si ≡

|Axti |
|xti |

(D.47)
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Appendix

E

Design considerations

E.1 Fundamentals of determinism
The behavior of the probing system is deterministic, i.e. its behavior obeys cause and effect relationships. The following quote by Donaldson illustrates the deterministic behavior of machine
tools [Donaldson 72A, Hale 99]:
A basic finding from our experience in dealing with machining accuracy is that machine
tools are deterministic. By this we mean that machine tool errors obey cause-andeffect relationships, and do not vary randomly for no reason. Further, the causes are
not esoteric and uncontrollable, but can be explained in terms of familiar engineering
principles. These explanations are not simply educated (or uneducated) guesses, but
are based on tests which are designed to isolate the sources of error. Once isolated, it is
usually found that the source of error can be reduced to a satisfactory level by relatively
simple and inexpensive means.
Determinism is both a principle, as illustrated by the quote above, and a philosophy, as illustrated
by the following quote [Bryan 84]:
A determinist will never agree that a fixed value of non-repeatability can be assigned
to a given machine. Such a value does not exist. Non-repeatability depends primarily
on the time, money, and skill (culture) of the user.
A consequence of determinism is that once cause and effect relationships are known their influence
on machine deviations can be compensated for. Therefore, an important aspect of a measuring instrument is its repeatability, i.e. ability of a measuring instrument to provide closely similar indications for repeated applications of the same measurand under the same conditions of measurement.
Ideally, a measuring instrument should be insensitive to disturbances, e.g. environmental changes,
and its behavior should be repeatable. This is the basis of the principles of precision machine
design as described in literature [Brouwer 07, Corbett 00, Hale 99, Schellekens 98, Slocum 92].
An important design principle is that of exact-constraint design, as will be discussed in the next
section.
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E.2 Exact-constraint design
An unconstrained rigid body has six degrees of freedom, i.e. it can translate in x-, y- and zdirection and rotate around the x-, y- and z-axis. When not all degrees of freedom for a given
body are constrained, the body is free to move in the unconstrained degrees of freedom. Fixation
of this body in space therefore requires all six degrees of freedom to be fixated.
A non-rigid body may have one or more degrees of flexibility, relatively speaking, that act as
additional degrees of freedom. For example, torsional stiffness of an open shoe-box is low in
comparison to the stiffness of other deformations. Thus, an open shoe-box has one internal degree
of freedom. Therefore seven degrees of freedom need to be constrained to fixate this body in space.
An ideal constraint would be rigid in one or more degrees of freedom and would allow absolutely
free motion in all other degrees of freedom. In practice stiffness of a constraint, such as a slender
rod or a small-area contact between two surfaces, is finite in the direction of fixation. Also, it has
a stiffness in the other degrees of freedom. However, since stiffness of a slender rod in its length
direction is several orders of magnitude higher than stiffness in other directions, it is assumed that
it only fixates one degree of freedom.
An important benefit of exact-constrained design is that it isolates sensitive parts or systems, e.g.
the metrology frame, from the influence of manufacturing tolerances or deviations in the support
frame or structural loop, e.g. due to temperature variations or loading of the frame. When a design
is over-constraint it often suffers from backlash and requires tight tolerances in order to function
properly. Therefore a divergence from exact-constraint design increases the cost of manufacturing
[Smith 92].
When a degree of freedom is fixated more than once, geometric deviations in the support frame
result in internal component stresses. This is shown for an in-plane mounting of a rectangular
component in figure E.1. Here, stress in the frame and component is shown due to a force on the
left edge of the support frame.

(a) Exact constrained

(b) Over constrained

Figure E.1: Stress in a component (center block) due to a deformation
in the frame: (a) component is connected to the frame in an
exact constrained manner, (b) component is connected to
frame in an over constrained manner, resulting in a higher
material stress in the component.
As mentioned before, a slender rod can be used to fixate one degree of freedom, as shown in figure
E.2 (a). Stiffness in the length direction of the slender rod is several orders of magnitude higher
than stiffness in other degrees of freedom. Therefore, all rigid body points along the constraint
line can move only at right angles to the constraint line, not along it [Blanding 92].
Two degrees of freedom can be fixated using two slender rods, as shown in figure E.2 (b). It
should be noted that if two constraints were to lie on the same line, they fixate the same degree of
freedom twice. Hence, two constraint lines on the same line result in one over-constrained degree
of freedom, figure E.1 (b), rather than constraining two degrees of freedom.
When two constraint lines intersect each other, as shown in figure E.2 (b), a virtual point of rotation
(PoR) is created. In figure E.2 (b), two rods fixate rigid body translation in x- and y-direction and
allow rigid body rotation around the z-axis through the instantaneous point of rotation (PoR).
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(a)

(b)
Rigid body

Rod

Point of rotation (PoR)

y
x

Figure E.2: Schematic fixation: (a) one degree of freedom is fixated:
translation in x-direction and (b) two degrees of freedom
are fixated: translations in x- and y-direction.

In order to constrain rotation around the z-axis as well, a third constraint is required which reacts
with a moment around the axis of rotation. This is shown in figure E.3, where three slender rods
fixate translations in x- and y-direction and rotation around the rigid body z-axis. Each slender
rod prevents rotation about the instantaneous point of rotation (PoR) formed by the other pair of
slender rods. As a result three degrees of freedom in the xy-plane are exactly constrained.
y

Rod 1

x
l23
PoR13

Rod 2

PoR12

Rod 3

PoR23

Figure E.3: Schematic fixation of three degrees of freedom: translations
in x- and y-direction and rotation around z-axis.
The lever arm length l23 is a relative measure of the constraint effectiveness, formed by rod 1, for
a rotation around PoR23 . Ideally, lever arms for all three rods should have the same length. In this
arrangement, constraint lines form an equilateral triangle, as shown in figure E.3, where triangle
size is a measure for rotational stiffness for given slender rod dimensions.

E.3 Thermal design considerations
When considering the influence of thermal effects on the measurement, it is important to distinguish between short term stability and long term stability of the metrology loop [Ruijl 01]. Short
term stability refers to the situation where the metrology loop has to be geometrically stable for the
duration of the measurement only. Parts that require long term stability need to be geometrically
stable during the time in-between two successive calibrations.
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For an absolute measurement, all parts of the metrology loop should have long term stability.
Changes in the metrology loop during the time in-between two successive calibrations influence
the measurement result. Changes should therefore be neglectable with respect to the required
uncertainty, or the influence on the measurement result should be known and compensated for.
In the situation of a coordinate measuring machine, all measured dimensions are relative with
respect to the work piece. Therefore, the measurement result is only affected by drift in the metrology loop when it takes place during the particular measurement period. The parts of the metrology
loop that only contribute to drift of the machine coordinate system therefore require short term
stability.
As stated by Bryan [Bryan 90] thermal distortions are in principle repeatable if examined close
enough. However, lack of physical understanding and modeling makes describing these effects
highly complex. Therefore, thermal distortions seem non-repeatable in most applications [Ruijl 01].
Also, disturbances due to handling or heat radiation of an operator can introduce large measurement deviations [Dutschke 96].
It is noted that thermal deviations should be considered for all parts of the metrology loop. For
coordinate measuring machines, this includes the contribution of the machine, probe and work
piece. For example, for an aluminum work piece with a nominal length of 10 mm a homogeneous
temperature change will result in a deviation of 230 nm/K, equation E.1.
Measures to reduce the thermal positioning or measurement deviations are often categorized as
[Bryan 90, Breyer 91]:
1. Minimizing and controlling the heat flow into the system;
2. Optimizing the machine design to obtain a small sensitivity to thermal disturbances;
3. Compensation of the deviations via software methods.
In its simplest form, the influence of a homogeneous temperature change ∆T on the change in
length ∆l of an object with nominal length l0 and a coefficient of thermal expansion α, is given by
[Florussen 02]:
∆l = αl0 ∆T

(E.1)

For a beam with a constant thermal gradient in y-direction, Gy , the deflection at the end of the
beam ∆y is given by:
∆y = αGy

l02
2

(E.2)

Where Gy is defined by:
Gy =

T (y2 ) − T (y1 )
y2 − y1

(E.3)

Here T (y1 ) and T (y2 ) are the temperature at the top and bottom of the beam at position y1 and
y2 , respectively.
Many precision machine designs use solid parts consisting of materials with a high thermal conductivity, e.g. aluminum, to minimize the influence of thermal gradients, equation E.2. When a
homogeneous temperature distribution over all parts of the metrology loop is assumed, calculation
of thermal distortions is relatively straightforward, e.g. using equation E.1.
Using this approach it is possible to create a system in which homogeneous temperature variations
do not influence the measurement result. An example is the system shown in figure E.4, where all
parts of the metrology loop, including the displacement probe, are made from the same material,
e.g. aluminum. In this system, a change in temperature will, in principle, result in an expansion of
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all components which, when combined, cancel each other out. Therefore, the probe measurement
will not be influenced by temperature changes in this system1 . However, as mentioned by Ruijl
[Ruijl 01] the two main limitations for this approach are:
1. The heat flow resistance at the interface between the separate components of the metrology
loop;
2. The transient and frequency response if the time constants of the components of the metrology loop are different.

Machine frame

Probe

Work piece

First part of loop:
work piece + probe

Second part of loop:
machine frame

Figure E.4: Schematic of the thermal loop through a CMM frame, probe
and work piece.
The method of assembly, e.g. glue, guide ways, gap of an air bearing and other local thermal
resistances may greatly influence the thermal behavior of a system. For example, the heat flow
resistance across the gap of an air bearing with a height of 10-15 µm equals the heat flow resistance
of about 60-100 mm aluminum [Ruijl 01]. Forced heat convection, e.g. by internal water flow or
external air flow, can be used to improve the heat conduction between the components.
Looking again at figure E.4 it can be seen that the time constants of the separate components in
the metrology loop are not the same. It is assumed that all components in figure E.4 behave as a
first order system, where the frame has a time constant of 1 hour and the work piece and probe
both have a time constant of 10 minutes. Figure E.5 shows the relative thermal expansion of the
first part of the metrology loop, consisting of work piece and probe, and the second part of the
loop, consisting of the frame, as shown in figure E.4.
The difference between the expansion of the first and second part of the loop is measured by
the probe as a displacement. The relative displacement as measured by the probe is shown by
the solid line in figure E.5. It can be seen that, even though all parts of the loop are made out
1 It is noted that a change in temperature may influence the reference of the probe system, e.g. a graduated ruler, which
will influence its sensitivity. However, when the probe tip is not displaced, as in figure E.4, the measurement result will
remain unaffected.
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1
Frame
Work piece + probe

Relative expansion

0.8

Measured by probe
0.6

0.4

0.2

0
10−3

10−2

10−1

100

101

102

103

Frequency in cycles per hour

Figure E.5: Relative thermal expansion of both parts of the metrology
loop and relative displacement as measured by the probe.

of the same material, the thermal loop is not thermally stable for temperature changes in the
critical frequency range. By improving the heat conduction between the components and using
an appropriate enclosure, the frequency spectrum can be controlled in a way in which it does not
excite the critical frequency range.

E.4 Dynamic and thermal considerations
As discussed in section 2.3.1, a deformation in the structural loop of the probe between its tip
and connection to the measurement instrument results in a decrease in measurement resolution.
Stiffness of center platform and stylus should therefore be as high as possible to assure that a probe
tip displacement results in a maximum slender rod deformation. However, the equivalent mass at
the probe tip should be minimized to decrease plastic deformation during a probing operation as a
result of impact forces, as discussed in section 2.1.3. These parts therefore require a light and stiff
design.
This can be obtained by structure design, as will be discussed in the next paragraph, and by an
appropriate choice of material. A light and stiff design is obtained for materials with a high Young’s
modulus E and low density ρ. Therefore, specific stiffness E/ρ is often used to compare materials,
and should be a high as possible for a light and stiff design. Table E.1 lists specific stiffness for
several common construction materials. Specific stiffness of ceramics, like silicon carbide (SiC)
and boron carbide (B4 C), is often 10 times as high as for other construction materials. Therefore
they are good materials when a light and stiff construction is needed.
A good indicator for an efficient use of material in the design of a structure is the von Mises
equivalent stress, as discussed in appendix F. Efficient use of material, and thereby a light and stiff
construction, is obtained when the von Mises equivalent stress σe is uniform across the structure.
This is shown by the example of a simple cantilever, as shown in figure E.6.
It can be seen that stress in the cantilever is high at the point of fixation, i.e. fixed world, and
decreases near its free end. This can be understood by looking at moment M (x) at position x
in the length direction of the cantilever. The moment is given by M (x) = F (l − x), and is thus
maximized near the fixed end, where x = 0, and minimized near the free end of the cantilever,
where x = l. Since mechanical properties of the cantilever are uniform in its length direction, the
stress distribution is not.
The second point of interest in figure E.6 is the stress distribution in the thickness direction of
the cantilever. It can be seen that stress in the neutral plane of the cantilever is low, ideally zero,
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Material

Cast iron
Invar
Aluminum
Steel
Granite
Zerodur
Tungsten Carbide
Silicon
Silicon carbide (SiC)
Boron carbide (B4 C)

185

Young’s
modulus
E in Pa

Density ρ
in kg/m3

Specific
stiffness
E/ρ

Normalized
specific
stiffness

x 109
100
145
70
200
75
91
627
100
370
450

x 103
7.3
8.1
2.7
7.8
2.7
2.5
14.9
2.3
3.0
2.5

x 106
14
18
26
26
28
36
42
43
123
179

1.0
1.3
1.9
1.9
2.0
2.6
3.1
3.1
9.0
13.0

Table E.1: Material properties of several construction materials [Vaccari 02].

Figure E.6: Contour band plot of the von Mises stress in a simple cantilever with a force exerted on its free end.
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Cross-section

B
b
B
b

B

b

b

b = 0.2B

b = 0.05B

Mechanical properties of the structure
Stiffness
1
Frequency
1

5.9
2.4

99
10

Thermal properties of the structure
Time constant
1
Bending deformation
1

3.3
2.5

13.3
10

Table E.2: Mechanical and thermal properties for three cantilevers with different cross sections and
equal material volume. Values of the solid cantilever are scaled to unity and its height
H is given by H = 2B.

whereas stress in the top and bottom plane of the cantilever are maximized. For pure bending,
as shown in figure E.6, material near the neutral plane is not used effectively. To improve the
structure’s stiffness per weight, structural parts with a high stress, e.g. top and bottom plane,
should be reinforced using material from structural parts with low stress, e.g. near the neutral
plane. In the cantilever example of figure E.6 this would result in a hollow structure [Ruijl 01].
Eigen frequencies fe of bending modes of such a cantilever can be described by the Euler-Bernoulli
cantilever model [Karnovsky 04]. Following this model, natural frequencies fe of cantilever bending modes are proportional to [Han 99]:

fe ∝

s

E I
ρA

(E.4)

Table E.2 shows the stiffness and eigen frequency of three cantilevers with different cross sections.
The second point of interest for these cantilevers are frame deformations due to thermal distortions. These distortions are especially important in the metrology frame, as discussed in section
E.3, and are often a main source of measurement deviations [Bryan 90].
Cantilevers with a hollow cross section result in a higher stiffness per weight of the construction,
as shown in table E.2. However, structures with a small wall thickness b also have a high area per
volume and thus a low time constant with respect to homogeneous thermal variations of the environment. As a result these structures are more sensitive to environmental thermal disturbances.
However, thermal conductivity for a cantilever with hollow cross section also decreases when
thickness b decreases. As a results, the structure is more susceptible to thermal deformations, e.g.
bending, due to a thermal gradient. As discussed in [Breyer 91, Ruijl 01] bending deformation δf
of a cantilever due to a constant heat flux is proportional to:
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Material

Granite
Steel
Boron carbide (B4 C)
Cast iron
Aluminum
Invar
Tungsten Carbide
Silicon Carbide (SiC)
Silicon
Zerodur

Thermal
conductivity
λ in W/m · K
3.5
27
29
60
237
16
100
120
115
1.64
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Lin. thermal
expansion
α in K−1

Thermal
quotient
λ/α

Normalized
thermal
quotient

x 10−6
7
10
6
11.5
23.2
1.5
7.3
4.6
4.2
0.05

x 106
0.5
2.7
4.8
5.2
10.2
10.7
13.7
26.1
27.4
32.8

1.0
5.4
9.7
10.4
20.4
21.3
27.4
52.2
54.8
65.6

Table E.3: Material properties of several materials, sources [Vaccari 02].

δf ∝

αB
λ 2b

(E.5)

Where, α is the coefficient of linear thermal expansion and λ is the thermal conductivity of the
structure material. Table E.3 lists the coefficient of linear thermal expansion α and thermal conductivity λ for several construction materials. It should be clear that bending deformation δf
decreases when the ratio of λ/α increases.
The time constant and bending deformation δf are also shown in table E.2 for the three listed
cantilevers. It should be clear that the thermal time constant of a hollow structure is higher than
the thermal time constant of a solid structure. The response of a hollow structure to homogeneous environmental temperature variations is thus lower. In other words: it takes longer for the
structure to reach its equilibrium temperature, but when in equilibrium it is less susceptible to
homogeneous variations in environmental temperature. When the temperature of a structure is
known, it is possible to compensate for the effects of a homogeneous temperature variation.
From table E.2 it can also be seen that a hollow structure is more sensitive to bending deformation
due to a thermal gradient, i.e. due to a local heat source. Internal and external heat sources often
result in a thermal gradient and thermal bending deformations are therefore a main influence on
measurement deviations in the metrology loop [Bryan 90]. Compensation of this effect requires
detailed knowledge on the temperature distribution throughout the metrology frame. For these
reasons a solid cross section of structures in the metrology frame is preferred for most applications.
However, it should be clear that this is somewhat system specific.
From tables E.3 and E.1 it can be seen that the optimum material choice in a structure depends on
its function. The function of structural loop can best be performed by a frame with a high specific
stiffness [Hale 99, Schellekens 98, Slocum 92]. From tables E.1 and E.2 it can be seen that when
the cantilever is used as a structural element it is ideally hollow and manufactured from a material
with a high specific stiffness. The stiffness per weight of a hollow (b = 0.05B) boron carbide
cantilever is approximately 1300 times that of a solid cast iron cantilever.
The function of metrology loop can best be performed by a frame with a high (thermal) stability.
Minimum bending deformation due to a constant heat flux is obtained when the cantilever has
a solid cross section and materials used have a high thermal conductivity and low coefficient
of thermal expansion. From tables E.3 and E.2 it can be seen that the bending deformation δf
of a hollow (b = 0.05B) granite cantilever is approximately 650 times higher than the bending
deformation of a solid zerodur cantilever.
In high precision coordinate measuring machines, the metrology loop is often isolated from the
structural loop [Ruijl 01, Seggelen 07]. Forces on the structural frame are thus isolated from the
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metrology frame, which minimizes their influence on the measurement result. By using a different
frame for metrology and structural loop, the design of each frame can thus also be optimized with
respect to its function, as discussed in this section.

Appendix

F

Von Mises equivalent stress

The root mean square maximum shear stress for a complex three-dimensional state of stress is
given by [Fenner 89]:

τm

v
u
u1
=t
3



σ1 − σ2
2

2

+



σ2 − σ3
2

2

+



σ3 − σ1
2

2 !

(F.1)

For simple uniaxial tension, where σ1 = σe , σ2 = 0 and σ3 = 0, this becomes:
σe
′
τm
=√
6

(F.2)

′
By equating τm and τm
we obtain:
2

2

2

2σe2 = (σ1 − σ2 ) + (σ2 − σ3 ) + (σ3 − σ1 )

(F.3)

Under plane stress conditions, where σ3 = 0, the von Mises equivalent stress σe is obtained
[Fenner 89]:
σe =

q

σ12 + σ22 − σ1 σ2

(F.4)

Where σ1 and σ2 are given by:
σ1,2 =

1
σxx + σyy
±
2
2

q

2

2
(σxx − σyy ) + 4τxy

(F.5)

When σyy = 0:
σ1,2 =

σxx
1q 2
2
σxx + 4τxy
±
2
2

Which leads to:
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Appendix

G

Hertz contact mechanics

G.1

Introduction

Contact between probe tip and work piece causes elastic deformation of both probe tip and work
piece. When the contact force is high enough plastic deformation will occur. The highest contact
forces are observed during collision, as modeled in sections 2.1.3 - 2.1.5. For the elastic-plastic
theory [Johnson 85, Dekkers 02] used in this model the following assumptions are made:

• Hertz contact theory is applicable;
• The probe tip is a perfectly smooth sphere;
• The work piece is a perfectly smooth plane.
The first section discusses the elastic deformation of a sphere on a plane, the following section
considers the elastic-plastic deformation and in the last section the effects on probe design are
discussed.

G.2

Elastic deformation

Hertz contact stress is used to describe the deformation of a planar work piece due to a force
exerted by the probe tip, as depicted in figure G.1. Here, a probe tip with radius r, E-module E1
and Poisson ratio ν1 exerts a force FHz on a planar work piece with E-module E2 and Poisson ratio
ν2 . Due to elastic deformations a circular contact surface with radius a and an indentation δ of the
probe tip in the work piece arises.
Following Hertz contact theory the following equation’s hold [Johnson 85]:
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E1 , ν1

FHz
Probe tip
r1
a

Work piece

E2 , ν2

δ

Figure G.1: Schematic view of contact between probe tip and work
piece.
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In these equations FHz is the Hertz contact force and p0 is the maximum occurring Von Mises stress
in the plane. The reduced radius r and the reduced E-module Ered are given by:
1
r
1
Ered

1
1
+
r1
r2
1 − ν12
1 − ν22
+
E1
E2

=
=

(G.5)

For a planar work piece r2 is infinite, thus r = r1 .

G.3

Elastic-plastic deformation

The elastic-plastic deformation takes place when the maximum occurring Von Mises1 stress following equation G.4 exceeds 1.61 times the yield strength, p0 = 1.61σ0.2 , the Tresca2 criterion
[Tabor 51, Johnson 85].
Using the Tresca criterion in equations G.2 and G.3 yields the indentation and pressing force at
which elastic-plastic deformation begins:

δY

= r

FY

=



1.61πσ0.2
2Ered

2

π 3 r2 (1.61σ0.2 )
2
6Ered

(G.6)

3

(G.7)

1 Deformation work hypothesis: plastic deformation begins as soon as and there where the load per unit volume exceeds
a critical value.
2 Shear stress hypothesis: plastic deformation begins as soon as and there where the largest shear stress in the system
exceeds a critical value.
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For a sapphire probe tip with a radius of 0.25 mm in contact with a planar aluminum work piece,
E = 70 GPa and σ0.2 = 280 MPa, the maximum contact force is 7 mN. For a measurement
range of 30 µm the stiffness of the probe suspension should therefore be less than 230 N/m. A
suspension with a higher stiffness or a measurement over a larger range will result in elastic plastic
deformation of the work piece. This will be discussed on the basis of figure G.2.
104
Unloaded

Loaded
Brass
Fully plastic

Steel

Elastic-plastic

103

Force F /FY

Bronze

102

10

1
102

10

Elastic

1

103

Indentation depth δ/δY

Figure G.2: Penetration into an elastic-plastic work piece by a spherical
indenter. Solid line: penetration under load. Broken line:
depth of unloaded crater [Johnson 85, Foss 22].
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The solid line in figure G.2 represents the elastic-plastic indentation with load and can be approximated by [Dekkers2002, Foss1922]:
F
=
FY



δ
δY

A F

10BF

(G.10)

The dashed line in this figure represents the remaining deformation δpl after removing the load
and is approximated by:
δ − δY
δpl
=
=
δY
δY



FHz
FY

A δ

10Bδ − 1

(G.11)
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Finally, the dashed-dotted line represents the pure elastic deformation, as discussed in the previous
section. The coefficients in equations G.10 and G.11 are determined with figure G.2:

AF = 1.09
BF = 0.75

G.4

Aδ = 0.78
Bδ = −1.04

Energy

In the previous section the indentation and the force at which elastic-plastic deformation begins
has been derived (equation’s G.6 and G.7). The maximum energy U which can be elastically stored
follows from:

UY =

Z

δY

FHz (δ)dδ =

0

π 5 r3 (1.61σ0.2 )
4
60Ered

5

(G.12)

It can be seen from this equation that the elastic energy a material can absorb until plastic deforσ5
mation begins is relative to E0.2
. By means of this ratio several materials can be compared. Table
4
red

G.1 gives an overview of several engineering materials3 .
Material
Copper
Bronze
Aluminum
Invar
Steel

E in GPa

σ0.2 in MPa

δY in nm

FY in mN

UY in pJ

124
100
70
145
200

330
310
280
483
885

16.31
19.94
29.26
29.04
63.08

4.54
5.21
6.91
11.82
47.06

29.61
41.55
80.82
137.32
1187.33

Table G.1: Mechanical properties of several engineering materials [Brady 02].
During a collision between probe tip and work piece the kinetic energy will be transformed into
deformation energy. The kinetic energy during first contact is given by:
Ukinetic =

1
mt v 2
2

(G.13)

Here v is the relative velocity between probe tip and work piece in m/s and mt is the dynamic
mass of the probe in kg.
This equation is used in figure G.3 to calculate the kinetic energy for a probe with a tip radius of
0.25 mm and a dynamic mass of 40 mg in collision with a work piece at a relative speed v in mm/s.
When the kinetic energy during collision exceeds the values given in table G.1, the work piece will
deform plastically. As can be seen in the graph above, copper and bronze exhibit elastic-plastic
behavior at measurement speeds of 1.5 mm/s or higher. The first part of the indentation will be
elastic deformation, as calculated in G.12. The second part is elastic plastic deformation and can
be calculated using equation G.10:
1
mt v 2 =
2

Z

δY

0

FHz (δ)dδ +

Z

δtotal

FHz (δ)dδ

(G.14)

δY

The plastic deformation to a work piece can now be calculated. This is done for several materials
and for different probing speeds in table G.2.
3 Material

properties depend on heat treatment.
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600

2
1.5
1
0.5

σ0.2 in MPa

500

Invar

400

300

Copper
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Aluminum

200
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100

200

Ered in GPa

Figure G.3: Comparison between kinetic energy during collision and
maximum energy for several materials from table G.1. As a
reference the kinetic energy is shown for an approach speed
of 2, 1.5, 1 and 0.5 mm/s.

Material

UY in pJ

Copper
Bronze
Aluminum
Invar
Steel

29.61
41.55
80.81
137.31
1187.32

Plastic deformation in nm
v = 3 mm/s v = 2 mm/s
14.21
14.19
12.90
6.63
0

8.41
7.68
0
0
0

v = 1.5 mm/s
4.76
2.41
0
0
0

Table G.2: Plastic deformation of a planar work piece in collision with a probe tip with a radius of
0.25 mm and a dynamic mass of 40 mg.
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In this appendix it has been assumed that the maximum relative velocity between probe tip and
work piece occurs during first contact. However, the relative velocity is affected by probe dynamics,
as shown in section 2.1.3.

Appendix

H

Uncertainty evaluation of the
setup

As stated in section H.1 the sensor calibrations in this thesis are performed using the plane mirror
differential setup discussed in section 1.6.1. As a result the uncertainty of the calibration setup contributes to the calibration uncertainty of the probe, as discussed in section 5.6. Table 5.2 in section
5.6 states the uncertainty in the calibration of the probing system. The effects on measurement
uncertainty, as mentioned in this table, are discussed in more detail in this appendix.
From the Guide to the expression of Uncertainty in Measurement [Gum 93]:
Although this Guide provides a framework for assessing uncertainty, it cannot substitute for critical thinking, intellectual honesty, and professional skill. The evaluation
of uncertainty is neither a routine tast nor a purely mathematical one; it depends on
detailed knowledge of the nature of the measurand and of the measurement. The
quality and utility of the uncertainty quoted for the result of a measurement therefore
ultimately depend on the understanding, critical analysis, and integrity of those who
contribute to the assignment of its value.

H.1 Traceability in length measurement
For each calibration, the traceability of the measurement is important to determine the uncertainty
of the method. Traceability is defined as:
The property of the result of a measurement or the value of a standard whereby it can
be related to stated references, usually national or international standards, through an
unbroken chain of comparisons all having stated uncertainties.
Historically the first system of length measurement was probably used in Mesopotamia around
6000 B.C. for use in agriculture. The first know length standard is the Egyptian and Mesopotamian
cubit. The cubit can be traced back to 3000 B.C. and corresponded to the length of the lower arm
of the reigning Pharao.
Over 200 years ago, on the 22nd of June in 1799, the meter was introduced as the standard of
length. The meter was defined as the ten-millionth part of the earth quadrant, the distance from
197
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the pole to the equator on sea level. The first standard based on this definition was a platinum
rod with a rectangular cross section. The distance between the end planes was based on a series
of measurements between Duinkerken and Barcelona between 1792 and 1795. An interesting
historical fact is that this first prototype meter bar was based on provisional results. Although it
was later determined to be short by a fifth of a millimeter due to miscalculation of the flattening
of the Earth, this length became the standard.
Since the requirements on the uncertainty of measurements have increased in time the definition
of the meter has been adjusted several times. Our current definition of the meter was introduced
in 1983 and is defined as the length of the path traveled by light in absolute vacuum during a time
interval of 1/299792458 of a second.
Comité Consultatif des Longueurs (CCL), formally the Comité Consulatif pour la Définition du
Mètre, has recommended three principal means for the realization of the meter according to this
definition. Of these three, the method most often used is based on stabilization of a number of
recommended radiations [CCDM 92]. The method used by all national standard laboratories is
the radiations method using an iodine-stabilised He-Ne laser at 473 THz or 633 nm, which has a
typical relative standard deviation of 5 · 10−11 .
There are two ways of obtaining a measurement result that is traceable [Wetzels 98]. The first
method is based on the system equation of a measurement system. This equation describes the
relation between the measurement result and all the parameters that affect it. If the uncertainty of
all parameters involved is known in relation to their respective standard, then their effect on the
measurement can be calculated.
In the second approach, the measuring instrument is treated as a black box. The instrument is
calibrated against another instrument that is part of a calibration chain, leading to the standard
of length. The latter approach has the advantage that all parameters that affect the measurement
are included in the calibration. A disadvantage lies in the fact that effects of the calibration itself
are also included. These effects should be much smaller than the uncertainty of the probe under
calibration. Therefore the number of steps in the chain of comparisons, necessary to connect a
probe to a primary standard, should be minimized.
The calibration of the probes, discussed in this thesis, is performed using the second approach.
The probes are calibrated using the plane mirror differential interferometer discussed in section
1.6.1. The measuring instrument in this setup, a laser interferometer, is calibrated using an iodinestabilized He-Ne laser, which connects the setup to the primary standard. In the remainder of
this appendix an overview is provided of the effects which influence the calibration and their
contribution to the uncertainty of the method.

H.2 Refractive index of air
In laser interferometry the number N indicates the number of wavelengths that fit in a distance d.
The wavelength λ is influenced by the medium, typically air, and environmental variations. The
refractive index n is a measure for the difference between the wavelength of the light source in
vacuum λvac and the wavelength in the medium λ under given environmental conditions:
d = Nλ =

N λvac
n

(H.1)

In practical applications, the refractive index n is used to compensate for the effects of the medium
and environmental conditions in which the measurement is performed. Several authors [Birch 88,
Birch 94, Bönsch 98, Ciddor 96, Edlén 66, Owens 67] published relationships for the refractive
index n in air for varying environmental conditions.
Under standard laboratory conditions, see table H.1, the refractive index of air can be calculated
to be 1.00027. In other words, the wavelength in air is decreased by 0.027% with respect to the
wavelength in vacuum. The maximum deviation, as stated in table H.1, is the maximum variation

H.3 Dead path length
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Nominal value

Temperature
Air pressure
Relative humidity
CO2 concentration

Maximum deviation
±0.2 ◦ C
±0.6 kPa
±10 %
±50 ppm

◦

21 C
101 kPa
50%
400 ppm

Table H.1: Standard laboratory conditions and maximum variation at the calibration setup.

Uncertainty
Temperature
Air pressure
Relative humidity

◦

0.12 C
0.35 kPa
5.8 %

Combined uncertainty in n

Sensitivity

Uncertainty in n

9.5 · 10
2.7 · 10−6
8.5 · 10−9

1.1 · 10−7
9.4 · 10−7
4.9 · 10−8

−7

9.4 · 10−7

Table H.2: Uncertainty evaluation of the refractive index of air at the start of a measurement.

encountered within the polyethylene foam box used as shielding for the calibration setup when a
measurement is initiated.
As stated at the start of this section the refractive index is influenced by environmental variables.
For the purpose of this thesis a first order approximation can be used to calculate the influence
of temperature ∆T , pressure ∆P and relative humidity ∆R variations on the variation ∆n of the
refractive index of air [Bos 00, Bos 02, Decker 97]:
∆n = −9.5 · 10−7 ∆T + 2.7 · 10−6 ∆P − 8.5 · 10−9 ∆R

(H.2)

Using a square distribution of the maximum variation in the environmental variables, the uncertainty in the refractive index n at the start of the measurement is given by table H.2.
The uncertainty in the refractive index of air results in a deviation δd of the distance d as measured
by the laser interferometer, equation H.1:
N λvac
d
δd
=−
=−
δn
n2
n

(H.3)

For a measurement range of 5.5 µm the uncertainty in the displacement measurement of the laser
interferometer is thus 5 pm and can be neglected.
A change in the refractive index of air during the measurement influences the measurement when
the optical path length of the measurement and reference beams is not equal when the measurement is initiated. This is referred to as dead path length and will be discussed in the next section.

H.3 Dead path length
As mentioned in the previous section, the dead path length ld in an interferometric setup is defined
as the difference in optical path length between the measurement and reference beams when the
measurement is initiated [Leach 99, Zanoni 88]. Dead path deviations occur when there is a nonzero dead path and environmental conditions change during the measurement. The dead path
length can be incorporated in equation H.1 to obtain the measured displacement dc of the laser
interferometer:
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Uncertainty
Temperature
Air pressure
Relative humidity

◦

0.02 C
0.02 kPa
1.2 %

Combined uncertainty in n

Sensitivity

Uncertainty in n

9.5 · 10
2.7 · 10−6
8.5 · 10−9

1.9 · 10−8
5.4 · 10−8
1.0 · 10−8

−7

5.8 · 10−8

Table H.3: Uncertainty evaluation of the refractive index of air during a measurement period of 20
minutes.

dc =

Nc λvac
ld ∆n
−
4n2
n2

(H.4)

here Nc is the number of fringes counted by the laser interferometer during the displacement,
n2 is the refractive index at the end of the measurement, ∆n is the change in refractive index
over the measurement time, i.e. n2 = n1 + ∆n, and n1 is the refractive index at the start of the
measurement. It is noted that the number 4 in the denominator of equation H.4 depends on the
setup used. For the calibration setup, as discussed in section 1.6.1, a value of 4 is used since the
measurement and reference beams reflect two times at the measurement and reference mirror,
respectively.
Ideally, at the start of the measurement the measurement mirror should therefore be aligned with
the reference mirror. In the calibration setup as discussed in section 1.6.1 this would result in an
equal optical path length between the measurement and reference beams, and hence a zero dead
path length ld .
However, a mechanism is used to position the work piece to make contact with the probe tip.
The maximum resulting dead path length during probe calibration is 1 mm. Thermal expansion of
components may result in a variation of the dead path length during the measurement. However,
the calibration setup used is constructed such that homogeneous temperature variations do not
effect the dead path length. The calibration is performed in a temperature controlled laboratory
and the optical components are shielded. As a result the influence of variations in the dead path
length during a measurement on measurement uncertainty are in the order of 10 pm and can be
neglected.
The influence of a dead path length at the start of the measurement is an offset in the distance as
measured by the laser interferometer. Since the displacement and not the absolute value of the
measurement mirror is of interest, an offset at the start of the measurement does not influence
the calibration of the probing system. However, variations in the refractive index of air during the
measurement will influence the result when the dead path length ld is non zero, as indicated by
equation H.4.
Table H.3 shows the uncertainty in the value of the environmental variables during a 20 minute
measurement and the resulting contribution to the uncertainty in the refractive index of air during
a measurement.
Using equation H.4 with a dead path length ld of 1 mm the uncertainty in the distance as measured
by the laser due to the dead path length is 58 pm and can be neglected.
It is noted that by measuring the environmental variables, a correction to the wavelength during
the measurement can be applied. The uncertainty in this compensation results from the uncertainty
in the equations used, e.g. the uncertainty of the Edlèn equations is approximately 1 · 10−8 , and
the uncertainty with which the environmental variables are measured [Bos 00, Bos 02, Decker 97].
Another possibility is a direct measurement of the refractive index using a refractometer [Bos 02,
Eickhoff 97, Flügge 03].

H.4 Wavelength instability
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The nominal wavelength λHeN e of the stabilized Helium-Neon laser is approximately 633 nm and is
specified to have a relative stability of 2 · 10−9 . For a dead path length of 1 mm and a measurement
range of 5.5 µm a deviation of 2 pm is obtained, which can be neglected.

H.5 Periodic deviations
When the displacement as measured by a laser interferometer is plotted against the actual displacement of a mirror, an oscillation around the ideal straight line may be observed [Badami 00,
Bobroff 87, Flügge 96, Sutton 87]. This effect results from polarization leakage in the interferometer and is known as periodic or non-linear deviations of the laser interferometer [Freitas 95].
Figure H.1 shows the periodic deviation of the calibration setup, discussed in section 1.6.1, as
measured using the method by Cosijns [Cosijns 04].
2

Non-linearity in nm

1.5
1
0.5
0
-0.5
-1
-1.5
-2

0

0.5

1

1.5

2

Displacement in µm

Figure H.1: Measured periodic deviation in the calibration setup as discussed in section 1.6.1, black line: periodic deviations without compensation, grey line: periodic deviations after compensation.
The deviations due to polarization leakage are typically defined as first or second order periodic
deviations. First order periodic deviations have a frequency of one cycle per one wavelength
optical path change, and second order periodic deviations have a frequency of two cycles per
one wavelength optical path change [Cosijns 04]. The periodic deviations as shown in figure H.1
shown a peak-to-peak deviation of approximately 3.5 nm. It is noted that the deviations are first
order periodic deviations since the calibration setup used is a double pass interferometer. Since
the periodic deviation can be described by a sine-wave, the contribution of periodic deviations to
the measurement uncertainty when no compensation is applied is 1.2 nm.
Several authors have published methods to compensate for periodic deviations in a laser interferometric setup [Cosijns 04, Eom 02, Heydeman 81, Hou 92, Hou 94, Picotto 91]. Typically, the
distortions are described by a set of variables, which are estimated from the interferometric signal. This compensation can be performed in real-time by using two additional beam splitters to
analyze the signal from the laser and to the detector [Bos 02, Cosijns 04, Hou 92, Hou 94]. Using
the method by Cosijns [Cosijns 04] the periodic deviation of the calibration setup, the black line
in figure H.1, can be compensated for. The remaining deviation due to periodic deviations in the
calibration setup is indicated by the grey line in figure H.1 and has a top-top deviation of 0.1 nm.
The compensation of periodic deviations, as shown in figure H.1, is performed after the measurement. However, it was found that the parameters show a variation in time, possibly due to drift

202

Uncertainty evaluation of the setup

in the setup. As a result, a compensation based on a constant set of variables is not sufficient to
accurately predict the periodic deviations in the setup. Therefore a real-time measurement of the
parameter set, used to describe the effect of distortions due to periodic effects, is needed to compensate for these effects in the calibration setup [Bos 03]. Currently, no real-time compensation
for the distortions due to periodic deviations of the interferometer is implemented.

H.6 Mechanical misalignments
The calibration procedure of the tactile 3D probing system is discussed in appendix A.2. During the
calibration of the probe its behavior is measured in 4 directions, as shown in figure A.1, indicated
by the displacement matrix D:


0
D= 0
−1

1
0
0


1
−√
−√21
2
1
1

2 3 −2 3
0
0

(H.5)

During the calibration it is assumed that the alignment between the probing system and the calibration setup is described by the displacement matrix D. A variation in the direction in which
the calibration is performed, e.g. due to misalignments in the calibration setup, will therefore
influence the calibration result and hence the calculated transformation matrix A. The result is a
systematic deviation in the calculation of the probe tip displacement from the measurement signals
of the slender rods, equation 5.5.
The effects of a mechanical misalignment on the measurement uncertainty of the calibration procedure are discussed in [Pril 02, Widdershoven 04]. The misalignment as a result of manufacturing
tolerances in the bracket used to position the probing system on the setup, as shown in figures
1.21 and 1.22, is measured on a coordinate measuring machine to be in the order of 1.8 mrad.
This results in a maximum deviation of approximately 0.1%, which corresponds to a deviation of
5.5 nm for a displacement of 5.5 µm.
From equation A.1 in appendix A.2 it is clear that the displacement matrix D and the measured
sensitivity matrix M are coupled via transformation matrix A, i.e. D = AM. For the tactile 3D
probing system as discussed in this thesis, the measured sensitivity matrix M for the directions as
indicated in D is given by:


1.37
M = 1 · 106  1.43
1.44

−1.12
−0.15
1.28

−0.06
1.39
−1.03


1.33
−1.08 
−0.09

(H.6)

The resulting transformation matrix of the tactile 3D probing system is shown in equation 5.4. The
deviation between the displacement matrix D and the calculated displacement AM is now given
by:


0.000
AM − D =  0.000
0.000

0.001
0.001
−0.038

0.001
0.001
−0.038


0.001
0.001 
−0.038

(H.7)

It is noted that the term −0.038 results from the rolling effect, as discussed in section 2.2.1. The
rolling effect is not included in the displacement matrix D and thus results in a deviation between
the displacement matrix D and the calculated displacement AM. However, this is an actual displacement of the probe tip and does therefore not contribute to the measurement deviation of the
probing system.
The term 0.001 results from the mechanical misalignment of the probing system with respect to
the calibration setup, as discussed at the start of this section. It is noted that a deviation of 0.1%
corresponds to the value as calculated from the misalignment of the probing system and bracket
with respect to the calibration setup.

H.6 Mechanical misalignments
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The measurement deviation due to the mechanical misalignment of the probing system with respect to the setup during the calibration of the probing system is thus 5.5 nm for a 5.5 µm displacement. This contribution is systematic and hence a square distribution is used, resulting in
a standard deviation of 3.2 nm. It is noted that the contribution to the measurement uncertainty
is systematic and can thus be compensated for. The contribution to the measurement uncertainty
after compensation is below 0.1 nm.
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[Neugebauer 97] M. Neugebauer, F. Lüdicke, D. Bastam, H. Bosse, H. Reimann, C. Töpperwien,
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