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Pinnankarheus ja pintarakenne ovat keskeisiä tekijöitä kitkan ja kulumisen kannalta. Mik-roanturit ovat pieniä ja nopeasti reagoivia pinnankarheusantureita, jotka on valmistettuyksikiteisestä piistä. Mikroanturissa on ulokepalkki, jossa on mittakärki sekä venymä-liuska ulokepalkin taipuman mittaamiseen. Tämän työn tarkoitus on selventää mikroan-tureiden mahdolliset potentiaalit ja ongelmat teollisessa ympäristössä.
Mikroanturin luonnehdintaan suoritettiin neljä ISO 12179 kalibrointimittauksia. Kaksi sta-biilisuusmittausta suoritettiin tulosten vertaamiseksi tutkimusryhmien välillä.
Mittausten suorittamiseen kehitettiin piirilevy Technische Universität Braunschweigintoimittaman piirustusten perusteella, mikroanturin ohjaamiseen. Mittauksille suunnitel-tiin myös mekaaniset komponentit mikroanturin ja piirilevyn ympärille. Kuljetus laatikkosuunniteltiin ja 3D-tulostettiin, mikroanturin kuljetusriskien vähentämiseksi.
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Mikroanturi on herkkä monelle ulkoiselle vaikutukselle. Ulkoiset vaikutteet jotka ovat ha-vaittavissa mittaustuloksessa ovat: henkilöiden määrä huoneessa; huoneenoven avaami-nen ja sulkeminen; ja mittauksen peittäminen kankaalla.
Mikroanturi on hauras. Mikroanturin piirilevyyn kiinnitys ja liitoslankojen lisäyksen ai-kana viisi mikroanturia hajosi. Yksi liitoslanka irtosi, kun se putosi maahan kiinnittämät-tömänä suojalaatikossaan, ja tämä vaati korjausta. Kaksi mikroanturia tuotettiin käytet-tävään tilaan ja käytettiin tässä diplomityössä.
Tämä mikroanturi arviointi on osa EU:n rahoittamaa EMPIR projektia 17IND05 MicroPro-bes ”Multifunctional ultrafast microprobes for on-the-machine measurements”.
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Abstract
Surface roughness and surface texture are key contributors to friction and wear. Micro-probes are small, responsive tactile surface roughness sensors made from single-crystalsilicon. The microprobe features a cantilever with a stylus and a strain gauge to measurethe deflection of the cantilever. The intent of this thesis is to explore potential and com-plications of microprobes, with an industrial environment in mind.
To characterize the microprobe, four different ISO 12179 calibration measurements wereperformed.  Two additional stability benchmarks were performed to compare results be-tween research groups.
A printed circuit board (PCB) was developed based on a design provided by TechnischeUniversität Braunschweig to control the microprobe. A mechanical structure was de-signed and constructed around the microprobe and PCB for the measurements. A trans-portation box was designed and 3D-printed for safer transportation of the microprobe.
The microprobe has the potential to perform very precise measurements of 10–20 nmunder perfect conditions. External influences can greatly affect the precision of the mi-croprobe. Detecting features smaller than 200 nm might not be possible in an industrialenvironment, as they can be indistinguishable from external vibrations and backgroundnoise.
The microprobe is sensitive to multiple external influences. Factors that can be noticedin the results are: the number of people in the room; opening and closing the room door;and covering the measurement with a cloth.
The microprobe is fragile. During attachment and bonding to PCBs, five microprobesbroke. One bonding wire was detached, requiring repair; after it was dropped while un-fastened in its transportation box. Two microprobes have been produced to a usablestate and used in for this thesis.
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°C [K] degrees CelsiusA [ ] areaE [ ] Young’s modulusHz [1/s] cycle per secondGF - gain factor
κ [ ] curvatureL, l [m] distance or lengthPa [m] arithmetical mean deviation of the assessed profileR [Ω] electrical resistanceRSm [m] mean width of profile elementsRa [m] arithmetical mean deviation of the assessed profileRPM [1/s] revolutions per minuteRSm [m] mean width of profile elementst, [m] thicknessV [ ] electric potential- Poisson’s ratio
Δl [m] change or difference in length
ΔV [V] change in voltage
ε - strain
ρ [ ] electrical resistivity
σ [ ] stress
Ω [ ∗

∗
] electrical resistance
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1 Introduction
Surface roughness is an important factor in mechanical engineering and other fields. In tri-bology, surface roughness and surface texture are key contributors to friction and wear,which account for an estimated 23 % of the world’s energy production (Holmberg &Erdemir, 2017). Surface roughness also affects scattering in optical reflections.
Within the metal-industry sector, surface roughness measurements are generally performedwith tactile profilometers, where a stylus trails the surface of the object measuring heightvariations as shown in Figure 1.1. Non-tactile methods exist but are not generally employedin a factory environment, as tactile methods are generally seen as more cost effective andreliable.

Figure 1.1 A tactile profilometer tracing a surface.
Traditional tactile surface roughness methods, which have an accuracy of less than 100 nm,generally have a measurement speed of 0,5 to 1,0 mm per second. With microprobes, speedsof 10 to 15 mm per second are achievable, allowing precise measurements up to 30 timesfaster. The challenge with high measurement speeds is higher wear on the microprobe meas-uring tip and the measured object; there is also a higher risk of tip flight (measurement tiplosing contact with the measured object).

1.1  Research problem
This thesis will strive to answer the following questions:- What problems can become an issue for on-the-machine measurements using mi-croprobes?- Are microprobes suitable for measuring surface roughness on ground rolls?- Can microprobes detect expected defects on ground rolls?

1.2 Goal
The goal of this thesis is to evaluate and characterize Microprobes in laboratory conditionsto determine their suitability and detect possible problems that arise for “on-the-machine”
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measurements. The evaluation is an initial step to implementing “on-the-machine” measure-ments in machine shop conditions. The purpose of the study is to identify possible issuesthat need to be resolved before implementation for roll grinding machines.

1.3 Scope
This thesis was produced for VTT MIKES, the national metrology institute of Finland. Thisthesis is also part of a larger 3-year EU-funded project, “Multifunctional ultrafast micro-probes for on-the-machine measurements” (in short: MicroProbes), and the task “integrationof ultrafast microprobes into roll grinding machines”.
The characterization is limited to benchmark comparisons within the EU project and initialcalibration based on ISO 12179. The benchmark comparisons are limited to free hangingstability, contact stability and measurement of an optical flat. Calibration based on ISO12179 is limited to available known reference pieces described in ISO 5436. The scope ofsurface roughness is limited to machined surfaces.
1.4 Outline
The thesis is divided into six chapters, starting with the first chapter that presents the researchsubject in the introduction and further outlines the research problem, goal and scope. Chapter2 is a literature study with the main focus on surface metrology. Surface roughness, cantile-ver and strain gauge are also described as an introduction to the following chapters. Chapter3 describes the equipment, measurement setups and processes and how the measurementswere performed. Chapter 4 presents the measurement results followed by a discussion. Inchapter 5 the measurements are further explored and discussed with future implementationin mind. The final conclusions based on the findings are presented in Chapter 6.
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2 Theory
2.1 Metrology
Metrology is a science branch defined by the International Bureau of Weights and Measures(or Bureau international des poids et mesures [BIPM]) as the “science of measurement andits application” (JCGM, 2012). Measurements as a standard date back thousands of years,and our current SI system was formalized in 1875 with the “Metre Convention” that led tothe founding of the BIPM (Convention du Mètre, 1875).
2.1.1 Measurement error and uncertainty
Every measurement has some degree of imperfection (Leach, 2010), and the quality of ameasurement often derives from how well this imperfection is understood and quantified.The actual error is seldom obtained (JCGM, 2008). Instead, various methods are used toestimate the quantity and quality of the error and the uncertainty of how well this is esti-mated.

2.1.1.1 Measurement error
The measurement error represents the deviation between the measurement result and the truevalue (JCGM, 2012). The error is either random or systematic depending on its properties.Random and systematic errors usually have a multitude of error sources that can be identifiedand characterized.
Random errorA random error is an unpredictable component that produces different measurement resultswhen the same measurement is repeated (JCGM, 2008). The effect of random errors can bemitigated by taking multiple measurement samples. The average value of the measurementsevens out the random component.
Systematic errorA systematic error is a static component that will not produce different results (or has apredictable variation) when the same measurement is repeated (JCGM, 2012).

2.1.1.2 Measurement uncertainty
Measurement uncertainty is the “non-negative parameter characterizing the dispersion of thequantity values being attributed to a measurand, based on information used” (JCGM, 2012).The goal is to turn an unknown into a known unknown.
Probability distributions and standard deviationRandom phenomena can be described by probability distributions. In statistics there aremany possible distributions, but the normal distribution is the one most used. Standard de-viation describes the variation in the probability distribution (JCGM, 2008).
Type A evaluationType A evaluations are uncertainty evaluations that use statistical analysis to estimate un-certainty (JCGM, 2012). The reliability of the evaluation is linked to the amount of meas-urements used in the evaluation (JCGM, 2008). For example, random errors can be evaluatedby measuring repeatability, so that the standard deviation of the measured results can beinterpreted as a standard uncertainty.
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Ideally, the number of samples taken would provide the same statistical result (at a desiredresolution) as would be provided by taking one more result, i.e. (n) measurements providesthe same statistical result as (n + 1) and (n + n) measurements.
Type B evaluationThe type B evaluation covers determination methods that do not rely on statistical methodsfor repeated observations (JCGM, 2008, 2012). Examples include previous measurementdata, manufacturer’s specifications, calibrations or similar data from the accuracy class of averified measurement instrument, experience or knowledge of the properties of the instru-ment or material, and reference data obtained from handbooks (Bollström, 1997; JCGM,2008, 2012). The reliability of a type B evaluation can be as reliable as a type A evaluationwhen estimating a standard uncertainty, especially if the sample size is small (JCGM, 2008).
The type B evaluation does not necessarily provide an uncertainty as a multiple of a standarddeviation. Instead, the uncertainty can be stated as a probability within an upper and lowerbound. The distribution is usually estimated to be a normal distribution, although other dis-tribution can be a flat, non-linear, or any other distribution that correlates with the data.(JCGM, 2008)

2.1.1.3 Error sources
The total measurement error usually includes multiple different errors that can have differentsources. Examples of error sources are the measurement equipment, the measurer, the meas-urable object, the environment, and the measurement execution method (Bollström, 1997).The type and scale of the measurement affect the type of significant error sources present.

Figure 2.1 Chart of potential error sources. (Schmitt et al., 2016)
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2.1.1.4 Error scale

Not all errors are equal; the significance of an error is its portion of the total combined error.Errors that represent less than 1 % of the total error can generally be dismissed, as they havean insignificant impact.

2.1.1.5 Resolution
The measurement resolution represents the smallest change that can be measured (JCGM,2012). The resolution can be limited due to noise in the measurement data or the number ofdigits that fit into a bit or on a digital display (Leach, 2010). For example, a measuring tapeusually has a resolution of 1 mm, as this is the shortest distance displayed on it.

2.1.2 Calibration chain and traceability
Metrology strives to verify measurements through a traceable calibration chain. BIPM de-fines a metrological traceability chain as a “sequence of measurement standards and calibra-tions that is used to relate a measurement result to a reference” (JCGM, 2012). This chainstarts from a definition SI; for length this is “the length of the path travelled by light invacuum during a time interval of 1/299 792 458 of a second” (BIPM, 2019).
As stated earlier, the calibration chain creates a reliable knowledge of measurement uncer-tainties by tracing it back to the SI definition. An example of this is an object that is measuredwith a calibrated caliper or micrometer. The chain starts with the definition of the meter,which is used to calibrate a laser interferometer. The laser interferometer is then used tocalibrate a gauge block. The gauge block can then be used to calibrate a caliper or microm-eter. The measurement result of a micrometer can in this way be traced back to the definitionof the meter as depicted in Figure 2.2. For each step further away from the definition theuncertainty grows as the uncertainty for each step is compounded, and the measurementequipment is generally cheaper and more imprecise the further away from the definition it iscalibrated.
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Figure 2.2 Traceability pyramid depicting a calibration hierarchy (Hemming, 2007)

2.2 Surface roughness
Surface roughness is the topological feature of a surface and is a significant factor in esti-mating friction and wear (Whitehouse, 1994).
Traditionally, a surface is traced in a straight line, creating a two-dimensional profile of thesurface (Leach, 2013). Commonly, surface roughness is measured with large or small tactileprofilometers similar to those shown in Figure 2.3. The microprobe is a tactile instrument.Optical instruments can also be used but are not as common; one example is shown in Figure2.4. Atomic force microscopy, magnetic force microscopy, electrostatic force microscopyand laser force microscopy are a few other methods that can be used to measure surfaceroughness (Leach, 2013).
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Figure 2.3 Examples of tactile surface measurement devices. Small handheld device on the left (StarrInstruments, n.d.) and a larger system by Taylor Hobson on the right (Taylor Hobson, 2019).

Figure 2.4 Example of an optical surface roughness device. (Zygo Corporation, Fabio, & Banerjea, 2014)
2.2.1 Tactile surface roughness
Tactile measurements are generally seen as cheap and robust compared to other alternatives(Schmitt et al., 2016). The common tactile method is to trace the surface with a stylus meas-uring the height displacement during the traverse to create the two-dimensional profile.
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Figure 2.5 Illustration of a stylus tracing the surface of an object. (Lee & Cho, 2012)
2.2.1.1 Stylus

The geometry of the stylus determines the path traced. ISO 3274:1997 defines an ideal stylusshape as “… a cone with a spherical tip.” (ISO, 1997). The recommended size of the sphereis a radius of 2 µm (ISO, 1997). Larger tip sizes can be used for surfaces with larger surfaceroughness values; however, for Ra values under 2,0 µm a 2 µm radius tip should be used(ISO, 1997).
The size of the stylus tip may limit the surface features that can be measured, as it mayproduce a traced line that diverges from the actual surface. Some examples are shown infigure 2.6, such as flank contact when a part other than the tip touches the surface (blue line)or when the tip size obstructs proper tracing.
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Figure 2.6 Exaggerated illustration of a stylus (green) with a circular tip point (purple) tracing a surface(gray) and producing a traced line (red). An instance of deviation in the traced line due to flank contactis shown in blue.

2.2.2 Relevant standards for measurement of surface roughness
The surface roughness parameters most used in mechanical engineering are Ra and Rz.These, among many other parameters, are defined in ISO 4287:1996. The standard ISO4288:1997 defines lengths of measured profiles and parameters for filtering. The defaultstandard for filtering is the Gaussian filter defined in ISO 11562:1996.
Recent decades have seen a growing interest in 3D surface topography. A large number ofISO standards have been published in the ISO 25178 series. In this field, most measurementinstruments are optical.
2.3 Cantilever
A cantilever is a beam anchored at one end as shown in Figure 2.7. The shape of the beamcan vary, but we will use a beam with a rectangular profile.

Figure 2.7 Example of a cantilever.
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The deflection of the cantilever will create a strain concentration close to the anchor point(Kuzmenko, Timakov, Abakumov, Dobromyslov, & Odnodvorets, 2013) due to the discon-tinuity.
2.4 Strain gauge
A strain gauge measures the deformation applied to a conductive shape, usually a wire, bydetermining the change of resistance. This is generally done by measuring the electric po-tential of a continuous current over the deforming shape. The resistance (R) is calculated bymultiplying the material’s electrical resistivity (ρ) by the length (l) divided by the cross sec-tional area (A) as shown in the equation below. (Santaoja, 2010)

The strain correlates with the elastic deformation of the strain gauge. Jung describes therelation of the change in resistance (R) to the change in length with a gain factor (GF) (Jung,2005) as shown below.
Δ Δ

∗

The surface stress of a thin film on a cantilever can be estimated with Stoney’s equation(Passian & Thundat, 2011). This can be useful for estimating the strain on an n-doped surfaceof a single crystal silicon cantilever, if needed. Below, the surface stress (σ) relates to thecurvature (κ), thickness of the cantilever ( ), thickness of the film ( ), Young’s modulus(E), and Poisson’s ratio ( ) as follows (Pauleau, 2006):
σ −

κ

Some authors use a more simplified form to approximate the surface stress (Zhang &Hoshino, 2019):
σ

κ

The stress relates to the strain through Hooke’s law (Santaoja, 2010):
σ

2.4.1 Piezoresistive effect
With semiconductor strain gauges, the piezoresistive effect can be used to create a straingauge with much higher sensitivity (Jung, 2005), allowing the detection of smaller changesthan what would otherwise be possible.

2.4.2 Wheatstone bridge
A Wheatstone bridge is a resistance bridge used to measure small changes in resistance. It issupplied with an excitation voltage , sometimes called the bridge voltage. The node diag-onally opposite to  can be connected to the ground, with the four resistors marked with Rin Figure 2.8 in-between the ground and bridge voltage. The component being measured,
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in figure 2.8, indicates the difference in voltage between the two nodes. When all four resis-tors on the Wheatstone bridge have the same resistance, the voltage measured for  is 0 V,derived from the equation below. (Jung, 2005)

 =
1

1 + 4 −
2

2 + 3

Figure 2.8 Basic example of a Wheatstone bridge.  is the bridge supply, the resistors are marked withR, and  represents the voltage over the Wheatstone bridge (Jung, 2005)
Changing the resistance of one of the resistors creates an electric potential across . Thereare four common layouts for which resistor is changed, as shown in figure 2.9 (Jung, 2005).The relevant layout for this project is B, two-element varying (1).

Figure 2.9 Four possible Wheatstone bridge layouts. (Jung, 2005)
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3 Method
3.1 Equipment
3.1.1 Microprobe
The microprobe is a “miniaturized probe of single-crystal silicon with integrated piezore-sistive measuring bridge” (CiS Forschungsinstitut für Mikrosensorik und PhotovoltaikGmbH, n.d.). The important features of the microprobe are the Wheatstone bridge, thebonding pads, the cantilever, and the probe tip.

3.1.1.1 Probe tip
The probe tip is part of the same single-crystal silicon as the rest of the microprobe; it is aneight-sided pyramid of height 100 µm. The tip has a radius of less than 2 µm (when new)and an opening angle of 50°.

Figure 3.1 Picture of a microprobe, and an enlarged picture of the tip in the upper right corner. (CiSForschungsinstitut für Mikrosensorik und Photovoltaik GmbH, n.d.)

3.1.1.2 Wheatstone bridge
The Wheatstone bridge on the cantilever seen in Figure 3.2 consists of four 2,5 kΩ resistorswhen the cantilever is at rest.
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Figure 3.2 Wheatstone bridge on microprobe.
At point 1 in figure 3.3, the bridge supply enters the Wheatstone bridge. Point 4 is connectedto the ground. When the bridge voltage at point 1 is 3 V, the electric potential between point1 and 4 is 3 V.
Deflection of the cantilever causes a change in resistance in two of the resistors. The resistorsshown in Figure 3.3 between points 2–4 and 1–3 as black arrows are those which have theirresistance changed. This change in resistance causes an electric potential to occur betweenpoints 2 and 3. The value of the electric potential can then be used to obtain the deflectionof the cantilever, as the two other resistors (1–2 and 3–4) have a constant resistance. Points2 and 3 in Figure 3.3 are connected to the amplifier trough the PCB.
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Figure 3.3 Current flow in the Wheatstone bridge of the microprobe.

3.1.2 PCB
A printed circuit board (PCB) was used to house a linear regulator, provide a bridge voltageand amplifier, and to amplify the voltage difference in the Wheatstone bridge.

3.1.2.1 PCB design
The PCB is based on an initial design by a partner from Technische Universität Braun-schweig. It was redesigned for a smaller size following a request from a partner in the EUproject, resulting in a 50 mm wide and 25 mm long board.The main features of the PCB are shown in figure 3.4 and are numbered in red: the linearregulator (1), the amplifier (2), the connector pads for the microprobe (3), the power con-nection (4), and two signal connectors (5&6). There are five screw holes (large white circles)and the back layer is a full ground plane.
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Figure 3.4 PCB top layer layout. Main components numbered in red.

3.1.2.1.1 Amplifier
The amplifier amplifies the difference in voltage over the Wheatstone bridge. The amplifieris an AD8429BRZ paired with a 100 Ω resistor, resulting in a gain of 61. The goal is toamplify the voltage as close as possible to but under 10 V at maximum deflection of thecantilever.

3.1.2.1.2 Linear regulator
Following a suggestion from Technische Universität Braunschweig, a linear regulator wasadded to provide the bridge voltage, removing the need for an external bridge supply. TheLT3045 linear regulator was paired with a 30 kΩ resistor to provide a 3 V bridge voltage.

3.1.2.2 PCB production
The PCB was produced by Multi Leiterplatten GmbH according to the design provided tothem. Countersinks were machined to the underside of the PCB at VTT to minimize theheight footprint of the screws. All the components except for the microprobe were solderedby hand.
3.1.3 Cantilever-PCB bonding
The cantilevers were glued and bonded to the PCB at VTT Micronova. The gluing processinvolves attaching the microprobe to the bottom side of the PCB, under area 3 in figure2.1. The bonding involves connecting the bonding pads on the microprobe to the connectorpads on the PCB. The first cantilever was glued with GE varnish, the rest with commercialsuperglue.
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3.1.4 Transportation box
A transportation box was designed to safely carry the microprobe and PCB. As seen in Fig-ure 3.5, the box is also used as a mounting tool during installation of the microprobe.
Multiple iterations were designed and printed. Revisions were made to increase the protec-tion provided to the microprobe, increase the structural stability of the box, improve the snaplock fastening of the lid, and optimize the 3D-printability.

Figure 3.5 Transportation box with a PCB (without microprobe) inserted and fastened
3.1.5 Data collection
The PCB is directly connected to a National Instruments BNC-2110 connector block withone or two coaxial cables. The connector block is connected to a NI USB-6281 DAQ devicethat converts the analog signal to a digital signal, which is then transferred to a computer viaUSB cable. The DAQ has a range of 10 V to -10 V and a resolution of 1 µV.
3.1.6 Translator
The x-axis translation is performed with a Physik Instrumente Q-522 piezoelectric lineardrive and is controlled by a PI E873 servo controller. The PI E873 servo controller is linkedto the BNC-2110 connector block and provides data on movement speed and when themovement happens in line with the collected data from the PCB.The Q-522 translator movement is created by inertia drive, creating force impulses at timedintervals. This produces force to move the translator every 50 µs to achieve the desired speed,when moving the translator at the maximum speed of 10 mm/s. At slow speeds the impulsesare further apart, and the movement velocity can become sinusoidal. This can be observed



17
at speeds of 1 mm/s and below. At 2 mm/s this effect is less clearly detectable. This phenom-enon can affect surface roughness parameters that depend on lateral features such as Rsm.
3.1.7 Data and power connections
The data and power supply layout is illustrated in Figure 3.6. The PCB receives a DC currentand a reference ground from the power supply and produces an analog measurement signal.The DAC receives (through its connector block) the analog measurement signal from thePCB and the same reference ground from the power supply. The DAC digitalizes the meas-urement signal and delivers it to the PC for storage. The translator is connected to the servocontroller, which in turn is connected to the PC. There is also a two-way analog/pseudo-digital connection between the servo controller and the DAC.

Figure 3.6 Connection block diagram of the measurement setup.

3.2 Measurement setup
The measurement setup was designed around the PCB and cantilever, utilizing standard andavailable parts. The design of the measurement setup is shown in Figure 3.7 as a CAD render.The setup features manual translation along the z- and y-axes with linear stages from Opto-sigma, enabling optimal positioning of the piezoelectric linear drive in relation to the micro-probe.
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Figure 3.7 Cad design of measurement setup
A dial gauge was added to facilitate finding the distance at which the cantilever touches thesurface and the strain gauges on the Wheatstone bridge are in equilibrium. These changescan be seen in the photographs in Figure 3.8 taken after the first contact stability measure-ments.
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Figure 3.8 Assembled measurement setup with a gauge on the left, and without the gauge on the right.
A partial metrological loop evaluation was made and is illustrated in Figure 3.9, exploringthe spatial components that can affect the measurement.
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Figure 3.9 Evaluation of the spatial components of the metrological loop. The green lines are distanceson the x-axis, the orange lines are distances on the z-axis, and the red line has x- and z-axis componentsdepending on the measurement angle.

3.2.1 Stability benchmarks
The stability benchmarks were devised to compare results between research groups withinthe MicroProbes EU project.

3.2.1.1 Free-hanging stability
Free-hanging stability is a measurement done with the stylus on the cantilever when it is notin contact with a surface. The free-hanging stability benchmark measures noise (ΔV) andfluctuations when the cantilever is hanging freely in a stable environment.

3.2.1.2 Contact stability
A contact stability measurement is performed with the stylus in stable contact with a surface.The contact stability benchmark measures ΔV noise and fluctuations when the cantilever isin contact with a surface.

3.2.1.3 Measurement of an optical flat
A measurement of a flat and smooth surface (i.e. optical flat) is used to produce a residualprofile (ISO, 2000). The residual profile consists of the total error of the measurement (ISO,1997) added to the surface profile of the optical flat. It is important to know the straightnesserror of the translation movement because it is added to all the measurements. The opticalflat used for this measurement is produced by Mitutoyo, model 158-118 (S/N 30024). Theoptical flat was calibrated with a 6” ZYGO GPI interferometer; the measurement is shownin Appendix 1.
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3.2.2 Measurement of reference pieces, ISO 12179 calibration
ISO 12179 provides a framework for calibrating contact stylus instruments; in our case, weused the framework to characterize the microprobe. In addition to the methods describedhere, measurement of an optical flat, presented earlier in Section 3.2.1.3 Measurement of anoptical flat, is also described in ISO 12179.

3.2.2.1 Depth measurement standard: type A according to ISO 5436-1
The aim with this calibration measurement is to estimate a µm/V coefficient to convert thevoltage from the PCB to length. To obtain the coefficient a known depth is measured.A type A2 measurement standard is an ISO standard depth measurement standard withrounded bottom (ISO, 2001). For this measurement a glass measurement standard (KNT2060/01, S/N 0917) manufactured by Halle was used. The measurement standard featuressix grooves with depths ranging from 0,303 µm to 8,56 µm, these are shown in Figure 3.10.

Figure 3.10 Artistic depiction of a KNT 2060/01 standard. (Thalmann et al., 2016)

To analyze the results, the method from ISO 5436-1 was used to determine the depth of agroove. An upper level is defined over the groove by a least-squares mean line formed byareas A and B shown in Figure 3.11. The lowest point is defined by fitting a least-squarescircle to area C in Figure 3.11. The distance d in Figure 3.11 is the distance between thelowest point of the least-squares circle C and the upper level defined by A and B. (ISO,2001)
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Figure 3.11 Assessment of calibrated values for type A2 (ISO, 2001)

3.2.2.2 Spacing measurement standard: type C according to ISO 5436-1
The main goal of the spacing measurement is to verify the scale and linearity on the x-axis.This is achieved by comparing the radial wavelength of the measurement standard with themeasured wavelength obtained using the microprobe. A spacing measurement standard fea-tures a sine wave surface profile as shown in Figure 3.12, characterized by Ra (alternativelyPa), correlating with the sine wave height, and RSm (alternatively PSm), representing thesine wave length (ISO, 2001).

Figure 3.12 Type C1 sinusoidal grooves (ISO, 2001)
In this measurement a Mitutoyo 178-601 (S/N 131883) measurement standard was used.This standard has been traceably calibrated using the Taylor Hobson Form Talysurf 120istylus instrument. This instrument is calibrated using gauge blocks traceable to Finnish na-tional standards and a roughness standard which has been calibrated using a metrologicallytraceable atomic force microprobe at MIKES.
The standard has slightly different roughness depending on the exact location of the meas-ured profile. A typical measurement result measured by the Talysurf instrument is given inAppendix 2.

3.2.2.3 Inclined optical flat
An inclined optical flat measurement aims to produce the error linked to horizontal and ver-tical coordinates (ISO, 2000). This measurement used the same optical flat as the one used
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earlier in Section 3.2.1.3 Measurement of an optical flat, but one end was elevated as shownin Figure 3.13. Ideally, the measurement is taken from the high end of the measurement areato the low end, as measuring from low end to high incurs a risk of breaking the cantilever ifit is accidentally deflected too far.

Figure 3.13 Example of an inclined optical flat and measuring plan (ISO, 2000)



24
4 Results
The measurements presented here were performed with two microprobe units. The micro-probes were identified with color coding on the PCB 3-pin power connector, unit W (forwhite) is unmarked and unit G is marked in green. The data points are time bound withpositional coordinates retrieved by multiplying the time by the measurement speed to obtainthe relative position.
All measurements were performed at VTT MIKES room 010PIT. The temperature in thelaboratory was 20 °C ± 0,5.

4.1 Free-hanging stability
A 15-minute measurement was made with the W microprobe as shown in Figure 4.1. Thestandard deviation for the full measurement is 0,39 mV, which converts to roughly 8,1 nm ifthe conversion factor obtained in Chapter 4.4 is used. The measurement also features a fewshocks, either mechanical to the table or from a door being opened. There is a relativelystable 8-minute area colored in blue. The standard deviation here is 0,17 mV or roughly 3,5nm. Starting at minute 11, there is a 4-minute period colored in red. During this time, a groupof around 15 Aalto university students were standing 2–4 meters from the microprobe lis-tening to a short presentation on the microprobe. During this period the standard deviationwas 0,69 mV or roughly 14,5 nm. This measurement was in open air and not protected by acloth like the blue one shown Figure 3.8.

Figure 4.1 Free-hanging stability measurement result with microprobe W. Features a stable 8-minutezone in blue and a 4-minute red zone during which around 15 students were in the same room.
The measurement spectrum in Figure 4.2 shows that the disruption caused by more peoplein the room is only significant at frequencies below 200 Hz.
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Figure 4.2 Measurement spectra corresponding to the results in Figure 4.1.
In Figure 4.2 there is a small rise in frequency strength at around 380 Hz. Inspecting thetimeframe around it highlights a 2-second period as seen in Figure 4.3. Here we also see apeak at 1940 Hz; the spectrogram in Figure 4.4 shows that this frequency repeats often duringthe full measurement. Looking again at the measurement in Figure 4.3, this suggests that oneor both of the frequencies are resonance frequencies. Looking at the spectrogram in Figure4.4 would support the possibility of 1940 Hz being a resonance frequency. The manufacturerof the microprobe reports the resonance frequency of the microprobe as 2,4 ±0,2 kHz (CiSForschungsinstitut für Mikrosensorik und Photovoltaik GmbH, n.d.). The free-hangingmeasurement was taken at a sample rate of 5000 samples per second, resulting in the possi-bility of the resonance frequency of the microprobe being above the highest measurable sig-nal (2500 Hz).
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Figure 4.3 Section of the free-hanging measurement result featuring shocks and subsequent resonancevibrations, showing both the measurement and its spectrum.
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Figure 4.4 Spectrogram of the full free-hang measurement result featuring likely resonance at 1940 Hz.
4.2 Contact stability
A contact stability measurement was performed with microprobe G. The contact stabilitymeasurement collected data over a 20-minute period at a sampling rate of 10000 samplesper second. The first part of the contact stability measurement contains an 80-secondwarmup period, shown in purple in Figure 4.5, which is excluded from the calculations. Thegreen area in Figure 4.5 represents the actual stability measurement. The standard deviationof the 18,5-minute measurement is 0,7 mV; converting this into nanometers using the con-version coefficient from Chapter 4.4 gives 15 nm. A cloth was used to protect the measure-ment equipment from external influences during measurement.
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Figure 4.5 Contact stability measurement result displaying a warmup period in purple, the measurementperiod in green, and a 1-second moving average of the measurement result as a red line.
Ffigure 4.6 compares two contact measurements—one (in red) carried out with a protectivecloth as shown in figure 4.8, and the other (in blue) without a cloth as shown in figure 3.8.The standard deviation for the covered and uncovered measurement is 2,8 mV and 6,9 mV,respectively. These measurements were performed with the W microprobe.

Figure 4.6 Comparison of two measurements. The result in red was obtained with the equipment coveredwith a cloth and the measurement in blue with an uncovered setup. The voltage is normalized in thefigure to increase readability.
The same measurements shown in Figure 4.6 feature a stronger presence of noise at 40 Hz.The source of this is unknown, although 40 Hz converts to 2400 RPM so a mechanical fancould be the reason. This extra noise explains the higher standard deviation in the measure-ments in Figure 4.6 compared to the similar contact stability measurement in Figure 4.5.
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Figure 4.7 Spectrum of the contact stability measurement result shown in Figure 4.6

Figure 4.8 The measurement setup covered with a cloth. A nearby door is visible in the background.
Two additional measurement results showing external influences are shown in Figure 4.9.The yellow line shows mechanical shocks to the table in Figure 4.8. The measurement has astandard deviation of 7.7 mV, or roughly 160 nm, for the full 20-minute measurement. Theblue line shows the nearby door in Figure 4.8 opening and closing just before the 2-minutemark and again after the 14-minute mark. The blue measurement also features a warmupperiod. The standard deviation for the 2-minute period from 12 to 14 minutes is 0,8 mV, and
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for the following 2-minute (14–16) period 6,2 mV. Converting to nanometers, the standarddeviation is roughly 113 nm larger during the latter (roughly 130 nm) than the former(roughly 17 nm). The 40 Hz noise visible in the spectrum of Figure 4.7 is present in thesemeasurements.

Figure 4.9 Two measurements showing external influences. The light blue line shows a nearby dooropening and closing. The yellow line shows mechanical shocks of varying intensity inflicted on the tablebearing the measurement setup.

4.3 Measurement of an optical flat
The optical flat described in Chapter 3.2.1.3 was measured multiple times over the same lineon the optical flat with the G microprobe. The measurement uses time as the positional ele-ment for each individual sample; the metric position is obtained by multiplying the meas-urement time stamp by the speed of the translator.
The measurements with removed tilt shown in Figure 4.10 utilize the full 18 mm movementrange of the translator described in Chapter 3.1.6. The standard deviations are 9,5 mV for the1 mm-per-second measurement, 10,1 mV for the first 2 mm-per-second measurement (in pur-ple), and 10,6 mV for the second 2 mm-per-second measurement (in light blue). As the re-peated measurements are very similar, it can be assumed that the added error is mostly fromthe translator and the shape of the optical flat. The large parabolic shape seen in all meas-urements is assumed to derive from the translator, as the same shape was measured usingthe Taylor Hobson Form Talysurf 120i stylus instrument shown in Appendix 3. The smallerfeatures that show up in every measurement are assumed to be defects of the optical flat. Themeasurements overall confirm good repeatability.
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Figure 4.10 Three measurements with removed tilt of an optical flat. The red measurement is performedat 1 mm per second, the other two at 2 mm per second. Note the voltage is inverted compared to thephysical surface.
4.4 Depth measurement standard: type A according to ISO 5436-1
To determine the conversion factor, three measurements at different heights were made withthe G microprobe. The initial height of the measurement was determined with the gauge seenin Figure 3.8, in order to position the microprobe at a suitable height without the conversionfactor obtained by this measurement. All three measurements in Figure 4.11 were made witha speed of 2 mm per second on the same line on the y-axis.

Figure 4.11 Measurement results of KNT 2060/01, S/N 0917 at different heights.
The groove depths were determined with the ISO standard method described in Chapter3.2.2.1, in essence the vertical coordinate of the lowest point is subtracted from the coordi-nate of the surface level to obtain the depth. The results from the individual groove evalua-tions are listed in Table 1 in volts.
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Table 1 Measured values for the KNT 2060/01, S/N 0917 grooves in volts at different heights, using theISO assessment described in chapter 3.2.2.1.Measurementheight 1 2 3 4 5 6~20µm 0,398 0,253 0,118 0,0493 0,0191 0,0141 V~50µm 0,402 0,255 0,119 0,0488 0,0195 0,0171 V~100µm 0,408 0,259 0,120 0,0494 0,0199 0,0162 V
Table 2 Values for grooves (calibrated by PTB) for the KNT 2060/01, S/N 0917.1 2 3 4 5 6Upper tolerance 8,59 5,482 2,532 1,044 0,430 0,310 µmReference 8,56 5,462 2,515 1,035 0,422 0,303 µmLower tolerance 8,53 5,442 2,498 1,026 0,414 0,296 µm
To calculate a volt-to-micrometer coefficient, the reference values from the grooves in Ta-ble 2 were divided by the measured height in Table 1 to obtain the conversion coefficient.The calculation results are shown in Table 3. The two shallowest grooves were excludedfrom this calculation, as they are more sensitive to random errors than the larger grooves.The total average of these values is one candidate for the conversion factor.
Table 3 Calculation of the volt-to-micrometer conversion by dividing the values of Table 2 by those ofTable 1. Grooves 5 and 6 were excluded due to high deviation compared to the groove size.Measurementheight 1 2 3 4 Average~20µm 21,508 21,589 21,314 20,994 21,351 µm/V
~50µm 21,293 21,420 21,134 21,209 21,264 µm/V
~100µm 20,980 21,089 20,958 20,951 20,995 µm/V
Total average 21,203 µm/V

We also calculated the conversion factor through iteration by minimizing the standard devi-ation of the measured value multiplied by the iterated conversion factor compared with thereference value. With this process a conversion factor of 21,317 µm/V was obtained. Thestandard deviation of all the differences of every measurement was 0,048 µm. For compari-son, the standard deviation of the conversion factor calculated in Table 3 is 0,051 µm.

4.5 Inclined optical flat
The inclined optical flat measurements were performed with the G microprobe on the Mi-tutoyo model 158–118 (S/N 30024) optical flat. Two measurements were made. The firstmeasurement, G1, is shown in Figure 4.12 and has an inclination angle twice as large as thesecond measurement, G2, shown in Figure 4.13. The standard deviation for the G1 measure-ment is 0,1774 µm and for the G2 measurement 0,1374 µm. Both measurements are per-formed with a measurement speed of 2 mm/s.
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Figure 4.12 Measurement result of the inclined optical flat with removed tilt

Figure 4.13 Measurement result of the inclined optical flat with removed tilt at half the incline angle ofthat in Figure 4.12
The G1 measurement shows a prominent sawtooth-like feature in figure 4.12. The featurehas a frequency of about 100 Hz, as seen in Figure 4.14. The G2 measurement with thesmaller inclination angle shows a slightly similar feature at roughly 200 Hz, with a furtherpeak at 1,5 kHz as seen in Figure 4.15. Comparing this with the raw data in Figure 4.16indicates a possible inconsistency in the speed of the translator as the source; other possibil-ities are vibrations created by the translator or external vibrations. As the measurements wereperformed on the same optical flat with the same equipment, it is unlikely that the sawtooth-like feature has an electrical source, as the frequency would then be the same in both meas-urements.
The frequency peaks at around 12–14 kHz seen in Figure 4.15 are somewhat close to the 50µs cycle time of the translator (20 kHz). The lower-than-expected frequency could be ex-plained by the movement speed being below the maximum.
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Figure 4.14 Spectrum of inclined flat measurements showing lower frequencies.

Figure 4.15 Spectrum of the two inclined flat measurements.
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Figure 4.16 Inclined flat measurements with only the volt-to-micrometer coefficient applied to the rawmeasurement data.

4.6 Spacing measurement standard: type C according to ISO5436-1
The spacing measurement was performed with the G microprobe on the Mitutoyo 178-601(S/N 131883) specimen; the calibrated values and their uncertainties in Table 4 are from theMIKES calibration certificate M-18L249 for this specimen. The measurement was filteredand processed using MountainMap software to extract the Ra, Rz and RSm values shown inTable 4. The values measured with the microprobe correlate well with the calibrated values.
Based on the above MIKES calibration certificate for the Mitutoyo device, the calibratedvalues and their uncertainties are given in Appendix 4. Table 4 compares the calibrated val-ues with the results of selected parameters measured using the microprobe setup. They cor-relate well, as the deviations are less than the uncertainties of the calibrated values.
Table 4 Comparison of Ra, Rz and RSm parameters measured with Talysurf and microprobe setup.Parameter Calibratedvalue Uncertaintyof calibratedvalue (k=2)

Measuredwith micro-probe
Deviation Relative de-viation

µm µm µm µm %
Ra 3,07 0,31 2,89 -0,18 -5,9Rz 9,80 1,47 9,97 0,17 1,7RSm 101,47 10,15 101,60 0,13 0,1
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Figure 4.17 Partial section of the spacing measurement result.
The unfiltered measurement data shows the surface as jagged, as seen in Figure 4.18. Thiscould be generated by vibrations from the translator. Measurements conducted by PTB onthe same type of measurement standard led them to conclude that this is a feature on thesurface of the measurement standard.

Figure 4.18 Partial section of the spacing measurement result.

4.7 Broken cantilevers
During installation of the measurement setup in November 2019, a microprobe fell on thefloor and one bonding wire got disconnected. The microprobe was in a transportation boxbut not fastened with screws. The fall was roughly 1 m from table to floor. The microprobewas sent for re-bonding at Micronova, but the cantilever broke during the process. It is notknown whether the cantilever suffered fatal fractures from the fall.
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The first gluing and bonding process (described in Chapter 3.1.3) was successful. Duringsuccessive gluing and bonding processes five cantilevers were broken, including the at-tempted repair mentioned earlier. The process was not monitored by our research team atthe time and the circumstances around these events are unknown.

4.8 Bridge supply voltage instability
During the measurements, an issue with the bridge supply was detected. The bridge supplyvoltage increased and had more noise when the microprobe was deflected above 120 µm, asseen in Figure 4.19. This problem was repeatable and occurred with both the G and W mi-croprobes. The change in the bridge voltage shows as a step of 1–3 µm and increased noisein the measurement output. The source of the problem was not determined, but the linearregulator or a component regulating it is a likely suspect. The problem was avoided by re-stricting measurements to the lower 60 % of the 200 µm measurement area and reviewingthe recorded bridge supply voltage for instability, repeating the measurement if necessary.

Figure 4.19 Bridge supply voltage (top) and measurement voltage (bottom) during contact stabilitymeasurement at high deflection.
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5 Discussion
The initial impression of the microprobe is that it shows good potential, although it is sus-ceptible to external influences. The initial stability tests described in Chapters 4.1 and 4.2show potential for a measurement precision below 20 nm, at least in theory, with minimalexternal influence. External influences, such as turbulent airflows, vibrations from nearbymachines, and even light mechanical shocks to the vicinity of the measurement setup, cangreatly influence the measurement result.
Measurements with the full measurement setup introduce further errors. The measurementsin Chapters 4.3 and 4.5 indicate a possibility for measurements with a precision under 200nm for standard length measurements and slightly above 200 nm for long measurementslasting multiple minutes. The stability and quality of the measurement setup seem to have asignificant impact on the measurement. The precision could be further improved by obtain-ing the actual positional x-coordinates of the translator instead of the time-bound coordi-nates. This would allow to generate an equation to remove the residual profile seen in Figure4.10.
With the spacing measurement, direct comparison with a commercial alternative (Chapter4.6) gives comparable results. The filtration process removes much of the higher frequencynoise. The smallest wavelength filtering in current ISO standards is 2,5 µm for the lowestlower cut of the wavelength; at a measurement speed of 1 mm/s this translates to 400 Hz.
In the spacing measurement where some possible vibrations were visible (see Figure 4.18),the vibrations were mostly filtered out as they had a frequency slightly above 1 kHz. If themeasurement speed had been 10 mm/s and the same possible vibrations had been present atthe same 1 kHz frequency, it would not be filtered out, as the 2,5 µm lower cut of the wave-length would be at 4 kHz and would have affected the surface roughness values shown inTable 4. In the inclined optical flat measurement described in Chapter 4.5, the frequenciesfound were 100 Hz and 200 Hz; these would not be filtered out in measurements of finersurfaces. This could be an issue when implementing the microprobe in an industrial envi-ronment.
The inclined optical flat measurement has a potentially interesting difference in frequenciesbetween the measurements at different angles. The first measurement shows an error ataround 100 Hz, while the second one at half the inclination shows a similar feature at 200Hz. While two measurements are too few to show correlation and could be a product of thetranslator, this should probably be explored with further measurements in case the micro-probe is involved in this behavior.
Comparing the measurements done with the G microprobe to those done with a similar mi-croprobe at TU Braunschweig (Wasisto, Doering, Brand, & Peiner, 2015), the repeatability(Chapter 4.3) and precision (Chapter 4.6) could be considered similar for both.
The voltage instability in the bridge supply discussed in Chapter 4.8 will need to be ad-dressed to unlock the full measurement range of the microprobe. When consulting electricalengineers, heat-related issues have been put forward as a possible cause. Although the meas-urement of the bridge voltage is a temporary solution, it might be needed in the future as theinstability has a significant impact on the measurement result and can be mistaken for a
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surface feature. A possible solution could be lowering the bridge voltage to 2 V or 2,5 V andincreasing the gain on the amplifier to compensate.
The fragility of the microprobe could be an issue in an eventual commercial product. As themicroprobe is the single most expensive part, breaking five microprobes to produce twomicroprobes bonded to PCBs more than doubles the raw material cost for a single product.
When reviewing the research question “What problems can become an issue for on-the-machine measurements using micro-probes?” the two main challenges are external influ-ences and the quality of other components that make up the measurement system with themicroprobe. The external influences that were clearly found were vibrations through thefloor or through the air (sound and noise) and turbulent airflow (possibly applying force onthe cantilever). Some of these influences were reduced by covering the measurement with acloth as shown in Figure 4.8. Other influences include temperature changes that were noticedduring the warmup seen in Figure 4.5. Also, changes in the ContactStabilityW4Cover meas-urement shown in Figure 4.9 show some interesting properties, suggesting that heat and/orair pressure in the room changes the measurement for some time before stabilizing again.
The second research question “Are microprobes suitable for measuring surface roughnesson ground rolls?” strongly depends on the ability to isolate the microprobe from externalinfluences that were discussed earlier. An industrial environment is likely less stable thanthe laboratory where the measurements of Chapter 4 were done, and if not addressed willlikely have a greater impact on measurements if not addressed. Our industrial research part-ner has designed a module for the microprobe that includes a skid, which reduces the met-rological loop and could mitigate external influences. Also, a stable airflow over the micro-probe has been proposed to reduce external contaminants from reaching the microprobe.
The final research question “Can microprobes detect expected defects on ground rolls?” ismore complicated to answer. In theory, the microprobe could detect features as small as 20nm, based on measurements in Chapters 4.1 and 4.2, as any smaller feature is indistinguish-able from the base noise of the microprobe. In practice, the smallest detectable features arelikely around 50–200 nm, based on the measurements in Chapters 4.3 and 4.5. The estimateof 50–200 nm is influenced by vibrations and other effects that can be mistaken for surfacefeatures or obscure a surface feature. In the depth measurement in Chapter 4.4, the shallowestgroove was calibrated to 303 nm and could be clearly detected, but the bottom of the groovewas not as easily definable and was not included in the calculations. In conclusion, the mi-croprobe is likely able to detect features on the surface that are also detectable with the mark1 eyeball.
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6 Conclusions
In this thesis we studied the possibilities and possible complications of microprobes. A PCBwas designed based on a TUBS PCB design. A measurement setup was designed around themicroprobe for the characterization measurements. The measurements can be considered tobe successful.
The outlined calibration measurements were performed, and the volt-to-micrometer conver-sion factor was determined to be 21,317 µm/V for the G microprobe. The microprobe showsgood repeatability on optical flats and can perform measurements with results comparableto good commercial alternatives.
The microprobe is a precise instrument with a theoretical precision of around 10–20 nm.Sensitivity to external influences degrades the precision to 50–200 nm, but possibly evenmore so if the environmental influences are particularly strong or there are issues with othercomponents in the measurement setup. In an industrial environment, surface features smallerthan 200 nm might not be distinguishable from background noise and external influences.
The microprobe is a small and fragile instrument that is easily damaged if mishandled. Careshould be taken during transportation, installation and use. Many microprobes were irrepa-rably damaged during attachment and bonding to the PCB. This can raise the cost of a com-mercial product, as the microprobe is the most expensive part.
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