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Abstract
The study of MEMS devices is highly dependent on the information that imaging

techniques can provide. There are two main apprgachebserve MEMS devices:

Optical and novopticalimaging techniques. Although each of the techniques has its own
advantages and disadvantages, optical microscopy is of great interesitsli@mwaost,
accessibility, resolution arttie colored images iprovides A critical shortcoming of

optical microscopy is the strict viewing direction and lighting angle that result in flat
images with no visual representation of MEMS 3D structure that may lead to some
confusion in terms of interpreting the topograi MEMS surfaces and their eat-

plane displacements.

This thesis aims at enhancing the 2D representation of MEMS devices by
capturing a sequence of images at different illumination angles and highlighting the
lateral facets, based on the RTI imagieghnique, and then creating a sequence of post
processed imagehe proposed algorithm offers a rapid, Aowasive, coseffective
and norcontact imaging technique that aims at minimizing the necessity of using other
imaging approaches by revealing 8i2 aspects of MEMS devices in terms of 2D

visualization.
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1. Introduction

1.1.Conventional Imaging Approaches

Optical microscopes have been developed for investigating microstructires
visible tothenaked eye using a set of lenses amdlamination systemin addition to
the binocular tubgto theeyepiecesto photograptspecimensnd permanently document
informationmicroscopegan beequipped with a attachedcameramonocular tubes

depicted inFigurel.

Eyepiece Microscope Stage
Camera Light Source

|

X W=

»

Y

>
n
»

Figurel: Cutaway views of two types of illumination employed in optical microschp#: transmitted
illumination. Right in-line illumination.

Most optical microscopes usae ofthetwo standardighting arrangements to
illuminate the sample: transmitted illumination andine reflected illumination. The
paths and directios of light through the microscomarting from the light source for
both illumination arrangements are depicte&igurel. For transmitted illumination
(Figurel (left)) the light source is below the microscopie lightrays pass though the

specimen(yellow arrows)and subsequently enter the objectivi€¢ arrow}. The light
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enteing the objective sikes an opticabeam splitter which is a mirrdike piece wth a
coatingwith partial reflectancé&ransparency. Thereby, the beam splitter splits the
incident beam into two separate bedtgpically 50/50) one travels to the camera, one to
the eyepiece With transmitted illumination, only transparesttranslucenspecimens

can be observedor example cells or biological samples).

In-line reflected illumination (also called -@xial or vertical illumination) can be
used toobserve opaquepecimensTypically, this type of illumination is used for non
biological microscopes and inspection microscopes. Witime illumination (Figurel
(right)) the surface of the specimen is illuminated by light that has passadlly
through the objectivéyellow arrows via a second beam splitter. The incident light is
reflected from tkb specimemnd reentes the objectivgblue arrow$. The optical
pathway reaches completion by being directed towards the canabaeyepiecesNote
that as the light must pass throdgith beam splitters twice, image intensity is reduced

by a factor 6four.

1.1.1. Optical microscope MEMS Imaging Approaches

Micro Electro Mechanical SystesMEMS) incorporate miniature mechanical
and electrical componenitst he r an ge 1tofermthreedimangiodal € m
configurations that can generate motion in theptane as well as along theaxis(more
detail will be provided irChapters). For instanceligure2 shows a MEMSctuation
assemblyconsisting of a suspended central metal platform that can move alonguxtise x
and yaxis by the force generated by the two central chetivermalactuatorsThere is
also an oubf-plane motion created by the two syetmically placed vertical thermal

actuators that deflect the suspended rectangular mass upward.
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|
Vertical Thermal Actuator| [c I ¢ | Vertical Thermal Actuator

0

Figure2: An electrothermal MEM$nicro-actuator assembly that can generatplane and oubf-plane
deflections.

The quality of captured photomicrograghken from MEMS devicerelies on
the quality of the microscope and the camera. Optical microscopes with high
magnification equippedith high resolution digital camesaeliver a magnified image of
MEMS devicesTypical fields of views are several hundred microns, with pixel sizes in
the sub em range. Resolution is |Iimited by
defined using a stalard formula afl]:

v P8 ¢ &
c0 6

Where o is the wavel eésgm ht @ fO .l 7 gehm, iaaond hMNA
numerical aperture. Numerical apertiundicates the extent of the angle at which light

enters the objectiveén our case for a 25x objective NA = 0.31, and so in this case the

Rayleigh criterion limits the resolution to arouhd ¢Huowever, due to theonservative

nature of the Rayleigh criterion, image resolution in modern microscope satups

slightly surpass the Rayleigh resolutif#j, [3].

In-line illumination isone of the most widely used methods of observing Micro
ElectroMechanical Systems (MEMS) in a microsc@a this is for two reasons. Figst

almost allMEMS are opaque. Secdggdmost MEMS surfaces are optically smooth and
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highly reflective. This type aflumination is also called brightfield as flat smooth objects

(such as most MEMS backgrounds) appear as bright regions.

Another type of illumination used in microscopy (but rarely used in MEMS) is
darkfield illumination.As depicted irFigure3, dark-field illumination is a reflectance
based methodf imagingthat illuminates the sample from the side, rather thdimén
For example py using a ring of shallow light sourcda.darkfield illumination the polar
angle(the angle fronthevertical axis)of the illumination is fixed, and the sample is
illuminated from different azimuth angleBhe image®btainedby darkfield
illumination are composed of indirect light rays that haserbreflected from surface
features towards the objectivecause of the shallow light angle, flat targets do not
reflect light back into the objective and hence appear dark, but topographical features
such as defects or slopes stand dherefore, themagedisplays surfacanomalies
against a dark background leading to high contragges However,the brightness of
the final images obtained through dark field illumination catobedue to the narrow
ring of light that strikes the specimg4].

Figure3: Cutaway view of darkfield illumination. Only oblique light rays travel towards the sample.

Even though some microscopes have binocular eyepieces, both images are in fact
identical, since by definition single objective microscopes only show one viewpoint.

While there are true binocular inspection microscopes, they operate at far lower
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magnificatons tha required for MEMS. A single-angle vievpointreduces our

perception of the real thraBmensional structurésiven this limitation, how else can
threedimensional information be deduceti?e variations in reflected light intensity in
vertical illumination can reveal approximate topographical featifgdut restricted
shadows and highlighteake it difficult to differentiatébetween bumps and depressions,
and difficult to discermisplacements along theaxis, inclinatio variations and vertical

sidewalls

Observing the MEMS components franother fixedziewpoint ispossibleby
tilting the chip[6].This viewpoint yields oblique images of the MEMS components
however, only a narroworizontal band of the image is in focus, typically less than 10%
of the image. This idue to the restricted Depth of Field (DOF) of optical microscopy
especially at higher magnificatior@epth of Field specifies thaxial distance between
the nearestral farthest points of the image that are entirely focus€x isdetermined

by the following equation:

€
00 "0 +—x 2
0O

Wherenis the refractive index of air (n=194s thewavelength of lightlluminating the
chip surface, and NA is the numerical aperture. The light source wavelength is in the
rangeofe m and 0.7 em, hence the highest dept

DOF is typically smaller):

00 "08—8(3 vaie m (3)

By comparison, for a 100 x 1@0 MMEMS device tilted at 45°, theearest and
farthestpoints of the image would be ~+ 85naxially from the center and thdar out of
focus. Therefore, while observing the MEMS chip from an angle provides information
about the thredimensional structures and eaftplane movements, recorded images are

mostly out of focus and topographical features of the surface remain obdusrstutly
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investigates the specimen from a fixed viewpointusihgmulti-directional illuminaiton

Source.

1.1.2. Non-Optical Microscope MEMS Imaging Alternatives

Microscopes are not the only means of representing the topography ef three
dimensional geometrigs the digital world.There are a variety of technologies
generating a detailed representation of tit@eensional surfaces in high resolution.
However, as we shall see, these would either have limitations when used with MEMS, or
would simply not be pogide at the MEMS scale. We will examine 3 technologies:

Scanning Electron Microscope, 3D scanners and Photogrammetry.

One of the most powerful imaging technologies in MEMS resaar8hanning
Electron Microscopy (SEM). Rather than photonsptical microscopy capturing
featurssoft he speci men surface, focused beams
surface The interaction between electrons and specimen surface in a vacuum, where
electrons directly travel towards the sample without beinigctetd with air particles,
results in detailedrayscalemagesof the specimerSEM offer large depth of field and
high resolution (nm) and produces thdimensional images. However, the requirements

for this approach are limiting]:
1. Cost of booking SEM time
2. Requirement thathips be imaged outside of tiHdEMS lab
3. Requirement that samplbe prepared and mounted for SEM viewing
4. Requirement that samples be in vacuum

5. Difficulty in powering and observing MEM&ipswithin SEM

Another imaging technology BD Laser Scanner3hese devices aeguipped
with a laser probe sweep a 3D structure entirely, while two cameras in two different

positions record the pokfity-point distance alterations in laser beaihany given
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moment.This yields the digital 3D shape of the investigated object as a set of points
calledan Po i nt [8]CHowavat, e accuracy of the laser scanners is in the range of
millimeters and thus are not able to capture components of MEMS devices. In addition,
specimens with reflective surfaces including MEMS and many industrial metal objects
are not easily 3D scanned. These shiny surfaces reflect the incident laser beam, and the
spuriots reflected beams interfere with the camera collecting the laser freamthe

surface(see[9]).

A third imaging technology istptogrammetrya simple and lowcost method for
measurement of complex surface properties witpimgsical contacil0]. The principal
concept underlying photogrammetry is observing from multiple viewpoints located in
various angles. Higluality photographs from different perspectives around the objects
are recorded, artthen a mesh or point cloud of the 3D object is constructed through
commercial photogrammetry softwdfiel]. Thesoftwarecombinesall the captured
images and aligns them together. The accurate location of each point in thel8Dsmo
found by specifying geometric intersections of imagssvell as theeamera parameters
[10]. Photogrammetrgftenrequires a camera mounted on a rotating stage to take
multiple images around the specimMEMS componerst can only be viewed through
microscopesand while it is possible to rotate MEMS sample in plane, this does not alter
the viewpointRotating the microscope sample out of plane is more difficult but is
possible. However, this is affected by the séiméed DOF and out of focus images

discussed earlie

The technigues mentionethoveare powerful and established tools for detecting
macrosurface information; however, they are not ideally suited to ghelynicro3D
structure of MEMS surface in the NS lab; either due to the limitations of tHdEMS
chip itself(reflectivity, size)or due to the limitations of the method to extract information

(accessibility, strict viewing angle, accuracy).

A fourth imaging technologyReflectance transformation imag (RTI) could
bypass the aforementioned limitations and deliver 2.5D images of MEMS components
using the coaxially fixed camera mounted on optical microscopes while using exterior

light sources in various directions around the MEMS chip.
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1.2.Reflectance fansformation Imaging

Reflectance Transformation ImagingTl) is a photographic techniqmost
commonly used iArchaeology to extract surface information unattainable in
conventional photographfaurface height and inclination variatiogsyvatures
embossed structuresccludedcomponentserosion patterngdge detectioare a few
examples of the information that an object's surface can prdwmitlas technique, a
camera at a fixegdosition atop the object takes multiple images while Igghirces at
different angles and elevations illuminate the object's surface in sequence. As a result,
surface elements located in shadow or not exposed to direct light through conventional
photography become visible. The collected images simulate the'shjeat from
different anglesind givean illusion of a threelimensional viewover the surfacdn
addition, by merging all the captured images,-tiirmensional images containing the
threedimensionatharacteristicef the object aréormed Epstein[12] considered a
mechanism in which camera at ixed viewpointand multiple light sources at
distributedangles illuminatd ahuman faceMalzbendef13], a Hewlett Packard
researcher, introduced abmique named Polynomial Texture Mapping (PTM) for RTI to
present a impression of the geometric feature®bjects with high surface irregularities
I n PTM techniqgue, object s assigigeobrevaluean be
to each pixel swell assurface normal valuehich represents the brightng8$.

1.2.1. Multi-directional lighting

A number of factors contribute to capturing an imafyan object such athe
object geometric features, the position of tfigect relative to the surrounding subjects,
light reflectance propertieendthe viewpoint Depending on themagingtechnique and
equipment useds well aghe chosen illuminaan method the image qualityand the
information it providesbout thesubject may changel.ooking at a surface from different
viewpointsprovides more information about the surface details than when the surface is
viewed from one anglédowever, not all objects can bbservedrom varied viewpoints
as the surface featuresolject itself may be extremely small or large there might be

limited accesso the objector thesurface features may be occluded by peripheral
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componentsRTI simulates thearied viewpointdy placing the light source in different
locationsaround theobject. Varying shadows and highlights as the lighting angle

changes reveal information about the surface characteristics.

As shown inFigure4, selfshadow and cast shadane two different types of
shadowsA self-shadow occureshenthe surfaceis not directly facing a light source, and
a cast shadow is when another subject bldokdight source and therefore, a shadow
falls on a surfacd.ateralfacets(nonflat facets)of bodies areypically in selfshadowin
in-line illumination, by changing the lighting orientation, features with vertical lateral
sidesareilluminatedand thus can be recognizéllibjects with a relatively higher
elevation than the perimeter cast shadows on the surrounding suffaaaging thdight
position may reveal information about shape, height, or superimposed stru€igmes4
also shows how different objectssimilar in height ad shapeappear similar fronthe
top view and under standard illuminatidrhis is the reason RTI is able to distinguish
and displayvarious shapes and elevations, especially when angled views of an object are
not feasible due to access limitations.

Self-shadow

Castshadow

Figure4: Left: Smilar topillumination views of two different shapedRight: Sideillumination views of
two shapes with cast shadow and-sblédows
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1.2.2. RTI workflow

The RTI workflowis typically conducted in three stages: light space

configuration, capture, poegtocessingf captured images

Light space is ghreedimensionakonstruct for placing a caih number of light
sources so that the specimen under test is illuminateddiftenentdirections One
approacttalledHighlight-RTI used a single light source sequentially placed in different
locations Mytum [14] conductecexperiments with a tripod at three different angles from
15° to 75° above the object surfagesynchronized HighlighRTI developed by
Kitanovski[15] using a light source mounted on a robotic arm that eoMs8 different
positions and 4 different elevations around the ob{@ahverselyframebased RTI
lighting assigrs fixed known positios to multiple light sourceswhich is advantageous in
the ima@ analyzing stageeducs the imageacquisition time andan alsdlock ambient
light from reaching the obje§16]. The stable position of the lights from the object and
the uniformity of the illumination are two factors tlafiuence the success of the RTI
[17]. As shown inFigure5, thestructure shoul@venly distributeéhe light sources around
the object. Moreover, light sources aitkto beat oblique anglesindarerecommended
to be athe same distandgpically 2 to 4 times the diameter of the target obfesing
imaged[16]. The form d lighting rigscan have many shapes frgaodesic and
hemispherical domes to arcs and aft@. A well-established lighting structure is a
domewi t h a fixed suspended camera on top
equippel with multiple highintensity controllable light sourc¢$9], e.g., Malzbender
[13] used a rigid and opaque dome, approximatetgd&iimeter in diameter, with 40
LEDs andSolem[20] took 50 images using a ®ntimeter diameter dome with 50 fixed
LEDs. Earl[18] constructed aumbe of lighting frames, one of themlameter diameter
plastic dome with 76 fixed LED lightandthe otheran areshaped lighting rig, equipped
with sixteen LEDs rotating motorized around the objedard[21] used a dome with
full sphere lighting, 2x56 LEDs, aridifferent camera positions in order te able to

capture multiple viewpoints of an object without having to move them.
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Figure5: The dome_based light arrangement.

The method used t@cord images immediately after each light turns on and off
canbe differentlt is importantto not control the camera manually as movement and
vibration interrupt the quality of the imagds]. Using a cameraontrol softwareor
remote triggering devices are suggested. Goldi@jused a portable USB cameca
capture imagesCoules[22] controlleda digital camera usingninfrared remote trigger,
sending out infrareddht to trigger the shutter. Digital Cameras can also be controlled
using Arduino microcontroller boards (§8¢]). Moreover,except for the HighlighRTI
with handheld light sources (sd23], [19]), the lightoperationmust be controlled
automatically and remotely synchronized with the cameoaleq22] and Corregidor
[17] deweloped a lighting array controlled by an Arduino Mega microcontroller that

allows determining the lighting sequence as well as the lighting duration for each LED.

Depending on the purpose of conducting RTI, ypostessing strategies could
vary from reiluminatingthe specimen virtually through a viewing software in order to
observe the features of interest dunghlight surface topography, to converting the series
of captured images into a composite image that improves the perception of surface data.
RTI postprocessing stagesanatrtificially manipulatesmage properties such as color,

contrastandspecularity to name but a few. In so doing, minute surface details can be
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made to appear more distinct, and surface height variations can be studied amddneasu

under various lighting angles.

1.2.3. RTIlin Archaeology

RTI offers anon-contact and noimvasivetechniqueo investigate ancient objects
and to discern the smallest features stirface5], [8]. Heritage artifactsypically
contain faint surface details that are alearlyvisible through ordinary imaging. RTI is
used to determine the best lighting direcsitimat highlight surface featuresdditionally,
ancientdocuments can be digitalizéftfough RTland visualized later by researchers
without time and place constraifis/]. Digitalized documents can subsequently be used
in postprocessing rendering techniques which could generataetyc images with
highlighted propert i[g.9headplicatidnefRIIpneci mend s
archaeology have been publisHeda wide variety of objects and artifacé®me of

which are listed below.

One case study in 20Dy Earl[18] has produced interactive representations of the
fragmentary surface ¢derculaneummarble head, 2000yearold painted Roman statue
Postprocessing rendering techniques generate distinct views of scratchedgaanhkd

allow facets orientation of the object to become distinguishalihuler[5] has

extracted valuable data on ancient pottery by studying the captured images of fragments
of an ancient vase using the R&thnigueMytum [14] has investigated multiple objects
that provide little information via conventional imaging due to their color or matEaal.
instanceRTI imaging of clay pipes stamped with embossed patterns and texisened
invisible details.

Using the RTI technique, the study of art history is also possible. RTI has been
proposed an authentication method to detect original works byifgousthe textural
details of painting andn theindividual characteristics particulartg eachartist Min
[24] developed RTI to support the study of paintingsthie r t i st 6s progr ess

reveal information based on various types of brush strokes.
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1.2.4. RTlin Engineeing

Surface and material engineers can employineasive techniques for
monitoring surfaces, for instance for managing materials degradation over tiene.
performancef engineered products highly affected by corrosion, fatigue, creep, and
wear tha often cannot be easily detected without using technical equipment. Monitoring
the surface of any investigated system needs to be quick and without leaving a lasting
impact.The noncontact nature dRTI with high resolution providesngineering analysis
with a series of images that emphasurface features from different angles
Documentednformationthrough RTIcan be used in many engineering disciplines to
improve the design proceggjality contro] andmonitor theperformance bout-of-reach

systems.

Lemesl€g25] states how a wide range of physical propediesh aerosion,
diffusion, decay and wear can be explained by appropriately characterized surface
topographiesLemeslg25] studied metateramic composites that had been worn under
industrial conditionsFor instance,wface slope ischaracteristic that can define the
stick-slip phenomenams another exampleurface glossiness is strongly correlated to

radius ofsurface curvature.

RTI has beemproposedasan inspection method to characterize surface defects of
shiny surfaces which is particularly important in industrial applications. Rzéatd
detected and analyzed visual anomained arise as a consequence of manufacturing

process on two shiny surfaces, a gold ring of jewelry and a metal gauge block.

Coules[22] developed RTI tanvestigatehe mechanism of failure development
on a surface. A screw under investigation revealed data about failure mode and the
direction of shearA compression spring from the automotive suspensiasexamined
to detect the reason for its failure in servicke Burface of the springasheavily
corroded and surface featusgsrenotclearlyvisible. By combining the captured images
and creating the composite image, topographical features of the stotddbe

discerned.
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2. Basic Principles of RTI

2.1.Surface Normal

When light falls on an objedheinteraction occurs between the surface and the
light can be decomposguimarily into scattering, absorptioreflection,and
transmissiorj26]. Reflection is concerned with the portion of the incident light rays that
return from the surface and pro@am image of the objedReflectance Transformation
Imaging (RTI) is gohotograpit technique based on theflected i ght fr om an

surface illuminatedrom different directions.

The visual appearancaf the object is affected by the surface physical and
chemical composition, as well g light direction and wavelgth. Of these factors, the
reflection intensity is often highly dependenttbe angle othe incident beam of light
relative to the surface. As illustrated in a profile view of an objeEtgare6, the
surface normalgreen vectorjs a vector perpendicular to thecal tangent plane (red
line) at any location on the object's surf@8f Surface normal allows the perceptiof
surface orientation and pleg key role in RTI.

Figure6: Incident beam (yellow) and reflected beam (blue) in relation to the surface normal (green) at three
different points on a surface.
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2.2.Types of Reflection

Different materials with different microscopic irregularities, matte features or
glossiness, reflect light rays in characteristic ways. Two main categories are generally
proposed for reflected light: specular reflection or diffuse reflection. However, the
boundaries between these two reflection models anekied surfaces are not entirely
separate, and thus there is a third category called spgiaction that is in between
specular and diffuse reflection.

2.2.1. Specular Reflection

As shown inFigure?, speculareflection (ormirror-like reflection) exhibits one
concentrated beam of reflected light in response to an incidentTiggunit vectors in
Figure7 representespectively: the incident light directiobf¢ local surface normaN
viewing angle Yfand thereflecied light direction(Rf According to the law of reflection
as shown irFigure8, at any given location on a surfaceth@ ¢ o mi ngndaheg |l e d
out goi nogvithaasgedt ® thefnormal are equal:

I (BNp=1 RP(NP (4)

Figure7: Schematic illustration of specular reflection that reflects light in one concentrated ray.
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Figure8: In specular reflection the angle between the incident ligf#and the reflected lighHfareequal.

Some of specular reflection properties include the following:

1. The reflected beanRlies in the same plane as the incident beldfnand the
surface nomal.

2. The intensity of a specular reiion (Rfdoes not depend on thagle ofincident
light (e

3. Unless the reflected beaifand the viewing angl@/palign perfectly, the

viewer cannot see the illuminated point on the surface.

2.2.2. Diffuse Reflection

Diffuse reflection occurs for rough / matte surfaces with microscopic irregularities
which tend to scatter the incident beam of light diffusely in all dwes{26]. As shown
in Figure9, for a perfectly diffuse surface, the output rays are reflected tihenmcident
point in the form of demigphere(blue circle) with decreasingminous intensityas the
angle from the surface normal increases. Diftis#acescan be seen from a range of
anglesdue to the reflected beams that scatter all around the point of incident.
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Figure9: Schematic illustration of an ideal diffuse surface scattering light.

Diffuse reflection can be modeled by the Laméelaw where a rough surface

reflects light according to a cosine angular diffusion:

‘0 OAI-© 5)

Wherelo, andl; arerespectivelythe luminous intensity of the reflected beam and the
incident beam, andis the angle between the surface normal and the incident beam. The

units of luminous intensity here are optical power per solid astgeadians

2.2.3. Spread Reflection

Most objects are visible by visual perception due to diffuse surfaces that
contribute 6 bouncing incident light in all directions, while a specular reflective surface
can only be observed at the specific angle according to the angle of the reflected light,
like a mirror. There isin facta continuous spectrum of reflectidoestween the specular
and diffuse reflection, thatan have morepeculaity or diffusivity depending on the
surface roughnesés depicted inFigure 10, for partially rough surfaces narrow range
of reflections appears around the specular reflectemedthe specular lobe. As the
surface shows more roughnessl exhibits less glossinesewidth of the specular loe
increasegits length decreases and the surfacessgetting mattd27]. This can be

modeled empirically as follows.
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‘0O OAT-O (6)

Wherelo andli arerespectivelythe intensity of the reflected beam and the incident beam,
anddis the angle between the surface normal and the incident hesahe shininess
constant which is an empirical value that characterizes how specular or diffuse the
reflection is with regarsito surface material propertiéfigher values oh attenuate the
volume of the specular lobBote that this empirical equation can be made to match the
observed brightness by tuningbut the parameters in the equation are not derived from

anyphysicalroughness parameter of the surface.
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FigurelO: Three reflection states ranging from primarily specular to primarily diffuse reflection. As the
roughness increases, the elongated lobe width also expands wisigkisize shrinks.

2.3.Reflection Models

2.3.1. Phong Reflection Model

In this thesis we will use empirical observatioFbased models describing the
reflection of glossy material3he Phong reflection model as showrigurell
considergheambient reflection component along with diffuse and specular reflections as
the main components to describe the surface refle[@&jn
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(a) (b) (c)
Figure11: Phong reflection model consists of ¢hffuse reflection (b) specular reflectioand (c)ambient
reflection.

The ambient reflection component demonstrates the effect of illumination
incidenton thepoint after bouncing off other surfadesthe environmentAs part of this
study, the experiments are executed with no ambient light and thus the ambient light

refledion component of the Phong model is omitted.

In thePhong reflection modéhe diffuse reflection componeistrepreserdgd by
Lambertian surfaces with uniform reflections in every directitence, the diffuse
reflection light intensitylq, of the Phongnodel sindependent of the viewing direction

and is dependent on the angle of illuminatidras shownn Figurell (a), and it is given

by,

O UL OAI-© (7)

Where thdi represents the illumination light intensity, afg the diffusereflection

surface constant.

The second component, the specular reflection light intemsigs shown in
Figurell (b), depends strongly on th@wing angle {pwith respect to the surface

normal (Vg and the index of surface roughnésy according to the following equation:

"0 00RO 8)

Page20of 151



Wheren is infinity for a perfect mirror, and it tends to zero as surface roughness
increasesTheKs denotes the specular reflection surface constant, athe intensity of

specular component of the light sou[28].

Finally, the Phong reflection model is definad (sed-igure12):

‘0 LOAT-© 0VOAIIO (9)

Figure12: Schematic illustration of Phong reflection model for two different incident light angle and same
lobe parameter (n).

2.4.Light Reflectance in RTI

The implementation and configuration of RTI will depend on the reflection
characteristics of materials, therefoetetmining thesurfacetopologyand the
glossiness/matteness of the surface are important. Many objects reflect light diffusely:
reflecting light broadly in many directions, and thus the surface features candredapt
and discerned using RTI illumination from a broad range of angles. However,-hkieror
surfaces or glossy materials tend to reflect light in one particular direction or a narrow
spike about the reflected beam, meaning that the specular refledtighlisviewpoint
dependent. If the viewpoint or illuminating source is not located at the right spot, no
image can be viewed. In RTI, the camera is assumed to lie in a fixed location while the
light source illuminates the surface from different anglesc&scin imaging shiny
surfaces through RTI depends to a great extent on empirical examination as to how the

lighting structure should target each point on the surface so that an image is captured by a
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fixed camera. As illustrated figurel13, specular reflections with a relatively small lobe

can only be captured, if the light source is located close enough to the camera

Figure13: Schematic illustration of capturing glossy surfaces and the importance of illumination direction.
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3. RTI Software and Hardware Requirement

This chapter presents tapparatuses required to perform Reflectance
Transfornation Imaging (RTI) The programming environment used to control the
apparatuses is introducexs isthe methodor producing multidirectionally illuminated

images.
3.1.Light Sources

The specimen under test in Reflectance Transformation Im@gin is
illuminated multidirectionally and photographed from a fixed viewpoliténce, he

light source used for conducting RTI is required to meet some specificetdtunding:
1. Programmable so that the illumination intervals can be defined
2. Addressable indidually so ago be controlled
3. Mountable on different lighting structures
4. Portable in terms ofize, weight and shape
5. Consistenbutput so that the brightness of captured images remains uniform

The light sources used in this thesis are NeoPixels Adaifruit hardware
company, which have RGB LED pixels (fBnm x 5 mm) chained together in different
forms such astrips,ring, boards and stickss shown irfFigurel4. Each NeoPixel form
factor has3 input wires to be activated: Ground, Power Biath connectiorEachLED
on a NeoPixel can be turned on and off individually with control oveligheng
intervals, brightness intensity and color d&a connection singi@ire control. Red,
green and blue LEDs can be combined to produce white and intermediate colors. The
powerrequired is Volts and 60 milliamps to each pixel. For instance, for a NeoPixel
strip with a total of 50 bright hightensity LEDs, a maximum of Bmps is requiredf
all LEDs are to be simultaneously.dviuch less power is required if only one or a few
LEDs are lit at any one tim@owering NeoPixels doemt switch on the LEDs until the
data input wire connected to one pin of a microcontrollectivaed, which will be
discussed in sectich2
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Figure14: Four different types of NeoPixels (tofpx8 Shield,8x1 strip, 4x8 FeatherWing and6 Ring.
Three input wires of each NeoPixel (bottom).

3.1.1. Light Frames

The lighting direction can be altered depending on the dimensions of the test
specimen and what feats are subject to investigatioh hemisphere lighting framean
beused[13] toilluminate the specimen surface uniformly from different angles
established method is to place light sources at the same distance from the sf&jimen
Domebased lighting wafirst used by Malzbender and following tHaT| studies have

useddome lighting structures to illuminate sutte (sed430], [18]).

Thewide rangeof NeoPixelsform factorsallow us toexplore differenpossible

lighting frames that can be used to illuminate samples, especially when viewed through
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an objectve having a limited working distanc@ NeoPixel based hemisphere was
constructed at Dalhousieing 15-centimeter diameter 3D printed PLA domvih a

flexible soft strip of 50 NeoPixels hot gluatove50 holes on as depicted kigure15.

The LEDs are arranged in 4 latitude bandsLEBs near the equator, next a band
of 15 thenaband of 11, and@ap O6pol ar 6 band of 6 LEDs. The
towards the poles as the circumference decreasdswadLEDsS are required to

maintain the inter LED spacing.

6 LEDs
11LEDs

15LEDs

18LEDs

50 mm

Figure15: 3D printed hemisphere and the NeoPixel flex#btg.

3.2.Arduino

In addition to a power supply, a microcontroller is required to address each LED
on a Ne®ixel and specy its color and brightnessleoPixels are sold by Adafruithich
also provides libraries for Arduino so that the NeoPixels can be controlled though simple
codes written in opesource Arduino IDE softwar&or examplean Arduino Uno as
shownFigurel6is aninexpensive circuit board that contains a microcontroller that can

be programmed to control NeoPixels.
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Figure16: ArduinoUnoboard

The Arduino USB port connected to a computer supplies power and allows
communication with the Arduino. The Power input wire of NeoPixel is connected to the
5V output pin, the Ground wire of the NeoPixel is connected to the GND pin of the
Arduino, and thé@atain wire of the NeoPixel is connected to one of the digital pins of
the Arduino Uno boardl'he USB connection camominallyhandle 500 milliamps, and
thusconsidering th@ominal60 milliamperecurrent draw up of each LEDaving 8 lit
LED at the samarhe could reach the maximum current poweseparatgpower supply
should be used if more LEDs need to bepi all togetherRather thardirect
programming of the Arduino boards through the Arduino,li®&ich requires compiling
of the programghe hardvare of this study is controlled via codes written in MATLAB
MATLAB has a support package for controlling Arduino boards as well asibuilt
NeoPixel libraries. MATLAB also allows for control of the camera using-ouil
libraries as well as real time viavg of the captured images. This process is explained in

section3.4.
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3.3.Camera and Microscope

While the ultimate goal is to image MEMS devices using the MEMS lab
microscope a number of different microscope setups were built and tested, partly due to
2020/21COVID restrictions and partly to start at larger scales and move to smaller

scales.

To investigate RTI at the mm scale, a USB microscope was figgene17
showsa Celestra digital portable USB microscop&.5MP digital cameracaptures
images with a range of resolutio®4Q x 480H2592 x 1944 Working distance varies

from 10 mm to several cm

100 mm

Figurel7: Celestron handheld USB digital microscope
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By installing the MATLAB support package for USB webcam-addVATLAB
is capable of identifying the USB microscope as a webcam and taking pictures. The

details of the capturing proceare explained in secti@¥.

The USB camera was combined with the 3D printedRN&d hemisphere
describedhbove (se€&igurel8). Thecylindrical microscope frameas placed in a 35mm
diameterhole at theapex of the 3D printed hemisphened multiple mmscale objects

were imaged (see Chapt®r

100 mm

Figure18: The 3D printed hemisphere and the USB camera.

3.4.MATLAB

Programming of th&SB Camera and NeoPixels in MATLAB begins with the
installation oftherelevant support packages. These packages ananginformation
can be fandin MATLAB through the Home TalY Environment sectiolY Add-Ons
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option. The desired package for Arduino is called "MATLAB Support Package for
Arduino Hardwareo and has been eseconédnded t
Add-on called "NeoPixel AddDn Library for Arduino”. Having these two packages

properly installedthe Arduino will be ready to communicate with NeoPixels.

Figure19 shows partef the written code to light up a ring NeoPixdth 12
LEDsthrough Arduino Uno board. First, the user initializes the Arduino hardware by
determining the USB serial port connected to the Arduino supply connector, followed by
the name of the use&tduino board. The desired library needed to control the NeoPixel
hardware, AdafruiNeoPixel, is also addressdthe NeoPixel is then initialized by
mentioning the name of the Arduino pin to which the NeoPixel data wire is connected, as
well as the numbesf NeoPixel LEDsThe subsequeritnes determine the brightness
level of the LEDgrange is from 0 to 1}urn on the 12 existing LEDs on the Ring

NeoPixelin red lightand turn them off after a tenth of a second pause.

Arduino_Uno =arduino( '‘COM5', 'Uno' , 'Libraries' , 'Adafruit \ NeoPixel' );
NeoPixel =addon(Arduino_Uno, ‘Adafruit/NeoPixel' , 'D6" ,12);
NeoPixel.Brightness = 0.8;

writeColor(NeoPixel, 1:12 , red );

pause(0.1);

writeColor(NeoPixel, 'off );

Figure19: MATLAB program to set up Arduino and NeoPixel.

The webcam support package needs to be installed so that the image viewed by
the USB webcam camera can be read by MATLAB. This support package is called
AMATLAB Swupkargte for USB Webcamso and can
previously stated path in MATLAB home tafigure20 represents an outline of the

program thawas written in MATLAB to image specimens through a USB microscope.
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my_camera = webcam(1);

my_preview = preview(my_camera);
pause;

closePreview(my_camera)

my_image = snapshot(my_camera);
imshow(my_image);

file_extension = 'Png’
image_name = ‘Test_image_'

imwrite(my_image,[image_name,file_extension])

Figure20: MATLAB program to set up a USB camera, capture and save an image.

Assuming there is only 1 camera connected, then MATLAB assigns it to number
1.The fwebcam( )defindthe seledted camera as a new object to
MATLAB. Aft er using the fAwebcam()o function,
manipulated, such as astion, brightness and contrabkext, the cameramageis
previewed theuser can manipulate the position and focus of the camera, press any key
and the window wil/l be closed. The fAsnapsh
test T he @i noloncan idn save thiewaptured image with a specified name

and format in the current directory.

A combination of theorogramswritten to activate NeoPixel antdle USB camera
can be used in the RTI imaging technidiest, the hardware needs to be cared

properly as stated in previous sections.

As shown inFigure2l, first the camera, Arduino and NeoPixels are initialized
using the proper ports ampihs. TheNeoPixel used is the flexible strip with 50 LEDs,
connected to the pin AD60 of an Arduino Un
extension are specified. Then the resolution of the camera is selected. The available
resolutions canbe accedse usi ng t he Awebcam()o function
the Apreview()o function shows a |live Vview
manipulate the specimen, the focus of the camera and/or the working distance Then,
counter is defined andfer i loop can be used to turn on each LED on a NeoPixel
Anotherfor j loop takes one or morgictures while the LED is omnd then saveeach.

Note that for image numbers below 10, a leading 0 is added to ensure the images are
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sorted properly. The current LED is turned off at the end of the loop and then the process
is repeated for the next LED on the NeoPiBgcause the LEDare notturnedon at the

same time, the current consumption remains below the maximum current supplied by the

Arduino.
arduino = arduino ( 'COM4', 'Uno' , 'Libraries' , 'Adafruit  \ NeoPixel' );
disp([ 'Connected to: ' ,arduino.Board, "on' , arduino.Port]);
NeoPixel = addon(arduino, ‘Adafruit/NeoPixel' , 'D6' , 50);

% Set up Connection to Webcam
my_cam = webcam(1);

disp( 'Select directory to save images...' )
path = uigetdir;
cd(path)

file_extension = '‘png’
image_name = 'Pix_#'

modes = my_cam.AvailableResolutions;

my_cam.Resolution = '1280x720" ;
my_preview =  preview(my_cam);
pause;

closePreview(my_cam);

for i=1:50
for j=1:num_pics
writeColor(NeoPixel, i, ‘white' );
pause(0.2);

my_image = snapshot(my_cam);
imshow(my_image);

if j<10
imwrite(my_image,[image_name, ' 0" ,num2str(j), "' file_extension])
else
imwrite(my_image,[image_name, " num2str(j), "' file_extension])
end
writeColor(NeoPixel, ‘off  );
end
end

Figure21: The RTI_Capture MATLAB program
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When the program is properly executed, a set of images is produced. Using the
strip NeoPixel and the hemisphere, 50 images are taken from each specimen, in each of
which the lighting angle is differerftigure22 shows4 sample images of 3 small
rounded beadsanging in size from 4 mm to 6 mm diame®rowsing the images
simulates a visual relighting of the object. These images are the input cdsacfqrost
processin@nd VirtuatRelightingMATLAB programs thaprovideinformation about
the 3D structure of the surface under study. Vinial-Relighting andhostprocessing
phase is explained in Chapter

Figure22: Four balls under test while the illumination angle varies.
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4. RTI Viewer

In this chapter, the third stage of RTI workflow, ppsbcessing of captured
images, is discussedihe idea behind this stage is to identify the informatvithin a
sequence afwvo-dimensional imageand detect relationships between the three
dimensionaproperties of aurfaceand their twedimensional representatiaman image

Notethat the diagnostic methods presented in this chapter are primarily descriptive.

This stage is divided into two general categories)lyirshe virtual reilluminabn,
whereby a sequence of imageptured in varying lighting directioresin be browsed,
and seconlg composite images each of which can provide specific information about the

threedimensional structure of a surface.

4.1.Virtual Reilluminating

In the previous chdpr, we have seen how by employingeanisphericalighting
frame andh USB microscopea sequence of images captured in different illumination
directionscan be obtainedach of thesemages are arrayghereeachelemenin the
arrays holds intensitypformationthat carbe used in surface interpretatidinese images
stacked together caimulatethe multidirectional illumination of a surfaaender
observation. As described in chapdethe hemisphere lighting frame used in this study
defines theposition of each LED in thredimensional space based on two angléas:
defined to be the polar angle or colatitude between 0° to 90° (in this case dbands
betweer25° for the top band of 6 LEDsnd73° for the lower band 018 LEDs), andd is
the longitude or azimuth angle which ranges between 0° and B68%op band will
have 6 differentl and the bottom band will have 18 differefat

As described ithe previous chapter, the RTI capture prognammbers the
images according to the order theDs light up and the microscope takes pictures.
Although each image has ksanddindex, images in the directory are storednaage

numbers from 1 to 50.
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To browse captured images, the user is first required to specify a directory in
which the capturednages are stored. Then tiied ifunadion liststhe contents of the
selected directory with pngextensionA variable is then assigned to the number of
imagesand the name of images is extracted from the stryasrshown irfrigure23.

path = uigetdir;

list_of images = dir(strcat(path, "\*' ,'png" ));
num_pics = size(list_of images,1);

file_names(1:num_pics,:) = char(list_of _images(1:num_pics).name);

Figure23: MATLAB program tolist the name ofmagesfrom a directory

The next step is to read the images one at a time and place thetadk.aA
stackis a multidimensional array in whictihe content of each color image along with its
illumination direction mformation is storedA singleRGB image is comprised @nm x
n x 3 array which contains the information of thedor channelsEach illumination
direction corresponds to the azimijtttaihdcolatitudeangle () of the LEDs associated
with eachimage.To stack the images, first a zer@lBnensional arrayn x n x t x p x
3) is defined to reserve memory for thiex n x 3 RGB images at thepecific lighting
direction of each imagg@ denotes] thetalocations ang denotes philocationg. Then
as shown irrigure24, afor i loop fetchesmagefiles one at a timérom the predefined
list of names and stores each image in the correspgddind: number of theore

definedzeromultidimensionahrray.
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phi_val = 1;
theta val = 1;

theta table =[18 15 11 6];
theta_max = max(theta_table);
phi_max = 4;

image_stack =zeros(y_size,x_size,theta_max,phi_max,3);

for i=l:num_pics
ith_image = imread(file_names(i,:));
image_stack(:,:,theta_val,phi_val,:)=ith_roi;

theta_val = theta val+1;
if theta_val > theta_table(phi_val)
phi_val=phi_val+1;
theta val = 1;
end
end

Figure24: Part of the MATLAB program to store RGB images

As mentioned earlier, the images are named according to theobibgture, and
our lighting frame consists of 4 classes of colatitude, each of which has respectively 18,
15, 11 and 6 LEDs at different angles. To store images, once the maximum number of
images per colatitude ) is reached, the number increases by one, ghend number is
reset to one. When the loop reaches the endjiménsional array of RGB images is
acquired as shown irigure25, which can be used in the following steps to display each

image independently.

Throughout this chapter, frequently usednare as follows: 1. High LEDs: the
six most elevated LEDs at a polar angle of 25 degregs, High Images: the six
images captured under the illumination of Top LEDs. 3. Low LEDs: the 18 least elevated
LEDs at a polar angle of 73 degreeg (4. Low Images: the 18 images captured under

the illumination of Low LEDSs.
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Figure25: lllustration ofa five-dimensional array of RGB images

Images can baccessefrom the image stack and thbadisplayed individually
by specifying their andd numbersThe algorithm used for this purpose is shown in
Figure26. ThetaandPhi are the assigned longitude and colatitude of the image to be
displayed. The "squeeze" function is useddbbapsethe dimensions of the final array

from 5 to 3 as only one imags displayed at a time.

display_image = squeeze(image_stack(:,:,theta,phi,:));
imshow(display_image)

Figure26: Part of the MATLAB program to display images separately

To interact with the user and enable image browsing, a variable is defined in a
whileloop, in which the key pressed by the user is stored and a command is executed
accordingly.In Figure27, the "get" function contains the character pressed by the user,

and the "double" function converts the character to an integer according to the ASCII
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codes defined for each key on a keyboatten thekey valuas setas a switch

expression that executes a statement depending on the key pressed by T user.
ASCII codes for the left and right arrow keys on the keyboard are 28 and 29,
respectively. Therefore, pressing these keys executes one of the two cases shown in
Figure27. Initially, ThetaandPhi are set to ondzach time the user presses the left arrow
key, theThetanumber decreases by one, and upon readhitige Thetanumber jumps to
the maximum value which is the last image in the sBhieln a similar manneipressing
the right arrow key increases thbhet value by one, and as soon as Tihetareaches the

maximum, the values reset to one.

key_value = double(get(gcf, ‘CurrentCharacter’ );
switch  key_value
case 28
if theta>1
theta = theta -1

else
theta = theta_max;
end
case 29
if theta <theta_max
theta = theta+1;
else
theta = 1;
end

Figure27: MATLAB code to update the Theta value

The value ofPhi can also be altered in a similar way to Tietaalgorithm by
user control over the up and down arrow kegsdepicted ifrigure28. One requirement
of PhiandThetacontrol isto update th& hetanumberwhenmoving between different
Phi-s. Since the number of LEDs in each elevation of the hemisphere is different, the

Thetanumber shouldbe interpolated whetie Phi numberis adjusted

Being in awhileloop, each time an arrow key is pressed, the previous image
closes and the new imageopened whicleorrespondto the newPhi andThetavalue.
The time interval between the closing of the previous image and the openindadéthe

oneis brief, and thushe images appear to be browsed sequentially.
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case 30
if  phi <phi_max
old_theta_max = theta_max;

phi = phi+1;

theta_max=theta_table(phi);

theta=1+round((theta - 1)/old_theta_max*theta_max);
end

case 31

if phi>1

old_theta_max = theta_max;

phi=phi -1;

theta_max=theta_table(phi);

theta=1+round((thet a- 1)/old_theta_max*theta_max);
end

Figure28 MATLAB code tointerpolate new fieta valuavhen changing Phi value

4.1.1. Image Interpretation

Both RTI_Capture and RTI_Viewer programs have been test@dultiplemm
scaleobjects. Each group of dagats contains 50 images, anthkes less than a minute
to run the program and review #ile captured image®ue to the descriptive nature of
postprocessing stage this study, the process of interpreting tliagesmay vary
depending on the characteristics of the subf@atmmonidentifiable properties can be

summarized as follows

Orientation of facets Assuming tlat most surfaces exhibit spreesflection,in order for

the camera to capture the specular highlightsreflection beam arttieviewing angle

must overlap or be as close as posqibdée Phong model, Chapter 3). Rigure29
illustrates, vith respect to théaw of reflection, the angle of tteurface normal at points
whose spread reflection is toward the camera will be half the angle of the incident light
(). Hence, the surface at those points would make the same angleitf the

horizontal, which in this case,ith four groups of light on the hemisphergatarangles

of =73°, =57°, :=41°, and 4=25°, it would bepossible to detect surfaces with

approximateanglesof 36.5°, 28.5°, 20.5° antR.5’, respectively
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Notethat the accuracy of thaboveresults is Imitedby: the LED position accuracy, the
changen radialdistance between each LED and different parts of the sugadeEDs

light intensityvariation

/-

A
/ N

i

Figure29: Perception of the surface slope from highlight reflections in the images and the polar angle of
the incident light

Depression and ElevationElevatedeatures cast shadswver the base surfagenen
illuminated from anglesThe shadow length varies @irectproportion to the polar angle

of the incident lightOn the other hand, depressiaasinot be identified bgasting
shadowsA simple approackoud beto trace the shadothat the rim of the depression
casts over thateriorregion of it, and thudepending on the depression width and depth,
as thepolarangle of the incident beamcreasesless area of the depression lights up,
and vice versaDne approach might be to identify depressions by comparing them to
detected elevations. In general, whenwesterlylight illuminates thavestcoast of an
elevation, the same incident light illuminates dastcoast of a depression, this

difference can also be used to infer these featlitesinterpretation procedures used to
identify depression and elevations may vary depending on the 3D characteristics of the

subject under test.
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One of the millimetescale djects under test is a red square plastic brick
(Nanoblock$) with dimensions 7.8 x 7.8 x 3.1 mm, as showRigure30. There are 4
cylindrical studson the top face of thierick anda 4mm ball attached to the lefide The
RTI_Viewer program creates a sequence of images, as shéwgune31, in which the
reflectance properties of the surface, specular highlights and shadow effectisthe
geometric characteristics of the surfatlkee images show the subject under illumination
from threedifferentd directions and two directions Each ofthese images can be
examined to obtain important information about the geometry of a sufta@xample

the shadows are longer on the higlheet of images.

5 mm

Figure30:An image ofa dastic brick under standaiumination.
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=41° =41° =41°

«=57° «=57°

Figure31: 6 samples of a plastic brick observed through the RTI program

As mentioned earlier,uy visual perception of a subject depends on various
elementsTwo of these elementsn which the RTI technique is basgathe shadows
and highlightsUponcomparing conventional digital photos with RTI images, our visual
inferences ba surface arenproveddue tothe shadowsand highlights associatedth
RTI technique

Figure32 demonstrates the type @détails that an RTI image can discedur
perception otlevationsand depressions on a surface bamarkedlyenhancedhrough
shadows andlighlights While conventional photography illuminates thessuees
evenly and thereforehowsno depth anddoks flat, RTI images emphasize the 3D
feature of a subjecAs can be observed the northerly illuminatedrigure32 (a), the
southerlyshadow cast by the stud indicates that the studs are at a higher elevation than
the top face of the brick here are also highlights on the noetfgesof the studs that
indicatea faceted or rounded edgeonversely, the same incident ligtighlightsthe
southsideof thecentralhole and thus differences in the direction of the highlights can
discern the visual differences between elevations and depregsi@pecular highlipts
such as the surface of the b#igure32 (b)) the angle between surface normal and the
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incident beam approximately equals the angle between tfaesurormal and reflected

beam that reaches the camera, and thus the orientation of these points can qualitatively be
estimated with respect to the direction of the incident bé&aaddition,Figure32 (c)

shows how a vertical facet can be detected through the shadow it casts on the background

when being illuminated by the light source in the opposite direction.

Figure32: Representation of the information that an RTI image can prollidmination is from the north.

4.1.2. Noise

One of the points connected with images in RTI is the exposure to noise
introduced byphotography and lighting equipmentoise in images can generally be
perceived as the lack of light and color uniformity in the images, especially in the dark
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regions.Camera settings, sensor type and temperature, and the inherent properties of light
are considered the main sources of image nbligeiever,one of the environmental

factors involved in noise formation, especially in this stuslyhelight source

The brightness intensity of NeoPixels used in this study as light source is
estimated to be at 550 to 7Dlllicandelas range for red LED, 1100 to 1400
Millicandelas for green and 200 to 40illicandelas for blue.

Hence, the nominal light power calculated for each LED of the NeoPixel is
estimated to be approximately 6.5 lumens across an angle of 120°, which is less than the
power of conventional microscope LED light sourf&4. Thereforejn a lower level of
incident light,adecrease in the input sigranreducethe signatto-noise ratio and thus

the image appears to have more noise.

To reducethe problersintroduced by noise, one approach isviEightthe
captured imagesSince the nise present in the images is randomly distributed, averaging
over multiple illuminationgan reduce the appearance of the noise and also balance out
the brightnesdn this case, only one image has been recorded each time the scene is
illuminated from a d@ection. Therefore, the conventional averaging technique cannot be
implemented. To combat thifirst assume that eactoisy capturedmagen f i®
represented as:

o
QifH G 10
& ity

Where(x,y) represents the pixel coordinates, the image number is denotedriolythe
three red, green and blue channels are respectively givgr, oy g(x,y)andb(x,y)

Next, instead otaking the average of multipimagescapturedrom the same viewpoint
the averageof all the stacked imaggesach of which has been recorded under a different

lighting directionis calculatedThe average image can be represented by "G" as follows:
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WhereN is the total number of images, which in this ciase equal to 50Figure33
shows the MATLAB algorithm to acquire the average image. To this estiiftotal
intensity of theall theimagesin all 3 color channel$or eachindividual pixel is
determined, and then the values direded by the number of images.

avg_image=zeros(y_size,x_size,3);
total = O;
for j=1:4
for i=1:theta_table())
avg_image = avg_image + squeeze(image_stack(:,:,i,j,}));
total =total+1;
end
end
avg_image = avg_image/total;

Figure33: Part of the MATLAB program to average all the catured images

The idea is to produce a composite imagensisting of a weighted sum of the

(noisy) individual imagé and lower noise average ima@e

Qo 0 QW2Q  p 0 QW Ochw (12

Hereh; is thei-th compositamage, andveightis a userdefined variable¢o
specify the sharing fraction of the averagpel the noisy image thefinal denoised
image This definition modifies the display imagefkigure26 and the new algorithm is
given inFigure34. Theweightvariable could be specified using the same key press
algorithm defined for Theta and Phikigure27 andFigure28. The highest value
theweightcan hold is 1, which thereby no portion of the mean image is added and the
composite image is 100% the inaiual image.
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add_image = squeeze(image_stack(:,:,theta,phi,:));
display_image = weight * add_image + (1 - weight) * avg_image;
imshow(display_image)

Figure34: Part of the MATLAB program to add the average image partially tatlages called from the
image stack

Figure35 shows (a) the nineteenth photo taken from three spherical b¢lays,
the average of 50 recorded images @)dhe 50/50weighted image of #haverage
image and the captured imagdysing only the individual imag@), parts of the surface
are not visible and the surface is noigging only the average image), the 3D details
of the subject are not fully displayed, ahé shadows and highh¢s present ithe
individually captured imagelsave been removedhemore averagéhe user adds to the
captured image, the less noise will appear in the displayed image; however, the

appearance of shadows and highlights begins to decrease.
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(b)

4 mm

4 mm

Figure35: (a)A single captured image tifiree spherical beads. (Ayerage of all the captured images. (c)
50/50 contribution of the captured image and the average image
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4.2.HSV Image

Thebrightness of Lambertian surfaces is reliant on the angle of the incident light
relative to the surface normdlherefore, by determining the brightest state of each point
on a surface, and the angletlogéincidence light at which the maximum brightness
occurred, gictorial estimate of the orientation of the points on the surface can be made.
The proposed method to interpret a thdegeensional structure from twdimensional
imagess derived from the assumption thigtthe LEDs have the same luminous pow
and 2) the relative distance of the LEDs from the subject is approximately the same. In
the case of ~&m Nanoblock from the previous section, using a 15cm dome, the

maximum radial distance change i24%.

4.2.1. Maximum Brightness Angles

The first prerequise is to identify thebrightest statef each pixebmong the
captured imageanddetermine theorrespondinglirectioninformation of the incident
light. To this end, first the MATLAB program iRigure24is modified to store the

grayscale intensity of the images into a stack categ stackas depicted ifigure36.

image_stack =zeros(y_size,x_size,theta_max,phi_max,3);
gray_stack =zeros(y_size,x_size,theta_max,phi_max);

for i=l:num_pics
ith_i mage = imread(file_names(i,:));
image_stack(:,:,theta_val,phi_val,:)=ith_roi;

gray_stack(:,:,theta_val,phi_val)=rgh2gray(ith_roi);

theta_val = theta_val+1;
if theta_val > theta_table(phi_val)
phi_val=phi_val+1;
theta_val = 1;
end
end

Figure36: Part of the MATLAB program to store grayscale version of the images along with RGB images
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Thegray_stacks amx n x t x p array that contains the grayscale intensity of all
them x n captured images along with thédiumination direction informationThe
number of rows and columns wfx n arrays corresponds to the resolution of the images.
The 3¢ & 4™Mindices of the grayscale matrix& p) correspond respectively tb
(longitude index) and (colatitude index) values. Next, theandd that produce the
maxi mum grayscale intensity at each pixel
shown inFigure37. The fimax () 0 f un okhnimage Maa timaggns 2 i t
with each pixel containing its maximuimtensity, and the location of the maxima within
the gray stackteta_phistoredas linear indices). The individual maximuwhand:
values can be extracted from the I|Iinear in
results in twan x n arrays theta_max& phi_max which respectively storehichd and

L values produce the maximum intensity for each pixel.

theta_max =18;

phi_max=4;
[max_image, theta_phi] = max(gray_stack,[],[3 4], linear );
[~,~, max_theta, max_phi] =ind2sub ([y_size x_size theta_max phi_max],theta_phi);

Figure37: The algorithm to extract maximum values of pixels along with the direction info of the incident
beams of light

The acquired arrays ofiax_thetaandmax_phistore the LED indices (1,2, 3, etc.)
and not the angular values corresponding to each LED. Therefore, the nextstep is
convert the indices imax_thetaandmax_phiarrays to the correspondiaggular
coordinaes As shown inFigure38, anglesassigned taf are calculated according to the
number of LEDs at eachlevel and the distribution of the LEDs ove&B60 degrees
rangeof angles and the result is stored in an arcajledlookup_thetaThe angles
assigned to are premeasured according to the buiéirhisphere in an array called

lookup_phi Through the proposed arrangement, the previous two arragaoftheta
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andmax_phican be modified so that each of their elements represerdgithath angle
andpolarangles corresponding to egeh  x maxiinsm ntensity(max_theta

max_phi.

phi_table =[73 57 41 25];
theta_table =18 15 11 6];

for i=1:phi_max
for j=1l:theta_table(i)
lookup_theta(j,i)=round(360*(j - 1)/theta_table(i),1);
lookup_phi(j,i)=phi_table(i);
end
end
for =1y size
for j= 1:x_size
i = max_theta(i,j);
i = max_phi(i,j);
max_theta2(i,j)=lookup_theta(ii,jj);
max_phi2(i,j)=lookup_phi(ii,jj);
end
end

Figure38: Converting angular indices to angular coordinates

4.2.2. HSV Image

Regardless of the maximum value of each pixel, the angles at which the
maximum occurs can reveal the geometric properties of the sullpecprimary purpose
of this section igo provide a visual perception of the orientation of different points of a

surface based on the angle of the incident light.

While an RGB image is composed of three channelsdfyreen andlue, and
each channel contains 256 tones of each primary @idiSV image islefinedusing
three dimensions of hyél), saturatior(S) andvalue(V). Hue represents the color of the
image from a continuous 3@fegres spectrumaround a circlewhere the colors start
from red passing through yellow, green and blue and come back to red again at the end.
Saturation indicates the extent to whimlors are diluted wittvhite, maximum

saturation is when the colors have the highest purity and low saturation corresponds to a
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whitish representation of the colokalue corresponds to the brightness of the colors.

(for more infamationregarding HS\Eolor spaces sg482]).

For each pixel the hue (H) will be set to the maximum azimuth adgén( the
saturation (S) will be set to maxima polar angle The HSV colormap in MATLAB
assigns numerical information pixels ranging from 0 to o convert angle
information to visual concepts, first the numerical range of angkzsaled to O to 1 as
shown inFigure39. There is a 36° range of azimuth angle dand there is a 48° range
of polar angles in (from «=73 to «x=25). Here, lte third component of the imagelue
(V) is todefineby am x n arraynamedval_imageand is set to ongnaximum
brightness)

max_theta2 = max_theta2/360;
max_phi2 = (max_phi2  -25)/ 48;
val_image =ones(y_size,x_size);

Figure39: The three components of the HSV imalyee, saturation and brightness.

The arrays depicted frigure39 are the three required components to build a
HSV image where each pixel exhibits pictorially its spatial orientation with respect to the
location of the light sources. To convert these compisnato a threglimensional array,
it is requiredto concatenate the arrays that are assigned respectively to hue, saturation
and brightnesand then convert the resulting array to an RGB image as depicted in
Figure40.

HSV_image =cat(3, max_thetaZ2, max_phi2 , val_image);
RGB_image= hsv2rgh(HSV_image);

imshow(RGB_image)

colormap hsv

Figure40: Part of the MATLAB program that represents how the HSV image is built
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The corresponding output image, called the H®¥ge, provides inferences
about the orientation of a surfa@ubjects with known geometrical orientatiansre
testedto examine and evaluate the proposed Hi&sge Figure4l shows(top) the three
spherical beads ranging in size frorm#  to 6mm imaged previously, an@ottom)
their HSVimage A small HSV spectrum ring is shown in the upper left corner to
indicate the direction of incoming lighiccordng tothe distribution of LED®ver the
hemisphere, the surface of the beads is expected to be divided into coloredlséces
saturation decreasesoving to the higher parts of the sprereecaussemaller polar
angles (higher LEDs) indicate lower satimnandgreater polar angles (lower LEDs) are

assigned to higher saturation
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Figure41: Top: The average imagef threespherical bead8ottom: The HSV image of three spherical
beads, used t@present the surface orientatioAssmall HSV ring in shown in the upper left corner of the
bottom image to indicate illumination direction.
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As expected, the surface of the beads is segmented into colored slices that face
different LEDs.The number othe slicess proportional to the number of LEDsooking
at the largest beadhé most central part of the sphere in the image, which is actoally
topregion of the beads exposed to the light of thdéigh LEDs on the hemisphered],
whose light hitghe surface ahe polarangle of 22.%. This is the minimum angle that
is assigned the least amount of saturation, and therefore these regions appeBywhite.
moving towards the outer rings of the sphere, the saturation level of the colors as well

the number of color slices increases.

The image background is a flat surface whose normal is perpendicular to the
image plane and therefore is assumed to meet the maximum value when illufoynated
LEDsclosest to the pole (High LED$)s expected, mostf the background surface is
white; however, bckground areas that arl®se to some of theight sources appear in
color sincenearer light sources have more light hitting the surfabes difference arises
from varying distances of surface points frbgit sourcesaind is not related tihe
orientation of the surface.

The HSVimage of a small chain withr@Bm oval links is presented Figure42.
We bain the image interpretation procegsh the white regions of the subject that are
maximally illuminated bytheHigh LEDs on the hemisphere4). Therefore, these points
on the surface ardose toparallel to the imagplane The surfaces in purgreenand
purple that are located on two different sidéghe white regionare illuminated by the
Low LEDs ( 1) from the north and the southhe purepurplesurfaces correspond to
incident lights coming from the LEDs on teeuthsouthwesbf the hemiphere with
respect to the viewpoinsimilarly, the green surfaces have been illuminated by the LEDs

on the nortlnorthwest.
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Figured2: Top: The average image afchain Bottom:The HSV image ofhe chain used to represent the
surface orientations
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4.2.3. Thresholding

In attempting to recover infmationfrom the HSV image, an undesirable image
artifact is thatheflat areas on the image that should be displayed as white, are brightly
colored. This occurdue to thesurface roughness flat regions otherelativelycloser

distanceof the pointdo someLEDs.

Flat surfaces would be brightly illuminated by light sources at or near the vertical,
while sloped surfaces would be lessntimated from these directions. Tegrayscale
images corresponding the 6High LEDs, are extracted from the created grayscale stack,
and stored in a new array nantegd_stackas shown irrigure43, which isamx nx 6
array. The reason for converting RGB images to grayscale images is that the mask

algorithms used only function on grayscale images.

Thresholding is an image segmentatiechnique that is used to segment the
image into two regionsn this case, one is the pixels with maximum brightness, and the
other is pixels with reduced brightness. To apply the thresholding to this case, first, the
maximum value of each pixel out ofrfGages ot 4 is determinednd is stored in mx n
array calledmax_top_imageFlat surfaces tend to exhibit high values of brightness when
illuminated from a polar angle close tdWhich is close to the surface normal. A user
settablevariable threshod, is defined to provide the criteria for evaluating the intensity
of the pixel.Any pixel wheremax_top_image thresholdcauseghatpixeldo s s at ur at i o
to be set to O (turned whitdh MATLAB a Booleanm x n array mask is used to
selectively desaturatdl image regions with high top brightness above the threshold as

shown inFigure43:

top_phi = 4;

top_theta= theta_table(top_phi);

top_stack = gray_stack(:,:,1:top_theta,top_phi);
max_top_image =imadjust(max(top_stack,[],3));

mask = max_top_image > threshold;
val_image(mask) = max_image(mask);
sat_image(mask) = 0;

Figure43: Thresholding to reduce the brightness of flat points on a surface
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Figure44 illustrates the effect of thresholding on tH8V image of the chain.
The image at the top is the original HSV image with threshold variabldratHis case,
no pixelsare desaturated. The image in the middle is when the threshold variable is at 0.7
whereashe brightness of the flat surfaces idueed without compromising the
brightness of the subjecthe image at the bottom is the HSV image with an excessive

threshold variable at 0.2, which omits HSV information.
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Figure44: The effect of thresholding on the HSV imagep: high threshold Middle: reducedhreshold
Bottom: low threshold
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5. MEMS

This chapter presents a general introduction to MideatroMechanical Systems
(MEMS), a categorization of MEMS devices, and examples of MEMS applications.
Micro-fabrication processes are reviewed and commonly used materials for MEMS
technology are summarized. Next, the optical behavior of MEMS devicessisnped,

and lastly the experimental setup required to observe MEMS devices is examined.

5.1.MEMS Background

Micro electremechanical systems are midavel devices that generate or sense
physical quantities that can affect the malencel world. MEMSdevices incorporate
components with dimensions between 1 to if0and are fabricated using
micromachining processes in which thin layers of materials are selectively etched away
to release a thregimensional structurén a similar manner to integratettauit
technology, silicon is the primary material used in MEMS fabrication due to its superior

intrinsic properties.

Sincethemid-1950'ssillicon hasformedthe foundation of microelectroniesd
during the last few decades heagended its boundariesiteclude fabrication of micro
electremechanical systenj83]. The substratupon which microsystems are bultte
large wafers made from the pure singtgstal form typically a few hundred
micrometers thicksee[34]).

The advent of silicon micromachining made it possible to manufacture complex
threedimensional components of MEMS devices. Shifting towards rsicate devices
yields a number of advantages. There is a significant reduction intvegidivolume, and
as a result the material requirement is minimized. The power requirement is also reduced
in comparison to macrscale counterpartdlicro-scale fabrication ialsoadapted to
massproduction, and as a result, the cost for a single dewoickel bemarkedly reduced
[35].
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MEMS micromachining process falls into two main categories: The process of
micromachining MEMS devicdsom thin structural layers deposited on the silicon
substraté¢ s cal |l ed fAsnor h@ao penéhe digremrociuie is machined
by etching away the silicon substrate, the process is defined as "bulk micromachining"

Surface micromachined MEMS devices will be examined in this thesis.

The first MEMS device dates back to a microscopmnirtg device for radios
invented by an American engineer, Harvey C. Nathansdr®6i@and with the passage
of time has evolved into a broad categorization of MEMS deV&&sMEMS devices
now encompasa variety of functions, mechanisms and applications. With respect to
their interaction with surroundings, MEMS devices are classified into two general
groups: actuators and sensors. A sensor converts-eledncal quantity t@n electrical
guantity €.g.motion or displacemenit change in capacitance), while an actuator
converts electrical input into neglectrical output (e.g. current to thermaEMS
sensors and actuatdicerm a broad spectrum of devices from pressure@sns
accelerometers, injet printers and gyroscopes to radiequency MEMS, optical

devices and micrfluidic components.

As a simple examplé-igure45 showsthe topview of atwo-armMEMS thermal
actuatomwhich is a commonly used component in MEMS devices such as microsensors
or microswitches. The thermal actuator makes use of the fact that the thermal expansion
of a narrow arm will be relatively greater than the nedrexpansion of a wide arm when
a same voltage is applied (this is due to the higher current density and thus higher
temperature)The narrow arm causes the structure to deflect towards the wide arm as
shown in theFigure45. Voltages of a few volts and currents of a few milliamps produce

several microns of motion.
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Figure45: Microphotograph of amsymmetric MEMS thermal actuator

5.2.Surface Micromachining MUMPs

Depending on the desired output microstructure, surface micromachining can
generally entail patterning technigues and additive and subtractive pro&edsesing
concerns the process@fating a thin uniform photosensitive polymer film on a
structural surface and subsequently etching the film selectively based on the pattern of a
mask layer exposed to lighting. The pattern of the photosensitive film is reproduced in
the layer underneathrough an etching agent exposed to the entire workpiece. The
remaining photosensitive film which protedthe structural layer is inert against the

etching agent ankdterrequires an additional etching stage to be removed

Multi-User MEMS Processing siem (MUMPS) is a popular fabrication
technology that eases the design and fabrication process by supplying documented
standardized design rules on shared silicon wafers that imgnediableperformance of
the devicesPolyMUMPsis one of the subset$ MIUMPs technology that can be
implemented in a similar manner as surface micromachsieg PolyMUMPS Design
Handbool37]). PolyMUMPsutilizesan established micromachining procedure in which
the alignments antthickness of layers along with patterning, masking, depositing and
etching stages are predetermined.
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5.2.1. ProcesDverview

PolyMUMPs is an additive fabrication processes coingjsif stacking up to
seven successive layers of thin films witmaximumthickness of 7.85 um, as shown in
the cutaway illustration ifrigure46. There & two types of layers: structural layers
made from polysilicon and sacrificial layers made from oxides. These are analogous to
structural and support layers in 3D printing.

Metal 0.5 pm

/—> Oxide 2 0.75 um

Sacrificial Layes Structural

Layers

Silicon Substrate

Figure46: PolyMUMPs Layers

To illustrate the process, the tvom thermal actuator shownkilgure45is used
as an examplé.he cutaway views of the process when the thermal actuator is cut along

the dotted linen Figure47, are shown in the following images.
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Figure47:Two arm thermal actuator illustration

A n-type (100)single crystal silicon wafesubstrates the first prerequisite, and it
forms the lowermosttructure (>100um thick). Then ashown inFigure48(a), a silicon
nitride thin film (0.6 um) is deposited on top of the silicon wafer to electricallyait®n
and mechanically support the silicon watdsing the same deposition process, a thin
layer (0.5um) of polysilicon (POLYO) is grown on the nitride film to be used as an
electrical ground plan@-igure48 (b)). A photolithography technique is used then to
pattern the POLYO, and subsequently POLYO is etched according to the created pattern.

(a)

(b)

Figure48: (a) Nitride (violet) deposition. (b) POLY@nagentapeposition and patterning.

The first sacrificial (space ol di ng) | ayer is silicon di
which is a common material in surface micromachining. OXIDE1 posi¢éed on the
POLYO0 layerusingadeposition technique and is subsequently pattamadecond

photolithography steps shown irFigure49. Patterniig and etching OXIDE1 contributes
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two purposes: to form dimple and anchor (ANCHOR1) holes to lleel fitith the

subsequent polysilicon structural layer. Dimples are Qri%leep etched pits that will be
filled with polysilicon with the purpose of reducinggtlarge adhesion force at microscale
between two flat surfaces. Anchors are formed by etching completely through the oxide
layer so that an electrical connection will be made between polysilicon layer and the

substrate.

(@)

AnchorHole Dimple Hole

(b) / /

Figure49: First silicon oxide layer (OXIDE1) deposition and patterning

POLY1 is the first moveable structural layen@) which is deposited upon the
OXIDE1, as shown ifrigure50 (a). POLY 1fills the anchor (ANCHOR1) and dimple
holes, and since the sacrificial layers are to be remattiee end of the process, the

dimples and anchors will emerge as depicteigure50 (b).

Figure50 shows a simple cantilever that is made by anchoring one end of a long beam of
POLY1 (green) to the POLYO (purple). Where there is no anchor, the POLY1 will be 2
em above t he OXIDElfissammeved Thereare alsdtleee dimples that

form bumps on the bottom of the POLY1 and lessen the contact area between POLY1
and POLYO0 underneath, and as a result prevent the long beam from sticking.
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Anchor Dimple

Figure50: (a) POLY1 (green) deposition. (b) How POLY1 looks like when OXIDEL is removed

Next, in a third photolithography step, POLY1 is patterned and etched away
selectively, as showin Figure51 (a). Then, upon the POLY1, a thin layer (Op#8) of
silicon oxide (OXIDEZ2) is deposited, as illustratedrigure51 (b), and then patterned
(Figure51 (c)).

(a)

(b)

(c)

Figure51: (a) POLY1 (green) patterning and etching. (b) OXIDE2 (yellow) deposition. (c) OXIDE2
patterning & etching.

Page64 of 151



Depending upon the particular design requirements of a MEMS device, the
OXIDEZ2 is etched to serve two functions: POLY1 POLY2_VIA and ANCHOR2. These
functions are fulfilled with respect to the next layer POLY2. POLY2 is the last movable
structurallayer(15 e m) and i s deposited and then pa
shown inFigure52. POLY1 POLY2_VIAallows the POLY2 to contact the POLY1
while ANCHORZ2 allows the POLY?2 layer to contact the substrate. Where the E2XID
remains intact, the POLY®ill be suspended at a distan(@75um) from thePOLY1. In
this particular example, OXIDEZ2 is just patterned to provide the connection between
POLY1 and POLY2 (POLY1_POLY2 VIA), and POLY2 hasmeed to be anchored to
POLYO (ANCHOR2).

Figure52: POLY2 deposition and selectively etching

What remains to be deposited is the electrical connections through a thin metal
(yellow) layer (0.5um), as shown ifrigure53. The metal layer can also be deposited to
be used as reflectance layers required in optical MEMS. The micromachined device with
suspended stotures will be released by removing the sacrificial OXIDE layers using
Hydrofluoric acid (HF) solution (which does not remove the polysilicon and metal

layers).This is analogous to dissolvable supports in 3D Printing.

Figure53: Metal (yellow) deposition
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To design effective and successful MEMS devices, design guidelines introduced
by companies offering the MUMrocess must be followed. For example, in
PolyMUMPs the minimum anchor size is 3.0 pum, and the ANCHOR1 boundary must b
at least um away from the POLYO boundary that enclosed ANCHORL.

The igures aboveshowpictorially the crossection of MUMPS process for
fabricating an asymmetric thermal actuator. In this case, only POLY1 is used as a
structural layer. The cutawayustration of the thermal actuat@*igure53) shows the
cold arm with three dimples and the probe pad with no electrical connection to the cold
arm (the connection imade through the hot arm which cannot be seen in the cutaway

plane).

5.3.MEMS Chip

The available design area varies depending on the capabilities of the foundry
service. In the case of MUMPs, the MEMS devices are designednma % 5mm are.
Thedicing or sawing stage separsgach designed die after fabrication from the shared

wafer.

Figure54 shows the 68 PGA (Pin Grid Array) MEMS chip padkagused in the
Dalhousie MEMS lab mounted on a ZIF (Zero Insertion Force) socket. The purplish PGA
ceramic chip carrier with matte surface finish has dimensions of2h.% 27.9mm x
2.0mm and encompasses thenfh x 5mm diced chigat its centerThe gdd wire
bonding around the die provides an interface between the contact pads on the chip and
electrical connecting pins on the ceramic package. Each electrical connecting pin of the

ceramic package is routed to a ribbon cable for the external power supply
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MEMS Chip

Figure54: The 5x5millimeter MEMS die inside a ceramic package (purple) mounted on a ZIF socket
(black).

The most conventional approach to observe MEMS devices and their operation
and performance is to use optical microscopy with light sources illuminating the chip at
normal incidence. Hoping to find visual cues and information about the three
dimensional chacteristic of MEMS devices, the RTI technique will be applexyever
visualoutputsimilar to mmscale RTI cannot be achieved due to the optical properties of

MUMPs surface which are discussed in the following sestion

5.4.0ptical Properties of MUMPs

As discussed in the previous sections, polysilicon is the primary structural layer of
PolyMUMPs. Therefore, from the perspective of@ticalmicroscope, MEMS devices

arecomprise of polysilicon structures thainfortunatelyexhibit similaroptical
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propeties and similad e pt hs of f i el d opticlly Hifeengntngeral) , a s

connections with higér reflectivity.

To apply the RTI imaging technique to the MEMS chip, light sources need to
illuminate the chip at different incident angles other thanticalangle, as explored in
Chapter 3 using a dome lighting structukéempts to illuminate the MEMS surface
from different angles, using several 3D printed structuesgaledhat an imagas
bright ascoaxialilluminated images could not be acheel while the camera remains
above the EMS surface Figure55 shows a conventional image of a MEMS device
selected to demonstrate different PolyMUMRs&ures. This particular device was
designed by Bruno Barazg@8] and iscomprise& of periodic suspendestructures
manufactured using POLY1 that drive a squega® (made of POLY?2) to the left and
right. The MEMS device shown iRigure55is labeled with examples of POLY1,
POLY2, dimples, anchors. Note that ofigt surfaces appear bright as they will
specularly reflect light directly into the microscope objective. Conversely, sidewall facets
from either the dimples, the anchors or layer transitions appear dark in coaxial
illuminated image. This is because tmgled surfaces specularly reflect light away from

the microscope obijective.
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' POLY1-POLYO step
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POLY1 Cantilevers
POLY1-POLY?2 step
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POLYO

Nitride

; Anchorl

Figure55: Conventional optical image of a MEMS device (cell squeezer) showing different structures.
Note that nofflat features appear dark
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Figure56 (a) shows a zoomeid regionof the same cell squeezer, digure56
(b) is when the light source illuminates tekame regiomt a réatively large polaangle &
50°). The point of observation for both images (a & b) is the sdine primary
difference between the two images is a significant reduction in overall image brightness,
when the illumination angle has slightly tiltethis bightness reduction mainly arises
from thedimness of flat surfacekat are entirely bright in conventional images. The only
bright regions of the second image are sidewall facets from either the dimples, the
anchors or a layer transition that appear gadoaxial illuminated image. With angled
illumination, these sidewall facets now reflect specularly light into the microscope

objective, while flat regions reflect it away.

Figure56 (b) and similaiobservationsvhen the light source is located at different polar
angles reveal the reflectance characteristics of the polysilicon surfaces. As mentioned in
Chapter 3, diffuse surfaces scatter the incident beam in many directions, leading to the
visibility of the subjet from all points of view, while mirrelike surfaces have only a
specular spike in a single direction anchassult observing mirrelike surfaces depends

on the point of observatiofrrom the viewpoint dependent reflectance characteristic of
MEMS chip we can conclude that the polysilicon thin films are shiny and reflect light

specularly.
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Figure56: (a) A Zoomedin view of the cell squeezer under coaxial illuminatfph The same device under
a lateral illuminatiorfrom the left Note that norflat features appedright.
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Shiny polysilicon surfaces pose two major problems for RTI implementation: 1)
Thelighting directionsntroduced in milliscale RTI(light sources at different grazing
angles all round a subjecdnnot be implemented for the MEMS ch®) Surfaces do not

reflect light diffusely, and as a result, no shadows can be sélesimages

Thereis evidence in the literature about the surface roughness of polysilicon thin
films [39] implying that the specular reflection from polysilicon surfaces would not be as
a perfect mirror, and thus instead of a single specuike sjhere would be a cone of
specularity (specular lobe) that can be captured partially if the observer is positioned

nearly in line with the lobesgeFigure10).

Since the point obbservatioris fixed orthogonallyabovethe surfacavhen
viewing MEMS devices by an optical microscopeorder to illuminate the MEMS chip
and partially capture the specular lobe, here we must restrict the illuminatios cdogée
to thesurface normallower polar angles), as shownkigure57. In such a case, the
specular lobe can be partially captured, and therefore it is expected to see brighter images
in comparison to the illuminatiotirections at a higher polar angl¢owever thelighting
angleis limited in how close it caapproach theurface normabefore it is blocked by

the objective lens.
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Light Source

Objective Lens

Specular Lobe

Figure57: How the reflection of incident lights at smaller polar angles has a greater chance to be captured
by camera.

One of the points connected with miecale RTI is thaih conventional coaxial
illumination, the incidenlight beam passg through the microscope objective leas
collimated and concentratein a small region of high intensity. However, taxdernal
light sources we use in this study are omnidirectional and emit light in many directions
rather than at a concentrdtangle.This will reduce the image brightness.
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Methods for mounting the light sources close enough to the objective lens, and
how the image pogirocessing is modified to reveal thréenensional information of the

MEMS devices will be discussed in th@ldwing chapters.

5.5.MEMS Lab Microscope

At Dalhousie MEMS lab, Bausch & Lomb MicroZoom microscopeounted on
a Wentworth probe station is used to observe MEMS deviceboam inFigure58. The
Microscope is equipped with a coaxial light source that illuminates the MEMS chip that
is placed on a mechanical stage that can be adjusted along the X and Y axistasing
knobson the station. There are also fine and coarse focus knobs that move down the
objectives along the-Zxis to bring the MEMS device into optimum focus. There are
three objectives with 2.25x%, 8%, and 25x magnifications mounted on a revolving
nosepiece. Rotatindp¢é nosepiece enables aligning any of the objectives with the
viewfield. For achieving higher magnification, this microscope also makes use of a zoom
adjustment knob that provides an extended magnification range from 1x to 2x, which
leads to higher magnifaions of 4.5%, 16x, and 50Kote that the numerical
magnifications above apply to viewing with eyepieces, when viewing with a camera the

actual magnification will be different depending on the camera sensor and pixel size.
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Figure58 MEMS Lab Microscope: (A) camera, (B) focus knob, (C) light source, (D) zoom knob, and (E)
objectives

5.6.Camera

The micrescale RTI were imaged using an ult@mpacicamera (FLIR
Blackfly® S USB 3)mounted on the microspe camera tube using a C mount adaptor as

shown inFigure59. TheRGB images acquired by the FLIR camera have a resolution of

Pager5of 151



1536x1024 pixels andhé size of the pixels at X@nd 5 magnification was 0.5Am
and 0.18.um respectively

| [ 4
'
!
$
“
-
A

Figure59: The FLIR camera mounted on the microscope

MATLAB facilitates the image acquisition process by introducing functions that
allow the user to control the camera and the image properties. To make use of these
functions, first the nFLIRESpimakér suppoit lsyinmageon To
Acquisiion Toolboxo need to be properly installed. I
graphical user interface that enables-temk imaging anadan be found in MATLAB
throughtheHoméa b Y Envi r o n me fOns optientHavingtneseY Add
toolboxes properly nst al |l ed, through APPS Y APPS secHt
option, a MATLAB programmatic interface allows the user to identify the detected
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hardware, select a desired color space, preview a live video, and make use of the
MATLAB built -in functions. Thisnterface can be accessed also by entering the

Ai maqt ool 0 command in command window.

Figure60 shows the first three lines of the MATLAB capture progrtmat allows
the user to specify the FLIR camera and then preview a live videgvide®input(p
function is used to define a connected camera as a particular object whose properties can
subsequently be manipulated. The first argument is the adaptorasaigeed to the
FLIR Blackfly camera used in these experiments and can be found through the Hardware
Browser section in image acquisition window. The second parameter is used to specify
the connected device among other devices by a scalar value. Tharuaésacdetermine
the color space of the acquired i mages or
spaces that can be found in the image acquisition window. The second line indicates the
video source that toolbox assigns to the created object in orddjust specific
properties of the device. Then tiygeview(p function shows a live stream from the

selected object.

vid = videoinput( 'mwspinnakerimagq’" ,1, 'BGRS8');
src = getselectedsource(vid);
preview(vid);

Figure60: Part of the MATLAB program tdefine the FLIR camera armpen a live preview window

The defined object has an ON and OFF running mode that is required to be set
before any framacquisition is accomplished. This can be implementefistart(
function as shown ifigure61. Then theigetdata(@ function returns the frame captured
by the object which can be stored subsequently diimgrite()0 MATLAB built -in

function.
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start(vid)
frame = getdata(vid);
my_image = frame;

Figure61: Part of the MATLAB program to capture a frame

One of theadvantages of usirthe image acquisition toolbox interface is that
mani pul ating the camerads properties in t
lines of codehat can be readilgut and pasteds part of other MATLAB programs

which will be discussed in the following chapters.

The aim of this section was to represent a description of the planar structure of
MEMS devices and the micisrale hreedimensional features that are perceived in 2D
using optical microscopes. The reflectance properti@&byMUMPSs were also
explained to be considered when the mistale RTI is applied. Here we restricted
ourselves to the conventional optical microscopes and 2D captured images. The
experimental setup required to observe MEMS devicethai@alhousie MEMS lab
microscope and a digital camera. In the following sections, the soaie RTI will be
explained, and MEMS devices and other miscale subjects illuminated under lateral
lighting are shown. What remains to be explored is the implementation ofsaikeo
RTI technique to MEMS failure detection.
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6. Micro-Scale RTI

The objective of this chapter is to illumindtee MEMS surface so thatsequence
of images containinghformation onthreedimensional characteristics of MEMS devices
can becapturedUsing the MoPixel LEDs and Arduino board seen earlier in chapter 3,
plus the FLIR camera (all interfacing with MATLAB programs), the mistale RTI can
be set up. Two MATLAB programs: R-Qapture and RFViewer, are explained®RTI-
Capture is responsible for commaating with the LED lights through the Arduino board
and triggering the camera once an LED isTihie micrescale version of the RIViewer
program is discussed later in this chapter and deals with how the captured images should

be displayed and poeproeessed to reveal the thrdamensional visual cues.

6.1.Light Frame Ring

The proposed millscale RTI defined in chapter 4 used a dome lighting array of
50 LEDs that illuminated the subject at different polar angles and azimuth angles. As
shown in chapter 4milli-scale subjects scattered the incident beam in every direction.
However, using a similar dome lighting array to illuminate the MEMS surface results in
dark images with no visuals. MEMS shiny surface reflects light specularly and the
outgoing light bams wouldhever enter the objective lens unless the light source is
alignedclose enough to the objective lefibis limits the usable LED sources to the only
the very smallest Neopixel form factofithe 12LED NeoPixelring is used as the light
sourcein micro-scale RTI due to itsompact size: it wilfit around the objective lens
without blocking its front lensgs shown irFigure62. To fasten the Ndeixel ring tightly
around the objective lens stightly undersizeaylindrical 3D printedframeis used,
which has a slit to allow a slight opening of the cylindemeframe is positioned so that

theLEDs arein line with the front lens of the objective

For the 25x% objective at a working distance oh2f, the 12 ring NeoPixel LEDs
have the same polar angle of ~45° and illuminate the MEMS chip at 12 different azimuth
angles from OA Y 360A in 30A steps.
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Figure62: Micro-scale RTI lighting array:R) NeoPixel Ring light sourceF) 3D printed cylindrical
frame, Q) objective lens.

6.2.Micro-RTI Capture

A series of 12 images lit individually by 12 LEDs of the Ring Rigel are taken,
where the light source and camera operate in coordination. To this end, a MATLAB
program was written which in the first step initializes the Arduino board and the ring
NeoPixel, as well as the FLIR camésaeFigure19in chapter 3)The Coordination
between turning on tHeEDs and capturing imagassingthe cameraesulsin the
sequence of RTI imagesor the sake of brevity, these 12 laterally illumindgtedges are
referred to as MfAsi ngl e Forforthey eaiag regarding bogeh o u t
these images are captured, see the Appehdix

Prior to capturingingleimages, a brightfield image and a darkfield image are
capturedA brightfield isthe conventional MEMS imaging when the coaxial light source
lightsthe MEMS surface verticallyl.o capture a brightfield image, the user is asked to
turn on thanicroscopentegrated light sour¢eand then the image is captured and stored
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in the defined dlectory. As stated in chapter 2, a darkfield image is generated by emitting
a hollow cone of light using a ridge illumination source and it aims to highlight the
sidewalls while the flat surfaces remain dark. To this end, turning on the 12 LEDs of the

ring NeoPixel can simulate the ddi&ld illumination. Thus, the imaging order is:

User turns on the microscope light source,

MATLAB takes one brightfield image,

User turns off microscope lamp,

MATLAB takes one darkfield image with all 12 LEDs "ON",
MATLAB takes 12 individual LED images.

o~ w0 DN e

By executing the micr®RTI Capture program, 14 images are stored in this order:
a brightfield imagea darkfield imageand12 single images:igure63illustrates (a) the
brightfield image of the cell squeezer device,tft® darkfield image of the devieath
12 LEDs lit, and (cpne of the single LED images. Tharkfield imagefocuses the
attention on sidewall fats and inclined features while flat surfaces remain. ddmé
overall illumination of thel2 LEDsdarkfield image is higher than teengleLED

images
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Figure63: The cell squeezer device undajbrightfield illumination, (b) darkfield illumination, and (c)
one RTI lateral illumination (from the right side).
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6.3.Micro-RTI Viewer

This section describes how the captured images are bromtseactively by the
user command and how the thhdienensional aspects of the MEMS devices loan
highlighted As discussed in milscale RTI, theoroposed diagnostic procedunethis

chapter is primarily qualitative rather than quantitative.

6.3.1. Browsing Images

The primary focus othe Viewer program is to interactively display the 14
captured images of each scene and allow the user to browse the images and extract the
information content of the scene by comparing different vis@iesentations of

features.

To this end, similar to the approach in the rrattale Viewer program (ségegure
23) the user first specifies the directory of the cagdumages, and the 14 read images
are stored i file_mamesar rTahye maenxetd sfit ep i s to st a
in a fourdimensional arraynj x n x t x 3) in which each captured RGB imaga X n x
3) isassigned the index(thetd.

The brightield and darkfield images are stored in theta values of 1 and 2

respectively, and the individual images are stordtietavalues of 3 to 14.

As with the millrscale RTI, user image navigation can be implemented by
defining an infinitewhile loop that ercutes constantly and displays an image based on
t he user Kkey c¢qgmnkaenyd ounn Itehses ktehyebofiar d i s pr e
pressing an arrow key, tlieetavalue varies, and the displayed image updates

accordingly.
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6.3.2. Imageinterpretation

To achieve a visual recognition of the cell squeezer as an example of MEMS
devices, first, the MUMPs layout is shown to be used as a reference image that reveals
the layer type and features that may be poorly recognizable in a brightfee .Figure
64 shows the togview schematic of the cell squeezer showRigure63that is
composed of POLYO (magenta), POLY1 (green), POLY2 (red), dimples, etch holes,
anchors, and POL¥POLY2_VIAs.

POLY1-POLY2-VIA Dimple Anchor

I POLYO

I POLY1

B POLY2

Figure64: The MUMPs layes of the cell squeezer device
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To recover the thredimensional information from the set of images, a magnified
portion of Figure64 is examined. The magnified insetsHigure65 show (a) brightfield
image, (b) the MUMPs layers, (t)edarkfield image of a selected region of the cell
squeezer devicand (d) one of the single images.

The chosen regn exhibits a complex micromachined structure that at first sight
consists of two to three structural layers (based on the colors), dimples, and multiple

stepped structures.

Figure65: Magnified insets of the cefiqueezer image in (a) brightfield, (b) MUMPs layout,dajkfield
image and (d)single image illuminated from the south

With no prior experience in interpreting the topography of MEMS deviices,

would be challenging to draw conclusions about the MEMS surface based on the
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conflicting brightfield visual appearance of the featuFégure65 (a) has no visual cues

to reveal the step edges that are expected to €kstMUMPs layout irFigure65 (b)

illustrates the constituent layers of the cell squeez@YAL and POLY2, and thus

reveals the fact that the device is made of two different layers superimposed on each
other Figure65 (c) is the darkfield imge that emphasizes sidewalls in any direction that

12 LEDs emit light. As a result, the sloped features stand out, while the lower flat

surfaca seem salark Whenthe device islluminated solely from the south askgure

65 (d) the sidewall edges that are faced relatively towards the light rays coming from the
south are highlighted. This indicates that the topography takes a step up as we climb onto
the POLY1, then aecond step up as we then climb onto the POLY2.

6.3.3. Composite Images

The postprocessing stage aims to merge the information of two or more images

in orderto enhance the inferences osubject surface

The proposed pogirocessing stage contains the faling images: (a) a RGB
compound image that is formed by combining brightfield images with single images, (b)
the modified HSV image-ow these composite images are implemented and viewed is

discussedbelow.

The RGB Compound Image:

The main ideanvolved in composite images is to partially add an image to another
image.The variable that determines the fraction of each image added to the other image
is known asWeight, as discussed in chapter

Figure66 shows(a) the brightfield image of the cell squeezer devibgthe first single
image, (cXhe 50/50 weighted image of teimgle image and the brightfield image. The
combination of these iages allows us to observe the conventional image while a three

dimensional aspect is added to improve our visual perception of a MEMS device.
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(c) Anchorl

i deq— DImp'e

Figure66: (a) The brightfield image of theell squeezedevice,(b) one of the RTI single images of the
same deviceand (c)50/50 contribution of theingle image and the brightfield image.
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The RGB compound image kigure66 (c) can be used to discern the ovat pit
shaped dimples with their inngght sidewalls highlighted wheiluminated from the left
side. Anchorl, the darlelongated ellipsen the top center of the imagean also be
detected by a deghape highlight in theght corner.When side lighting highlights the
inner edge of a shape, it implies that the structuaedispressioand does ngbrotrude
outward.Conversely, fghlights on the outer edge of a structure indicate that the edge is

an elevated structure relative to the surrounding surfaces.

The HSV Image:

The HSV image is used to display which direction of illumination produces the
brightest state. Unlike diffuse surfaces in rmsitiale RTI, specular surfacgschas
MEMS devices are highly vieyoint dependent, and thus a debesed lighting frames
not cmpatible with a specular surface. Therefore, the HSV algorithm used in chapter 4

needs to be modified.

As mentioned before, HSV image contains three components: hue (H), saturation
(S) and value or brightness (V)aoftheH&Rs i s as
in both milli-scale and micrscale RTiViewer. Thus, the color of the pixels represents
the spatial direction of the emitting light with respecatoontinuous 360spectrum
aroundagiven point on the surfactn themilli-scale RTI, LEDsvere mounted not only
at different azimuth angles but at different polar angles, the saturation channel was
assigned to varying polar angles of LEDs. However, in rrscade RTI, all the 12 LEDs
of the ring NeoPixel have the same polar angle. Therefe&reaturation channel is
employed to showhe maximum intensity of each pixel among all the captured iméges
implies that the higher the intensity value of a pixel, the more saturated the pixel is when
the HSV image is displayed. The third channel ofHii88/ color map is assigned to the
brightness which in micrscale RTiViewer is defined by the pixel intensity of the

grayscale version of the brightfield image.

To obtain the HSV image, first the grayscale versions of single images are stacked

in a threedimensional arrayni x n x t). The first and second elements of the array
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correspond to the image dimensions, and the third elerneetite lighting direction

(thetg. Then, the maximum value that each pixel carries and the lighting direction that
comrespnds to the maxi mum value are dretected
function, and are assigned to the saturation and hue elements of the HSV image,

respectively (for more info regarding H3Mage refer to chaptd.

The flat regions are still not tetible in color in the HSV Normal image.
Conversely, features with inclined sidewalls, such as dimples, anchors and step edges
exhibit the sidewallsd orientation through

color wheel.

Figure67 (top) illustratesthe conventional brighield image along withl{ottom)
the HSV image obtained for the same cell squeezer dé&heecolor wheel in the upper
left corner of the HSV image represents the direction of the incident light relative to the
MEMS surface.

For instance, red pixels had the brightest state when they have been illuminated
from the eastandgreenregions are fghly illuminatedfrom the north The selected
region inthe lower part ofFigure67 (top) shows three dark lines in a row, made of
POLY1 based on the layout illustratedrigure64. However, either the layout nor the
brightfield image provides information on the surface topography of the given region
However,the HSV image shown iRigure67 (bottom) provides visual cues that reveal
the threedimensional surface structui®tarting from the bottomhe alignment of the
greenline, then purple lingthen green lindlustrates three consecutive step edges that
are formed by POLY1 that changes orientation frarflat surface on POLY@ropping
to a lower flat surface on Nitridgreen) then climbing up again to a higher flat surface
on POLYO(purple) and finallydroppingto a lower surface on Nitride agdigreen)
Looking at the same structurekigure67 (top), the complexity of the structure cannot

easily be discerned without a pkmowledge about the layout.
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Figure67:Top: The brightfield imagef the cell squeezer.dtom theHSV image
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6.4.Light Frame: Cylinder

An integral part of RTI imaging is to illuminate a subject both from varying
azimuth angledl and polar angles. The NeoPixel ring fastened around the objective
lights up the MEMS surface only from different azimuth andlé&o addresshis
problem, an dditional lighting arrangement is required to complement the ring frame
without blocking either theng NeoPixelor the objective front len®\ 43 mm x 10mm
cylindrical frame was 3D printed to accommodateAaafruitflexible lighting strip
containing 12.EDs (Figure68 (left)). Then, using two binder clips, the new cylindrical
frame was suspended below the NeoPixel ring frame, as shdviguire68 (right). For
the sake of brevity, theriginal ring NeoPixel and its lighting frame is referred to as ring

lighting array, and thaddedighting array is referred to as cylinder lighting array.

20mm

Figure68: (Left) The flexible lighting strip mounted oncglindrical frame, Right) micro-RTI 3D lighting
arrangement:R) ring lighting array C) cylinder lighting array with flexible lighting strip.

While the ring lighting array is constrained to a ~45° polar angle, the cylinder
lighting array can provide @ident polar angles between ~48° and ~60°, depending on its
distance from MEMS surfac€&igure69 (left) illustrates a cutaway view of how lighting

arrays are aligned with the microscope objectives and the MEMS surfacegatdlie
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implemented micrecale RTI lighting arrangement. ThHag NeoPixel is aligned with
the front lens of the objective, and the cylinder is positi@sedose to th®IEMS
surface as possibnd emits incident light rays at a ~60° polar angle.

=

Figure69: (Left) The cutaway illustration, andight) the image of the implemented mieRT | lighting
arrangement:@) the objective, ) ring lighting array, and (C) cylinder lighting array.

According to the law of reflection and leftance properties of specular surfaces,
light rays with incident angles of ~60° expasefaces at an angle 880° to view.
Figure70 shows the darkfield images capgd using {op) the ring lighting array and
(bottom) the cylinder lighting arrayThe process of capturing images using the cylinder

lighting array is the same as that of the ring lighting array.
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Figure70: Darkfield image captured using thteyf) ring NeoPixel lighting array, and gtiom) cylinder
lighting array.Zoomed insets dower left of each image.
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