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Abstract

Hyperspectral imaging (HSI) has emerged in recent years from the combination of
optical spectroscopy and digital 2D imaging as a powerful modality for chemical
analysis at scale. By providing a spectrum for every pixel in an image, the material
composition and its spatial distribution can be determined for a variety of samples
in a rapid, non-invasive, and contact-free manner. This technology holds great
potential for public health, with demonstrated applications in the areas of food
safety and early disease detection.

With the motivation to unlock this potential, this thesis focuses on the spatial-
scan data acquisition technique, as an optimal match for health applications,
and addresses two main challenges restricting its widespread adoption – the
limited flexibility and adaptability to meet varying application requirements, and
the limited progress in miniaturization to offer mobile and affordable systems.
Adopting an “inside approach” in design and construction, this thesis introduces
two novel spatial-scan systems based on employing internal active components to
scan the target while eliminating the relative motion between system and target
prevailing in conventional spectrographs.

The first system combines an internal piezoelectric line-scanning unit with a
rotating camera mechanism, enabling a dual-mode system capable of switching
between spatial and spectral imaging. A novel feed-forward compensation function
is incorporated to automatically synchronize the motion of active components
during data acquisition and enable higher flexibility, without compromising system
performance. The second system combines a rotating slit to scan the target and a
co-rotating Dove prism to realign the transmitted light with the diffraction grating
to prevent spectral crosstalk and ensure a simplified data acquisition procedure.
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Abstract

This thesis also undertakes the miniaturization of the rotating slit mechanism as an
initial step towards overall system miniaturization. The miniaturized mechanism is
realized on a thin glass chip, based on the principles of electromagnetic inductive
levitation and electrostatic actuation, to levitate and rotate an aluminum slit disc
with defined electrodes resembling a three-phase motor. The levitation 3D wire-
bonded microcoils and the actuation electrodes are combined on a single chip
with an improved double-sided microfabrication process, opening new venues for
micro-levitation in optical applications.
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Zusammenfassung

Die Hyperspektrale Bildgebung (HSI) hat sich in den letzten Jahren aus der
Kombination von optischer Spektroskopie und digitaler 2D-Bildgebung zu einer
leistungsstarken Methode für chemische Analysen im großen Maßstab entwick-
elt. Dabei wird jedem Pixel in einem Bild ein separates elektromagnetisches
Spektrum zugeordnet womit die Materialzusammensetzung und ihre räumliche
Verteilung für eine Vielzahl von Proben schnell, nicht-invasiv und kontaktfrei bes-
timmt werden. Diese Technologie besitzt ein enormes Potenzial für die öffentliche
Gesundheit, mit nachgewiesenen Anwendungen in den Bereichen Lebensmittel-
sicherheit und Früherkennung von Krankheiten.

Mit der Motivation, dieses Potenzial zu nutzen, fokussiert sich diese Dissertation
auf die räumliche Abtasttechnik als optimale Lösung für Gesundheitsanwendun-
gen und behandelt zwei Hauptprobleme, die ihre vielseitigere Anwendung ein-
schränken: die limitierte Flexibilität und Anpassungsfähigkeit an unterschiedliche
Anwendungsanforderungen sowie die begrenzten Fortschritte in der Miniatur-
isierung zur Bereitstellung mobiler und kostengünstiger Systeme. Durch die An-
wendung des “Inside-Ansatzes” in den Design- und Konstruktionsprozess stellt
diese Dissertation zwei neuartige räumliche Abtastsysteme vor, die auf der Ver-
wendung interner aktiver Komponenten zur Abtastung des Ziels basieren und die
relative Bewegung zwischen System und Ziel, die in herkömmlichen Spektro-
graphen vorherrscht, eliminieren.

Das erste System kombiniert eine interne piezoelektrische Linienabtastung-
seinheit mit einem rotierenden Kameramechanismus und ermöglicht ein Dual-
Mode-System, das zwischen räumlicher und spektraler Bildgebung wechseln kann.
Eine neuartige Feed-Forward-Kompensationsfunktion wird integriert, um die Be-
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Zusammenfassung

wegung der aktiven Komponenten während der Datenerfassung automatisch zu
synchronisieren und eine höhere Flexibilität zu ermöglichen, ohne die System-
leistung zu beeinträchtigen. Das zweite System kombiniert einen rotierenden
Schlitz zur Abtastung des Ziels sowie ein sich mitdrehendes Dove-Prisma, um
das übertragene Licht mit dem Beugungsgitter auszurichten, sodass spektrale
überlagerungen zu Verhindert werden. Darüber hinaus wird so ein vereinfachtes
Datenerfassungsverfahren sichergestellt.

Diese Dissertation befasst sich weiterhin mit der Miniaturisierung des rotieren-
den Schlitzmechanismus als ersten Schritt zur Gesamtminiaturisierung des Sys-
tems. Der miniaturisierte Mechanismus wird auf einem Chip bestehend aus einem
dünnen Glassubstrat Realisiert und basiert auf den Prinzipien der elektromag-
netischen induktiven Levitation sowie dem elektrostatischen Antrieb. Durch diese
Kombination wird eine Aluminium-Schlitzscheibemit definierten Elektroden, die
einem Drei-Phasen-Motor ähneln, levitiert und gedreht. Die Levitation erfolgt
durch dreidimensional drahtgebondete Mikrospulen. Die Antriebselektroden sind
auf lediglich einem Chip kombiniert, der mit einem optimierten doppelseitigen
Mikroherstellungsverfahren hergestellt wurde, was neue Möglichkeiten für die
Mikrolevitation in optischen Anwendungen schafft.
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Nomenclature

List of Abbreviations

Abbreviation Meaning

1D 1-dimensional
2D 2-dimensional
3D 3-dimensional
AC Alternating current
AOTF Acousto-optic tunable filter
APTF Active-plasmonic tunable filter
CAD Computer-aided design
CASSI Coded aperture snapshot spectral imager
CCD Charge-coupled device
CMOS Complementary metal-oxide-semiconductor
CTIS Computed tomography imaging spectrometry
CVF Circular variable filter
DBR Distributed Bragg reflector
DC Direct current
DFG Deutsche Forschungsgemeinschaft
DI Deionized
DLW Direct laser writing
DMD Digital micromirror device
DP Dove prism
DRIE Deep reactive-ion etching
E. coli Escherichia coli
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Abbreviation Meaning

EAGLE Effizenz adaptiven Gittern und Linsen aus Elastomeren
EPO European Patent Office
FAB Free Air Ball
FSR Free spectral range
FWHM Full width at half maximum
HSI Hyperspectral imaging
IAR Institute for Anthropomatics and Robotics
ICP Inductively coupled plasma
IIIT Institute of Industrial Information Technology
IMEC Interuniversity Microelectronics Centre
IMST Institute for Microsystems Technology
IMT Institute of Microstructure Technology
IR Infrared
LCTF Liquid crystal tunable filter
LED Light-emitting diode
LIDT Laser induced damage threshold
LVF Linear variable filter
MEMS Micro-electromechanical systems
MLA Microlens array
NASA National Aeronautics and Space Administration
OPD Optical path difference
PCB Printed circuit board
PEB Post-exposure bake
PHARAO Portable Hyperspectral Analysis by Real-Time

Optical Unmixing
PM Proof mass
POFA Programmable Optical Filter Array
RF Radio frequency
RGB Red, green and blue
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Abbreviation Meaning

RIE Reactive-ion etching
rms Root mean square
STDEV Standard deviation
USAF United States Air Force
UV Ultraviolet
VNIR Visible and near-infrared
VSI Vertical scanning interferometry

List of Symbols

Symbol Meaning Unit

A Area m2

~B Magnetic flux density T
C Capacitance F
d Distance m
~E Electric field V/m
Fe Electrostatic force N
~FL Lorentz force N
h Levitation height µm
IL Levitation coil current A
IS Stabilization coil current A
Io Amplitude of input current A
Ie Eddy current A
J Eddy current density A/m2

ke Coulomb’s constant Nm2/C2

L Inductance H
` Image line transmitted through slit aperture
`(θ) Image line transmittance angle °
`(θref) Image line reference angle °
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Nomenclature

Symbol Meaning Unit

M Number of slit positions for a complete scan
m Diffraction order
Nc Number of coil windings
NG Number of illuminated grating slits
N(x,y) Number of sampling times of an image point
q Electric charge C
R Resistance Ω

r(x,y) Radius at sampling point m
rin Inner radius of stator and rotor electrodes m
rout Outer radius of stator and rotor electrodes m
U Energy stored J
V Voltage V
~v Velocity m/s
Z Impedance Ω

D Angular dispersion of a grating °/nm
δ Skin depth m
ε0 Permittivity of free space F/m
εr Relative permittivity
Λ Grating period µm
λ Wavelength nm
µo Permeability of vacuum H/m
µr Relative permeability
ω Angular frequency of input current rad/s
Φ Magnetic flux Wb
R Chromatic resolving power of a grating
σ Electrical conductivity S/m
τe Electrostatic torque Nm
θi Incidence angle of light beam °
θm Diffraction angle in diffraction order m °
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Nomenclature

Symbol Meaning Unit

θCamera Rotation angle of camera mechanism °
θ Slit rotation angle °
θs Step angle of rotating slit °
θSlitArc Arc angle defined by slit width °
θrotor Arc of rotor electrode °
θstator Arc of stator electrode °
θoverlap Overlap angle between stator & rotor electrodes °
ξ Electromotive force V
Al Aluminum
Ar Argon
Au Gold
Au2S Gold(I) sulfide
CHF3 Trifluoromethane (Fluoroform)
Cr Chromium
Cu Copper
HF Hydrofluoric acid
Hg Mercury
I/KI Iodine potassium-iodide
O2 Oxygen
PGMEA Propylene glycol methyl ether acetate
pH Measure of acidity or basicity
Si Silicon
PSi Porous Silicon
Si3N4 Silicon nitride
SiO2 Silicon dioxide
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1 Introduction

1.1 What is Hyperspectral Imaging

Hyperspectral imaging (HSI) is an emerging technology, which combines the
techniques of conventional 2D imaging and optical spectroscopy. This combination
enables identifying the material composition of the objects in an image. This is
achieved by acquiring a spectrum for every pixel in the image, as illustrated in
Figure 1.1. The acquired spatial and spectral data are represented using two spatial
dimensions and one spectral dimension, forming a 3D dataset often referred to as
the “Hyperspectral Data Cube”, as illustrated in Figure 1.2.

Atmosphere

Soil

Water

Vegetation

Figure 1.1: Hyperspectral imaging provides
a spectrum for every pixel in an image
(reproduced from [1] ©2007 IEEE).

𝑥 𝑦

𝜆

Figure 1.2: Representation of the hyperspectral
data cube with two spatial dimensions and one spec-
tral dimension [2].

While conventional color imaging is limited to only three bands (red, green, and
blue), hyperspectral imaging acquires data across many contiguous spectral bands,
up to several hundred bands [3]. The spatially resolved spectral information reveals
the chemical composition of the target in a contact-free non-destructive fashion.
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1 Introduction

Hyperspectral imaging was originally developed by NASA in the mid 1980’s
for remote sensing applications [4]. Over the past few decades, and owing to
its unique information, HSI has found many applications in other disciplines
including precision agriculture [5, 6], industrial sorting [7–9], security [10–12],
and environmental monitoring [13, 14]. Examples for such applications are shown
in Figure 1.3

Almond
Cashew
Peanut
Pistachio
Shell
Walnut

Degree of infection: 90% Degree of infection: 30% Fv/Fm
false color 

scale

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0

(c) Forensics

(a) Precision agriculture

(d) Remote sensing

(b) Sorting

Color image HSI classification

Mineral resources
map of Afghanistan

Fresh blood

Old blood

Fresh blood
Old blood

Simulated crime scene

Figure 1.3: HSI application examples in different fields: (a) Precision agriculture: early detection of
plant diseases (reproduced from [6], licensed under CC BY 3.0). (b) Sorting: distinguishing different
kinds of nuts (reproduced from [9] ©2021 SPIE) . (c) Forensics: distinguishing fresh & old blood
stains in a simulated crime scene (reproduced from [12] ©2012, with permission from Elsevier). (d)
Remote sensing: mapping surface materials & mineral resources (adapted from [15]. Public domain).

1.2 Motivation

Public health is one of the areas where hyperspectral imaging can have a signifi-
cant impact on society. This can be realized by using hyperspectral imaging for
the prevention and early detection of diseases. One important step towards better
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1.2 Motivation

prevention of diseases is ensuring the safety of food products and maintaining a
healthy food intake. On the other hand, the early and fast diagnosis of diseases im-
proves the chances of treatment. Figure 1.4 shows some use cases that demonstrate
the potential of HSI in public health applications as a tool for health monitoring,
medical diagnosis, and food analysis.

In the area of food safety and quality, hyperspectral imaging is receiving grow-
ing interest due to the wide range of applications it can serve as a contact-free
and non-destructive analysis tool. The traditional methods in this area include
visual inspection by human labour and sending food samples to microbiology
labs and waiting up to several days for the results. Compared to these methods,
hyperspectral imaging offers rapid detection of contamination with high accuracy
and high throughput.

The potential of HSI in the assessment of food safety and quality was demon-
strated in several studies on different kinds of food including meat, vegetables,
fruits, and grains. A review paper by Huang et al. cites over fifty studies in this
area [20]. Examples include quantifying the concentration of bacteria in beef and
pork and estimating their shelf life [21, 22], revealing defects within cucumbers
and pickles [23], detecting bruises in apples [24], identifying expired salmon [25],
and detecting biofilms of Salmonella and E. coli on surfaces of materials that
come in contact with the food during handling and processing such as stainless
steel and granite [26].

In the area of medical diagnostics, HSI demonstrated high potential as a non-
invasive and rapid detection technique, based on several studies in the literature.
Lu et al. gathered a large number of these studies in his review of medical hy-
perspectral imaging [27]. One of the main applications is the detection of cancer.
In one study, Dicker et al. distinguished between benign and malignant dermal
tissue based on their spectral differences [28]. In another study, Liu et al. was
able to recognize tongue tumor with a success rate of 96.5 % [29]. Panasyuk et.
al. demonstrated that HSI can be a useful tool in guided-surgery by identifying
small residual tumor during tumor resection [17]. In relation to diabetes, Yudovsky
et al. used HSI to assess the risk of developing diabetic foot ulceration [30]. In
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Color image Blood volume fraction Melanin concentration Oxygen rate

(a) Skin analysis 

Muscle
Residual Tumor

Connective 
Tissue

Extravasated 
Blood

Hematoma

Residual Tumor

(b) Tumor detection (c) Fruit quality

Color image HSI pseudo-color image Color image HSI classification

Normal

Rusty spot

Decay

White fungus

Black fungus

Crack

Glare

(d) Meat adulteration detection

Color image HSI classification

Figure 1.4: Public health application examples of HSI in the areas of medical diagnostics and food
safety. (a) Facial skin analysis: mapping blood volume fraction, melanin concentration, and oxygen
rate (reproduced from [16] ©2020 John Wiley & Sons). (b) Guided surgery: distinguishing between
different tissues and detecting residual tumor (reproduced from [17] ©2007 Taylor & Francis). (c)
Fruit quality: classification of skin defects in jujube (adapted from [18], licensed under CC BY 4.0).
(d) Food adulteration: detection of minced beef adulteration with duck meat (adapted from [19] ©2019,
with permission from Springer Nature).
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ophthalmology, a study demonstrated using HSI to monitor ischemia, which can
lead to blindness, by mapping the oxygen saturation in the retina [31]. In dentistry,
HSI showed potential for the early detection of caries [32].

For hyperspectral imaging to fulfill its potential in serving the public health, it
needs to become adopted on a much wider scale. HSI devices and applications
need to become available at homes and in clinics, and to become part of everyday
life. This will allow medical doctors to detect and diagnose diseases in a faster and
easier way. Patients will be able to regularly monitor their condition and share test
reports with their doctors without the need for repeated visits to the clinic. This
can also help extend the reach of medical services to poor and remote areas. On
the other hand, consumers will be able to check the safety of their food to make
sure it is free of contaminants and allergens and will also be able to assess the
nutritional value of their meals in a more efficient way.

Unlocking this potential of HSI for the benefit of public health provides the
motivation for the work of this thesis. The way to achieve this is through devel-
oping mobile, flexible, and low-cost hyperspectral imaging devices, which can
provide fast and reliable results. This development entails a number of technical
challenges to improve upon the state-of-the-art of hyperspectral imaging hardware
to increase their flexibility and reduce their size form. The work carried out to
tackle these challenges is organized as explained the following section.

1.3 Thesis Scope & Organization

The thesis starts with an overview of the state-of-the-art of hyperspectral imaging
systems in Chapter 2. This overview is presented from two perspectives: the data
acquisition techniques and the miniaturization. First, the different data acquisition
techniques are explained and the state-of-the-art hardware realizations of these
techniques are presented. The advantages and limitations of each technique are
discussed in light of the public health applications. This discussion is extended
to cover the miniaturization of HSI systems and to review the state-of-the-art
small-size and low-cost HSI hardware. The chapter concludes with identifying
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the technical gaps in the HSI hardware development and miniaturization, focusing
on one of the main HSI techniques, namely the spatial-scan technique.

The following chapters present the work carried out in this thesis to address
the identified gaps. Chapter 3 provides the theoretical foundations for this work.
First, optical spectroscopy is presented as the broader domain encompassing hy-
perspectral imaging, providing an understanding of how light-matter interaction
leads to the distinctive material spectra. This is followed by explaining diffraction
and the diffraction grating, which is a key element in many modern spectro-
scopic instruments, including the systems introduced in this thesis. After that, the
fundamentals of electromagnetic inductive levitation and electrostatic actuation
are presented, which together form the working principle of the miniaturization
concept introduced in this thesis.

Chapter 4 presents a novel HSI system concept based on the spatial-scan
technique. This concept introduces a new line-scan approach that combines a
line-scanning slit and a rotating camera. This provides higher flexibility in data
acquisition without sacrificing the spatial nor the spectral resolution. First, the
system concept and opto-mechanical construction is presented. This is followed by
the spectral calibration of the system and the derivation of the feed-forward com-
pensation function that is used to automate the system. Finally, the experimental
work to provide validation of the new system is presented.

Chapter 5 presents another novel HSI system concept based on the spatial-scan
technique. This concept is based on a new rotational-scan approach, providing an
alternative to the conventional line-scan methods, by combining a rotating slit and
a rotating dove prism. While eliminating one of the main limitations of spatial-
scan systems, this concept also provides the blueprint for the miniaturization
efforts in this thesis. The system concept and construction is presented, followed
by the system calibration and image construction. Finally, the system validation
experiments are presented.

Chapter 6 presents the miniaturization work in this thesis. The aim of this
work is to use microfabrication techniques to realize a miniaturized HSI system
based on the rotational-scan concept, presented in Chapter 5. This begins with

6



1.3 Thesis Scope & Organization

the miniaturization of the rotating slit mechanism through the development of an
improved microfabrication process for double-sided fabrication on a thin glass
substrate. The chapter begins by highlighting the state-of-the-art micro-levitation
chip and discussing its limitations from the perspectives of optical applications
and microfabrication. Afterwards, the design of the new chip is presented and the
improved microfabrication process is explained. The chapter concludes with a
demonstration of the new chip.

Finally, Chapter 7 provides a summary of the results obtained in this thesis and
an overview of the future work. This includes other novel concepts for hyperspec-
tral analysis and system miniaturization, which have emerged within this research
from the collaboration with other institutes at KIT and at Furtwangen University.

7





2 State of the Art

This chapter provides an overview of the state-of-the-art hyperspectral imaging
systems. In light of the motivation of this thesis, of enabling HSI for public
health applications in everyday life, The state-of-the-art is discussed from two
perspectives: the data acquisition techniques and the system miniaturization.
Section 2.1 presents the main data acquisition techniques and the notable hardware
realizations of each technique. Section 2.2 presents the miniaturization efforts
to realize a mobile and low-cost HSI system to facilitate the wide adoption of
HSI technology in daily life. Section 2.3 concludes the chapter by highlighting
which of the main techniques can provide the optimal candidate for public health
applications and by identifying the technical gaps and challenges that will be
addressed by the work of this thesis.

2.1 Data Acquisition Techniques

Different techniques for the acquisition of hyperspectral data have been developed
over the years. The acquisition techniques can be divided into four main categories
[33], as explained in the following subsections. Figure 2.1 demonstrates three
of these main categories and depicts how the data cube is constructed in each
category.

2.1.1 Spatial-Scan

The spatial-scan technique is based on sequentially scanning the target image to
capture the spectral data for one part of the image at a time, as shown in Figure
2.1(a). One approach, known as the “whiskbroom” [34], uses a pinhole to select
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2 State of the Art

𝑥 𝑦

𝜆

(a) Spatial-scan (b) Spectral-scan (c) Snapshot

Whiskbroom

Pushbroom

Figure 2.1: Three of the main HSI data acquisition techniques. (a) The spatial-scan technique acquires
the spectral data for one part of the image at a time, either point-by-point (whiskbroom) or line-by-line
(pushbroom). (b) The spectral-scan technique acquires a sequence of 2D images, each at a different
waveband. (c) The snapshot technique acquires the spatial and spectral data of the target in a single
shot [2].

one point of the image. By passing the light through a dispersive optical element,
such as a grating or a prism, the spectrum of the selected point is obtained and
recorded with a line detector or a 2D image sensor. To acquire the full hyperspectral
data cube, the target image needs to be scanned point-by-point in two dimensions.
A faster approach, known as the “pushbroom” [35], uses a slit aperture to select
one line of the image. In this case, the target image needs to be scanned line-by-
line in only one dimension to acquire the full data cube. Different methods for the
spatial scanning of the target are shown in Figure 2.2.

2.1.2 Spectral-Scan

The basic principle of the spectral-scan technique is constructing the hyperspectral
data cube by combining 2D images of the target, where each image is recorded
at a different waveband, as shown in Figure 2.1(b). The sequential variation of
wavebands during acquisition can be done either on the detection side or on the
target side. On the detection side, this is achieved by projecting the target image
through a sequence of bandpass filters. A number of methods were reported in the
literature to provide the filters sequence, as demonstrated in Figure 2.3, including
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(b)

(c)

(a)

(d)

Spectral camera

Conveyor belt

Spectrograph

Galvo mirror

Light source

DMD

Objective lens

Lens
group A

Grating Lens
group B

CCDObject

Figure 2.2: Pushbroom HSI systems scan the target line-by-line. (a) In remote sensing, the scanning
is achieved through the motion of a satellite or a plane (reproduced from [36], licensed under CC
BY-NC-ND 4.0). (b) In ground-based systems, conveyor belts are used to introduce relative motion
between the system and the target (reproduced from [8] ©2005 SPIE). (c) Scanning mirrors were
introduced to scan the target without relative motion (reproduced from [37] ©2012, with permission
from Elsevier). (d) New system concepts are emerging to avoid the relative motion by scanning the
target internally using a DMD (reproduced from [38] ©2019 Optica Publishing Group).

the use of a circular variable filter (CVF) [39, 40], a linear variable filter (LVF)
[41–43], or a tunable filter [44], such as a Fabry-Pérot tunable filter [45, 46], a
liquid crystal tunable filter (LCTF) [47], an acousto-optic tunable filter (AOTF)
[48], or an active-plasmonic tunable filter (APTF) [49]. On the target side, the
sequence is provided by illuminating the target using a source with a different
waveband for each image. A common approach for this is the use of an array of
narrow-band light emitting diodes (LEDs) [50, 51].

11



2 State of the Art
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(a)

(d)
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Camera 
lens

Filter wheel

Lens

CCD

Figure 2.3: Different realizations of the spectral-scan technique with different methods for providing
the wavebands sequence: (a) Filter wheel (reproduced from [39] ©2008 IEEE). (b) Linear variable
filter (reproduced with permission from [42] ©2019 Optical Society of America). (c) Fabry-Pérot
tunable filter (cropped from [52] ©2017 SPIE). (d) LED array (adapted with permission from [51]
©2020 American Chemical Society).

2.1.3 Time-Scan

In the time-scan technique, a superposition of the spatial and spectral data is
acquired. This requires employing mathematical transformations to extract the
spectral information from the acquired data. The main example here is Fourier-
transform imaging spectrometry, where an interferometer is used to split the
incoming light into two beams with an optical path difference (OPD). The two
beams are joined back at the detector, which records an interferogram from a num-
ber of different OPDs. The Fourier transform is then applied to the interferogram
to extract the spectral data. Different methods for introducing the optical path
difference were reported including the use of a Michelson interferometer with a
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beam splitter, a fixed mirror, and a moving mirror [53] and the use of birefringent
blocks [54, 55]

2.1.4 Snapshot

The snapshot technique enables the acquisition of the spatial and spectral infor-
mation of the target in a single shot (Figure 2.1(c)), which allows for video-rate
spectral imaging. One of the main approaches reported in the literature to realize
this combines image duplication and a form of on-chip filter array, as shown in
Figure 2.4(a). The image duplication is achieved using a microlens array (MLA),
which projects smaller duplicates of the target image on the detector. The filter
array consists of a number of elements, each corresponding to a unique spectral
band. By placing the filter array directly on top of the image sensor, the sensor area
is divided into a corresponding number of distinct spectral channels. By projecting
each duplicate image through one element of the filter array, a set of 2D images
of the target, each at a different spectral band, is recorded in a single shot. By
stacking the images together, the data cube can be constructed.

(a) (c) (d)(b)

Fabry-Perot
mosaic filter

Light

Metasurface
bandpass
filter array

CMOS 
sensor

Fabry-Perot
bandpass filter

Detector 
array

Filter
array

Lens array

Top mirror
Bottom mirror

CMOS 
sensor

Figure 2.4: Snapshot spectral imaging based on image duplication and on-chip filter arrays. (a) A
lens array duplicates the target image and projects each duplicate through a different channel of the
filter array (reproduced from [56], licensed under CC BY 4.0). Different types of filter arrays include:
(b) Fabry-Pérot tiled filters (adapted from [57] ©2014 IEEE), (c) Fabry-Pérot per-pixel mosaic filters
(adapted from [58] ©2014 SPIE), and (d) Metasurface filter array (adapted from [59], licensed under
CC BY 4.0).

Different methods were reported for the realization of the filter array, some of
which are demonstrated in Figure 2.4(b-d). A tiled filter array based on Fabry-Pérot
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interferometers, directly deposited on the CMOS sensor, is reported by IMEC,
Belgium [60, 61]. Another variation is the deposition of the filter elements in a
per-pixel mosaic arrangement that extends the traditional Bayer RGB matrix to
multispectral or hyperspectral imaging [58, 62]. Another – more recent – method
for the realization of the filter elements involves the use of metasurfaces [59,
63]. Other than the filter array, snapshot spectral imaging was also demonstrated
using a microspectrometer array [64] and using a slanted linear variable filter in
a multi-aperture system [65]. A more comprehensive overview of the different
snapshot approaches is provided in the review paper of Hagen and Kudenov [56].

While the previous four subsections cover the main categories of hyperspectral
data acquisition, it is worth mentioning that there are other different techniques
which include hybrid and computational techniques. The spatio-spectral scanning
technique is an example of a hybrid between the spatial-scan and the spectral-scan
techniques which records the data cube in diagonal, rather than orthogonal, slices
[66]. Computational techniques estimate and construct the data cube numerically
instead of measuring every voxel of the cube optically. One of the early methods
is computed tomography imaging spectrometry (CTIS) [67, 68] which uses a
grating to simultaneously record parallel 2D projections of the data cube in dif-
ferent directions on the detector array. The recorded projections are then used to
numerically construct the data cube using an algorithm of computed tomography.
The coded aperture snapshot spectral imager (CASSI) is another computational
method which uses a coded aperture together with a dispersive element to record a
coded 2D projection of the data cube that contains a mixture of spatial and spectral
information [69–71]. A numerical estimation algorithm is then used to construct
the data cube. However these methods typically require more complex hardware
setups, higher computational power, and longer post-processing times for data
cube construction.
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2.2 Miniaturization

The adoption of hyperspectral imaging on a wide scale in everyday life requires
small-size, mobile, and low-cost devices. This is not the case in conventional
systems which are bulky, costly, and complex, which limited their use to industrial
and research applications. An example for such systems is the FX10 spectral
camera from Specim Ltd., which is shown in Figure 2.6(a). The FX10 operates in
the VNIR range between 400 – 1000 nm, and has a size of 150 mm × 85 mm ×
71 mm, a mass of 1.3 kg, and a price tag in the range of C10,000 [72]. In recent
years, there have been continuous efforts to develop miniaturized spectral imaging
systems that can either be used as standalone handheld devices or be integrated
into other systems such as medical devices, home appliances, and smartphones.
This will open the door for HSI technology to serve public health applications for
patients and doctors in clinics and hospitals, as well as for consumers in homes
and shops.

Most of the miniaturization efforts have focused on spectral-scan and snapshot
techniques, while less progress was reported for the miniaturization of spatial-scan
and time-scan techniques. This can be explained with the high compatibility of
key components in spectral-scan and snapshot techniques, namely tunable filters
and filter arrays, with microfabrication.

In the spectral-scan technique, the Fabry-Pérot tunable filter has emerged as
a key component to enable compact and miniaturized systems. This is because
its relatively simple structure, which consists of two parallel mirrors enclosing
an interference cavity, is well-suited for microfabrication, as shown in Figure
2.3(c). The high precision actuation to control the cavity size, required for spectral
tuning, is another motivation for microfabrication, where different actuation mech-
anisms can be used including magnetic [73], electrothermal [74], piezoelectric
[75], and electrostatic actuation [76–79]. The miniaturized Fabry-Pérot tunable
filter has been utilized to develop handheld systems [80–82] and to enable spectral
imaging in a smartphone through an external cover [52, 83], which are shown in
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Figure 2.5(a) and (b). Table 2.1 summarizes the reported spectral ranges, spectral
resolutions, and actuation mechanisms of these devices.

(a) (b) (c)

Figure 2.5: Miniaturization of spectral imaging systems has mostly focused on spectral-scan and
snapshot techniques. A Fabry-Pérot tunable filter chip was used to enable: (a) handheld device for
medical applications (cropped from [80], licensed under CC BY 4.0) and (b) spectral tuning in a
smartphone cover for mobile applications (reproduced from [52] ©2017 SPIE). (c) The on-chip mosaic
filters are used to enable small-size snapshot cameras (adapted from [84] ©2015 SPIE).

In the snapshot technique, the integration of thin filter arrays directly on the image
sensor has been the key for enabling a number of compact and small-size systems,
as discussed in Section 2.1.4. Demonstrations include the compact multispectral
cameras based on the monolithic deposition of Fabry-Pérot interference filters on
the CMOS sensor [60, 61]. Figure 2.5(c) shows a small-size multispectral camera
which is based on the mosaic filter array of IMEC, Belgium [84]. Table 2.2 pro-
vides an overview of the main characteristics of notable state-of-the-art compact
snapshot cameras.

Table 2.1: Compact spectral-scan devices based on the miniaturized Fabry-Pérot tunable filter and
their main characteristics

Ref. Type Spectral range Spectral resolution Actuation
[80] Handheld 475 – 975 nm 8 – 18 nm Piezoelectric
[81] Handheld 430 – 580 nm 20 nm Electrostatic
[82] Handheld 500 – 885 nm 9 – 40 nm Piezoelectric
[83] Smartphone 450 – 550 nm 8 – 15 nm Electrostatic

When it comes to the miniaturization of the spatial-scan technique, less progress
has been reported. Stuart et al. presented a low-cost pushbroom device based on
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Table 2.2: Compact snapshot devices and their main characteristics

Ref. Type Spectral range Spectral bands
[60] Tiled Fabry-Pérot filter array 600 – 1000 nm 32
[61] Mosaic Fabry-Pérot filter array 1100 – 1650 nm 9
[84] Mosaic Fabry-Pérot filter array 600 – 900 nm 25
[59] Tiled metasurface filter array 700 – 950 nm 20
[65] Slanted linear variable filter 450 – 850 nm 66

converting a standard smartphone into an HSI sensor [85]. A 3D-printed housing
encloses a transmission diffraction grating and has an entrance slit with 500 µm
width. The housing is attached to a Samsung Galaxy A12. The attachment can
be adjusted to fit a wide range of smartphones. The phone is mounted on a linear
stage with a stepper motor to scan the device against the target for data acquisition.
The video mode of the smartphone camera is used to record data in the visible
range between 400 – 700 nm with a spectral resolution of 14 nm (FWHM). Figure
2.6(b) shows the smartphone with the attached housing mounted on the linear
stage.

150 mm
85 mm

71 mm

(a) (b) (c)

Spectrometer 
slit

Smartphone Sample

Gold mirrors

Metasurface 1

Metasurface 2

Metasurface 3

Substrate

array
Detector

Intensity

Linear
motor

Metasurface 4

Figure 2.6: (a) FX10 VNIR pushbroom hyperspectral camera from Specim Ltd is an example of
conventional HSI systems used in industry and research (reproduced from [72]). (b) A portable
small-size smartphone-based pushbroom system (adapted from [85], licensed under CC BY 4.0). (c)
A folded-metasurface line-scanning hyperspectral imager (reproduced from [86] ©2019 American
Chemical Society).

Another advancement towards the miniaturization of spatial-scan devices is based
on metasurfaces, which are ultra-thin and planar materials that can be designed to
control the amplitude, phase, and polarization of light on a subwavelength level.
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Faraji-Dana et al. demonstrated a line-scanning HSI imager that is 1 mm thick
with a total volume of 8.5 mm3 based on a folded metasurface structure consisting
of four metasurfaces, three reflective and one transmissive [86]. A schematic of
the folded metasurface pushbroom imager is shown in Figure 2.6(c). The first
reflective metasurface acts as blazed grating and disperses the incoming light. The
other three metasurfaces together focus the light and project it on the detector
plane, which is designed to be 1 mm parallel to the substrate. The metasurfaces
consist of α-Si nanoposts resting on a fused silica substrate covered with 2 µm
SU-8, which is covered with a gold layer to make the metasurfaces reflective. The
spectral range is between 750 – 850 nm and the reported spectral resolution is
1.4 nm. Zhao et al. reported a similar structure but with only two metasurfaces
and a spectral range between 850 – 1000 nm [87].

2.3 Conclusions

2.3.1 Candidate for Public Health

Choosing a single technique to be used universally for public health applications
in everyday life is a challenging task. The choice of the preferred technique is
highly dependent on the requirements of each specific application, including the
data acquisition and data processing speed, and the spatial and spectral resolu-
tion. When it comes to public health applications, the most important trait of the
preferred technique is to provide highly reliable data to avoid the risks of false
diagnoses and misleading information to the users. This translates into high spatial
and spectral resolutions for analyzing the smallest features and traces relevant to
the user’s health. Other desirable traits include high adaptability to a wide range of
application scenarios and a reasonable speed of data acquisition and processing.

In this thesis, the spatial-scan technique is proposed as the preferred candidate
for public health applications. The main argument for this preference is that it is
feasible to acquire data with high spatial and spectral resolution over a broad and
continuous spectral range, solely by proper optical design and selection of system
components. This allows the spatial-scan technique to meet the main criteria for
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public health applications. In contrast, it is harder to achieve such performance
with the other techniques due to the accompanying challenges and limitations on
the hardware side.

The spectral-scan technique suffers from low optical throughput due to the
reliance on bandpass filters. In addition, it provides the spectral data at a limited
number of discrete wavelengths. Increasing the number of spectral bands requires
using a high number of filters. While this is difficult with circular variable filters
(CVF), which are usually limited to a few bands, it is feasible with linear variable
filters (LVF), however at the cost of lower spectral resolution, due to the sensitivity
of the filter elements to the incidence angle of the incoming light, and the need
to spatially scan the target against the linear filter. Using a tunable filter to scan
across a high number of spectral bands requires high tuning precision over a wide
tuning range. In the visible range (400 – 700 nm), as an example, this means
controlling the cavity size of the Fabry-Pérot interferometer in the range between
140 – 390 nm, depending on the optical properties of the interferometer mirrors
[88, 89]. However, different actuation mechanisms suffer from different limitations.
The magnetic actuation requires an external magnet, which increases the system
size. The electrothermal approach requires heating and cooling and consequently
suffers from slow tuning. The piezoelectric actuation suffers from hysteresis effect
and requires a feedback mechanism. Finally, the electrostatic actuation, which is
used more often in this context due to its fast response, suffers from the pull-in
effect, which limits the actuator’s maximum displacement to one-third of the
cavity size, thereby restricting the wavelength tuning to only two-thirds of the full
range.

The time-scan technique can achieve high spectral resolution over a continuous
wide range. However, the need to split the incoming light into two beams with a
phase difference in between usually translates into more complex hardware with
high precision moving parts to acquire interferograms over a wide range of optical
path differences (OPDs). In the Michelson interferometer, as an example, the
moving mirror needs to be controlled with a precision better than λ /20 [54]. This
is a precision of 20 nm for blue light, which is difficult to achieve without mounting
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the system on a damping platform. In addition to the hardware challenges, there
is an additional computational cost to transform the acquired interferogram into
spectral data.

The snapshot technique, while it offers the advantage of real-time acquisition
or video-rate spectral imaging, it sacrifices both spatial and spectral resolution
because the area of the image sensor is divided into a limited number of spec-
tral channels. In addition, the static nature of the on-chip filter arrays limits the
adaptability and flexibility in different application scenarios because switching
to a different spectral range would require replacing the entire CMOS image sen-
sor with all the integrated filers. Based on the discussion above, the spatial-scan
technique is chosen as the best-suited technique for public health applications.

2.3.2 Technical Gaps

The current state-of-the-art spatial-scan systems, however, suffer from a number of
drawbacks that limit the range of applications they can serve. The main drawback
is the need for relative motion to scan the target and the imaging system against
each other during data acquisition. This dependency on relative motion goes back
to the early development of the spectral imaging technology by NASA in the mid
1980’s for remote sensing applications [4]. Imaging spectrometers – also known as
spectrographs – were mounted on satellites and airplanes to scan the surface of the
earth, as shown in Figure 2.2(a), and collect data about vegetation, forests, oceans,
and mineral resources. In this context, the relative motion is inherently part of
the application scenario and doest not represent a drawback. The reliance on the
scanning relative motion continued as the technology was introduced in ground-
based systems. Motorized stages and conveyor belts (Figure2.2(b)) were used to
introduce the relative motion and scan either the target or the imaging system
against the other [90]. However, in many scenarios, especially in the public health
domain, this relative motion is not practical or not even feasible. For example,
in endoscopy, it would be highly challenging to introduce such motion inside a
patient’s body during examination. Yoon et al. proposed to achieve this using
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freehand movement with a hyperspectral endoscopy system [91]. However, this
required additional equipment to co-register the wide-field image and additional
time for data processing to remove the artifacts caused by the freehand motion.
Another public health example where the relative motion is highly impractical
is when consumers need to check their food against contaminants or allergens.
In such case, the relative motion can be introduced either by freehand motion,
which will complicate the data processing, or using a motorized scanner, which
will complicate the hardware requirements. Such examples highlight the need for
getting rid of the relative motion altogether.

Another drawback of the current spatial-scan systems is the limited flexibility
in adapting to the application requirements in terms of data acquisition parameters,
such as changing the acquisition speed or reducing the size of the acquired dataset
by choosing a specific region of interest. The lack of direct access to the spatial
imaging view of the target in conventional spectrographs can also be considered a
drawback that limits the flexibility of the systems and their adaptability to changes
in the target scene. The common root of these drawbacks is that conventional
spectrographs were constructed from static passive components. With the absence
of any active system component, the reliance on relative motion continued and the
flexibility and adaptability of the systems remained limited.

Over the past years, a number of pushbroom HSI systems were reported to
mitigate the need for relative motion. The common concept behind these sys-
tems is using active system components to scan a projected image of the target
rather than directly scanning the target itself. In some systems, a planar mirror is
mounted on a high-resolution motor and is used to scan a reflection of the target
image against an imaging spectrograph [37, 92, 93], as shown in Figure 2.2(c).
Other systems used linear actuators to move the front optics and the spectrograph
against each other [94, 95] to scan the projection of the target image at the focal
plane of the front optics across the entrance slit. By including active components
in these systems, the spatial scanning was achieved without the need to move
the target nor the imaging system. While the relative motion requirement is re-
moved, the common aspect among these systems is what can be described as
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an “outside approach”, where external hardware components are added around
a conventional spectrograph that is left as a black box, with all its conventional
passive components, which increases the hardware complexity and cost.

Recent years have seen the emergence of a new contrasting paradigm that can
be described as an “inside approach”. This approach tries to re-think the design
and the construction of the conventional spectrograph and introduce new system
concepts to scan the target image using active internal components, with the goal
of developing more flexible and compact systems. This can be seen in a new
system concept, which is based on a digital micromirror device (DMD) [38, 96],
as shown in Figure 2.2(d). The DMD is used to simulate the function of a scanning
slit. When actuating one row of micromirrors, they tilt to reflect the light from one
line of the image into the monochrome sensor, through a transmission grating, to
record the spectral data for that line. By sequentially switching from one row of
micromirrors to the next, the spatial scanning of the target is performed internally
and the spectral data is acquired in a line-by-line fashion similar to the pushbroom
approach.

This new design of a pushbroom system, utilizing the DMD as an active internal
component, has mitigated the drawbacks of the relative motion while offering
higher flexibility in controlling the acquisition parameters. For example, the system
resolution can be adapted by controlling how many micromirror rows are used
simultaneously to capture the data of one line. This would be similar to changing
the slit width in a spectrograph. The acquisition speed can be changed by changing
the rate of actuating the micromirror rows. In addition, the DMD can be used to
acquire a smaller set of data from a specific region of interest to reduce the data
processing load.

There are, however, some drawbacks to this approach. The most significant of
which is that each row of micromirrors of the DMD will reflect the light to the
grating at a different angle. This results in a different position of the spectrum on
the image sensor for each row, due to the change in the incidence angle of the
reflected light on the grating. This can undermine the spectral calibration of the
system. This can also compromise the system resolution because it is not possible
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to use the full sensor area due to the continuous lateral shifting of the spectrum.
Another drawback is the information loss due to the pixel-wise arrangement of the
DMD micromirrors, which typically has a fill factor around 92% [97, 98]. Xiao
et al. managed to increase the fill factor by replacing the DMD with an array of
linear micromirrors [99]. The discussion above highlights two main technical
gaps in the development of spatial-scan HSI systems. The first gap is the need
for new system concepts and designs with high flexibility and adaptability that
can acquire the data cube without relative motion and while avoiding the other
drawbacks mentioned above. The second technical gap was highlighted in Section
2.2, which is the limited progress in the miniaturization of spatial-scan systems.
Despite the promising results reported for the smartphone-based system [85] and
the metasurface-based concepts [86, 87], they all still require relative motion to
scan the target. Therefore, there is still a need to develop a miniaturized spatial-
scan system that can achieve high resolution acquisition of the data cube without
relative motion.

The work of this thesis aims to address these technical gaps through the de-
velopment of new systems concepts (Chapters 4 and 5) and the miniaturization
(Chapter 6) of spatial-scan HSI systems.
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This chapter lays the theoretical foundation for the work undertaken in this thesis.
It provides context and explains the principles underlying the system development
and miniaturization presented in the following chapters.

Section 3.1 begins with optical spectroscopy as the broad domain to which spec-
tral imaging belongs. The principles of light-matter interaction, which form the
backbone of spectral analysis, are explained within a concise historical overview.
This provides an understanding of how the material composition is linked to
distinctive spectra, while situating the spectral imaging technology within the
centuries-long advancements in the field.

Section 3.2 focuses on diffraction, as an optical phenomenon that plays an
essential role in spectroscopy, and especially in spatial-scan HSI systems. The
section explains diffraction by tracing back its first recorded observations and the
evolution of our understanding of its phenomena, as part of our understanding of
the nature of light. The section concludes with presenting the diffraction grating
as the most established and widely used diffractive element in spectroscopic
instruments, including the systems introduced in Chapters 4 and 5. This discussion
explains the working principle of the grating and its governing equations.

Sections 3.3 and 3.4 delve into the underlying physics of electromagnetic
inductive levitation and electrostatic actuation, respectively. Together they provide
the foundation for understanding the working principle of the micromachined
levitating and rotating slit device presented in Chapter 6, which is proposed as the
starting point for the overall miniaturization of the rotational-scan HSI concept.
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3.1 Optical Spectroscopy

Optical spectroscopy is a scientific analytical technique based on the interaction of
light with matter to study its composition, structure, and properties. This interaction
can take different forms including absorption, reflection, scattering, or emission
based on the type of material and the interacting light wavelength. Light, in this
context, refers to the electromagnetic radiation covering the range from ultraviolet
(UV) to infrared (IR). Spectroscopy has become an essential tool for chemical
analysis due to its non-destructive nature and the precise and versatile information
it can provide on a wide range of samples including solids, liquids, and gases
and from microscopic to celestial objects. That is why spectroscopy is widely
used today in many scientific and industrial fields including chemistry, biology,
astrophysics, pharmaceuticals, medical diagnostics, and mining [100].

Spectroscopy has its roots back in the 17th century when Isaac Newton used
a glass prism to disperse sunlight into its spectral constituents for the first time
[100], similar to Figure 3.1(Left). His work laid the foundation for understanding
light as a composition of different spectra that can be separated from each other
and introduced the term “spectrum” in the scientific sense used today. In the early
19th century, William Wollaston built upon Newton’s prism experiments and made
the first observations of dark lines in the solar spectrum [100, 101]. In the same
period, Josef von Fraunhofer made his significant contributions to the field. He
is credited with the development of the diffraction grating into a high-quality
powerful tool for the dispersion of light, which is still in use today in modern
spectroscopic equipment. He used the grating in his meticulous study of the solar
spectrum and cataloged the dark lines, which are known today as Fraunhofer lines
[100, 101]. Those lines, which can be seen in Figure 3.1(Right), are attributed to
the absorption of specific wavelengths by elements present in the atmosphere. In
the mid-19th century, Gustav Kirchhoff and Robert Bunsen together managed to
link specific chemical elements to their characteristic spectral lines, establishing
spectroscopy as a tool for chemical analysis [100, 101].
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Figure 3.1: (Left) A beam of white light is reflected, refracted, and dispersed into its spectra upon
hitting a dispersive prism (cropped from [102], licensed under CC BY-SA 3.0). (Right) An image of
the copper etching made by Fraunhofer himself, depicting the full visible spectrum with the Fraunhofer
lines, where some of them are marked with letters. Above the spectrum is the eye’s spectral response
to daylight which was also measured by Fraunhofer. Archive BN 43952 at the Deutsches Museum
(reproduced from [103], licensed under CC BY-SA 4.0).

The understanding of this link and why certain atoms interact with certain wave-
lengths of light evolved with the development of the quantum theory in the 20th
century. The birth of this theory is often attributed to Max Planck who proposed
that energy is quantized and can be absorbed or emitted in discrete units called
“quanta” [100, 101]. Albert Einstein extended the quantum theory, through his
explanation of the photoelectric effect, by proposing that light itself can be con-
sidered as consisting of discrete packets of energy, that later became known as
“photons” [101, 104]. Later on, Niels Bohr adopted the quantum theory when he
presented his model for the hydrogen atom, in which he proposed that electrons
orbit the nucleus in discrete energy levels and that electrons can transition between
these levels by absorbing or emitting energy in discrete quanta (photons) [101,
105]. With each element having a unique electronic structure, with a unique set
of energy levels, the wavelengths of photons absorbed or emitted for electron
transitions is specific to each element, leading to characteristic spectral lines for
each element. The discovery of this link has deepened our understanding of atomic
and molecular structures and formed the backbone of modern spectroscopy.

While spectroscopy became a widely adopted analytical tool, it was limited to
point measurements without spatial context. Obtaining spatially resolved informa-
tion of the chemical composition required repeating the measurement at different
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points in the sample. This was the case until spectral imaging became feasible
with the advent of digital sensors and the progress in computing in the late 20th
century. The development of the charge-coupled device (CCD) and the comple-
mentary metal-oxide-semiconductor (CMOS) sensors enabled the recording of
high-resolution data on 2-dimensional pixel arrays and marked the beginning of
digital imaging. The exponential growth in computing power, accelerated by the
invention of the microprocessor, enabled the processing of large multi-dimensional
datasets typically acquired by spectral imaging. The continuous and fast-paced de-
velopment of data analysis algorithms, powered by machine learning and artificial
intelligence, is poised to unlock even more applications of spectral imaging and
achieve higher levels of precision and accuracy.

3.2 Diffraction

Diffraction is a phenomenon observed when waves, such as light, encounter an
obstacle or a narrow opening that alters the further propagation of the waves in
terms of amplitude or phase. This is explained with the help of the Huygens-
Fresnel principle which describes wave propagation by considering each point
on a wavefront as a point source of spherical wavelets and that the sum of these
secondary wavelets determines the shape of the wavefront at the following instant
in time. Wavelets emanating from the edges of an obstacle or through an aperture
interfere and form a new wavefront that is observed as bending around the obstacle
or spreading out from the aperture. This interference of wavelets is what leads to
the bright and dark patterns referred to as the diffraction pattern, where bright areas
correspond to constructive interference and dark areas to destructive interference
[101, 105].

Diffraction has been the subject of study for centuries, as theories and un-
derstanding of the nature of light evolved. The first recorded use of the term
“diffraction” in the scientific sense used today is attributed to Francesco Maria
Grimaldi in the 17th century [106]. Grimaldi, in his experiments, observed that a
cone of light passing through two narrow apertures produced a spot much larger
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than predicted by the principle of rectilinear propagation of light, implying wave-
like properties of light. This posed a contradiction to Newton’s “corpuscular

theory”, which explained light as composed of tiny particles, or “corpuscles”, that
travel in straight lines. Another contradiction in that period came from Christiaan
Huygens, who proposed the “wave theory” of light and formulated his principle of
secondary wavelets to explain diffraction. However, Newton’s corpuscular theory
remained the prevailing theory until the early 19th century when Thomas Young
conducted his renowned double-slit experiment. Young explained the pattern of
alternating bright and dark fringes observed on a screen after light passes though
two closely spaced narrow apertures in terms of diffraction and interference, thus
providing compelling evidence for the wave theory of light. Contemporary to
Young, Augustin Fresnel developed the mathematical framework to accurately
describe diffraction patterns, specifically near-field diffraction – also known as
“Fresnel diffraction” – where the light source, the observation screen, or both are
at a distance from the aperture that is comparable to or smaller than the wave-
length of light. Another prominent contemporary of that period was Joseph von
Fraunhofer, who refined and improved the diffraction grating1 and conducted
extensive experiments documenting the diffraction patterns in the far-field, where
the source and the screen are at large distances from the aperture – also known as
“Fraunhofer diffraction” [101, 105].

The diffraction grating is considered the most established and most used dis-
persive element. A diffraction grating typically consists of a large number of
closely and equally spaced slits or grooves that are etched on the surface of a
reflective or transparent substrate. Each slit or groove acts as a source of secondary
wavelets, when a beam of light encounters the grating. The wavelets emanating
and spreading out from each slit or groove interfere with each other constructively
and destructively at different angles. Constructive interference takes place when
the path difference between wavelets from adjacent slits or grooves is an integer
multiple of the wavelength, resulting in interference maxima at specific angles

1 The invention of the diffraction grating is attributed to David Rittenhouse in 1785.
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known as diffraction orders. The angles of the diffraction orders are determined
by the grating equation [101, 105]:

Λsinθm−Λsinθi = mλ (3.1)

where Λ is the grating period, λ is the wavelength of light, θi and θm are the
angles of incidence and diffraction respectively2, and (m =±1,±2,±3, . . .) is the
diffraction order, as illustrated in Figure 3.2. Diffraction orders found on the same
side, relative to the zero order, as the grating normal are considered positive.

Λ

𝜃! 𝜃"

Transmitted beam
(0!" Order)

Diffracted beam
(𝑚!" Order)

Incident beam

Figure 3.2: Illustration of a transmission grating with a corrugation of period Λ. The incident beam has
an angle θi, with respect to the substrate normal, and is diffracted at an angle θm, where m corresponds
to the diffraction order. The transmitted beam, corresponding to the 0th order, emerges at the incidence
angle θi. (Refraction has been ignored in this depiction.)

The optical performance of a diffraction grating is characterized by several param-
eters. Dispersion (D) measures the ability of a grating to disperse an incoming
beam into its spectral components and is defined as the variation of the diffraction
angle θm with wavelength λ , as expressed by [105]:

D =
dθm

dλ
=

m
Λcosθm

(3.2)

2 Using the convention that angles in the first and third quadrants are positive and angles in the second
and fourth quadrants are negative [101].

30



3.3 Electromagnetic Inductive Levitation

This indicates higher dispersion for higher diffraction orders. However, since
higher orders typically have lower efficiency, higher dispersion is usually achieved
in practice by decreasing the grating period Λ. The free spectral range (FSR)
defines the wavelength interval over which the wavelengths from adjacent orders
of diffraction do not overlap. For diffraction order m, this is given by [105]:

∆λFSR =
λlong

|m|+1
(3.3)

where λlong is the longest wavelength in the wavelength range of interest. The
chromatic resolving power (R) is a measure of a grating’s ability to separate two
closely spaced spectral lines and determines the smallest difference in wavelength
(∆λ )min, that can be resolved by the grating. This is expressed by [105]:

R =
λ

(∆λ )min
= mNG (3.4)

where NG is the total number of slits or grooves illuminated by the incident light.

3.3 Electromagnetic Inductive Levitation

Levitation refers to the free floating of an object without physical attachment to
its surroundings. This phenomenon has attracted the attention of researchers in
microelectromechanical systems (MEMS) as a way to overcome the dominance
of friction in the micro-scale, which decreases the output torque in micromotors,
limits the rotation speed and motion range in micro-rotors and microactuators,
and causes mechanical wear, which eventually leads to device failure. Levitation
can be used to achieve frictionless motion in microsystems leading to improved
performance and long device lifetime, which would benefit the development of a
wide range of applications in areas such as inertial sensors, micro-bearings, and
micro-transporters, micromanipulation, and micro-positioning systems [107].

In this thesis, levitation is used to enable a miniaturized frictionless rotating slit.
The rotating slit is a key element in the new rotational-scan concept presented in
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Chapter 5. The miniaturization of this new system starts with the miniaturization
of the rotating slit, which is presented in Chapter 6.

Among the methods developed for levitation in the micro-scale, electromagnetic
inductive levitation stands out as the most promising candidate. This is because it
can be used to achieve stable passive levitation, without dependance on feedback
control or any external medium. Another advantage is the high compatibility with
microfabrication techniques compared to other magnetic-based methods which
rely on permanent magnets and superconducting materials [107].

The working principle of the electromagnetic inductive levitation is depicted
in Figure 3.3, which shows two coaxial ring-shaped coils with a levitating disc-
shaped proof mass (PM) on top. The inner coil is used for levitation, while the
outer coil is used for stabilization of the proof mass, which is made of a conductive
non-magnetic material. An alternating current (AC) applied to the inner coil
generates a time-variable magnetic flux in space. The variable magnetic flux
induces eddy currents when it intercepts the surface of the proof mass. The eddy
currents generate an opposing magnetic flux to that of the inner coil and creates a
repulsive force that causes the disc to levitate. This force is the vertical component
of the Lorentz force [107, 108].

When the axis of the proof mass exactly coincides with the axis of the levitation
coil, in the absence of the outer coil, there is no resultant force in the lateral
direction. This is because the radial Lorentz force is distributed in the proof
mass in axis-symmetrical way that counteracts to zero. However, this is rarely
the case, and therefore any tiny displacement of the proof mass results in a non-
zero lateral runaway force that pushes the proof mass out of equilibrium and
away from the stable levitation position. This is where the outer stabilization coil
comes into action. By applying an AC signal with 180◦ phase-shift with respect
to the levitation coil, the resultant lateral Lorentz force acts as a restoring force
that brings the proof mass back to the center position, which becomes the stable
equilibrium position [107–109].

In order to understand levitation in mathematical terms, the Lorentz force acting
on the proof mass needs to be analyzed. The Lorentz force, which is experienced
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Figure 3.3: Working principle of electromagnetic inductive levitation. The AC current of the levitation
coil generates a time-variable magnetic field which induces eddy currents in the proof mass. The
induced eddy currents generate a counteracting magnetic field causing the PM to levitate [107, 108,
110].

by a charged particle moving in an electromagnetic field, is generally given by the
equation [111]:

~FL = q(~E +~v×~B) (3.5)

where q is the charge of the particle, ~E is the electric field, ~v is the velocity
of the particle, and ~B is the magnetic flux density. In the case of the two-coil
structure, shown in Figure 3.3, the Lorentz force is mainly due to the magnetic
flux which induces the eddy currents in the proof mass. Expressing the Lorentz
force, therefore, requires defining the magnetic flux Φ generated by the levitation
coil and the induced eddy current. Consider an infinitesimal ring with radius rp

within the proof mass, where P is an arbitrary point in the ring, as depicted in
Figure 3.3. When the levitation coil is activated with an AC current Io sinωt, a
time-varying magnetic field is generated in space, and the magnetic flux density
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d~B at point P, due to the infinitesimal current element d~l of the coil, is given by
the Biot-Savart law [111, 112]:

d~B =
µo

4π

Io sinωt d~l×~r
|~r|3

(3.6)

where µo is the vacuum permeability, Io is the amplitude of input current, ω is the
angular frequency of input current, and~r is a position vector of the point P with
respect to d~l. The magnetic flux density at point P, due to the entire current loop
lc of the coil, is then found by integrating Eq.(3.6) over lc:

~B =
µoIo sinωt

4π

∮
lc

d~l×~r
|~r|3

(3.7)

and the total magnetic flux Φ passing through the surface area S of the infinitesimal
ring in the proof mass is given by [111]:

Φ =
∫

S
~B ·d~A (3.8)

where d~A is an area element of S. Based on Faraday’s law of inductance, the
electromotive force in the infinitesimal ring is given by [111]:

ξ =−dΦ

dt
(3.9)

Consequently the eddy current induced in the infinitesimal ring is given by:

Ie =
ξ

Zring
(3.10)

where Zring ≈ Rring + jωLring is the impedance of the infinitesimal ring, where
Rring is the resistance and Lring is the inductance of the infinitesimal ring, and the
approximation is based on assuming the frequency is not significantly high and
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ignoring the intrinsic capacitance of the infinitesimal ring. Combining equations
3.7 and 3.9, the induced eddy current becomes:

Ie =−
dΦ

Zring dt
=−µoωIo cosωt

4πZring

∫
S

∮
lc

d~l×~r
|~r|3

·d~A (3.11)

In order to express the Lorentz force acting on the eddy current infinitesimal ring
in the proof mass, a slightly different form of Eq.(3.5) is used:

~FL =
∮

lp

Ie

(
d~l′×~B

)
(3.12)

where d~l′ is a differential element along the path of the eddy current in the in-
finitesimal ring lp. By substituting Eq.(3.7) and (3.11) into Eq.(3.12), the Lorentz
force acting on the eddy current infinitesimal ring becomes:

~FL =
∮

lp

(
−µoωIo cosωt

4πZring

∫
S

∮
lc

d~l×~r
|~r|3

·d~A

(
d~l′× µoIo sinωt

4π

∮
lc

d~l×~r
|~r|3

))
(3.13)

As explained above, the Lorentz force has a vertical component and a radial com-
ponent. The vertical component provides the levitation while the radial component
affects the stability of the levitated proof mass. This radial component would turn
into an escape force that will push the proof mass to fall in case of any perturba-
tion due to environmental disturbances or geometrical asymmetry. This explains
the need for the outer stabilization coil to counteract this effect and restore the
equilibrium position of the proof mass.

Equation (3.13) indicates that levitation is proportional with the electrical
conductivity of the proof mass and with the frequency and amplitude of the current
in the levitation coil. A higher conductivity proof mass means lower resistance
and lower impedance, and therefore a higher induced eddy current. Similarly, a
higher frequency and a higher amplitude of the levitation current result in a higher
magnetic flux density and consequently a higher induced eddy current.
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However, as the input current frequency increases, the skin effect becomes more
dominant. The skin effect is observed in the concentration of the induced eddy
currents in the proof mass near the surface adjacent to the coils. This is because
the alternating magnetic field of the coils can only penetrate a certain depth into
the proof mass. This leads to an exponential decrease in the eddy current away
from the proof mass surface, which is expressed by [108, 113]:

J(a) = Jse−a/δ (3.14)

where J(a) is the eddy current density at depth a into the proof mass, Js is the eddy
current density at the proof mass surface adjacent to the coils, and δ is the depth
at which the current density decreases to 1/e of Js. This depth is approximated by:

δ =

√
2

µrµ0ωσ
(3.15)

where µr and σ are the relative permeability and the conductivity of the proof
mass, respectively.

This shows that the skin depth decreases with the increase in the input current
frequency. As the skin effect becomes dominant, this hinders further increase in the
eddy current in the proof mass and consequently limits the increase in levitation
with the increase in frequency. On the other hand, increasing the amplitude of the
input current in the coils, as an alternative approach to increasing levitation, leads
to high heat dissipation and can cause damage to the levitation device.

The first prototype of a micromachined electromagnetic inductive levitation
device was pioneered by Shearwood et al. in 1995 [114]. Using surface mi-
cromachining technology, a design with two concentric coils for levitation and
stabilization, similar to the one depicted in Figure 3.3, was fabricated and used
to demonstrate the levitation of 12 µm thick aluminum disc with a diameter of
400 µm within a height range of 30 µm. In 1996, Shearwood et al. presented a
modified design with a three coil stator and used it to rotate the levitated disc with
100 rpm speed [115]. In 2000, Shearwood et al. demonstrated a higher rotational
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speed of 1000 rpm using a design including a four-phase stator [116]. The group
of Zhang et al. proposed an alternative design in 2006 where they separated the
coils for levitation, stabilization, and rotation [117, 118] and were able to achieve
a rotation speed up to 1000 rpm in air and 4000 rpm in vacuum with an aluminum
proof mass of 2.2 mm diameter and 20 µm thick at a levitation height of 200 µm.

The common aspect among all the micro-levitation devices mentioned above is
the use of planar microcoils fabricated using surface micromachining. The main
disadvantage of this approach is the limitation in the number of coil windings.
The low number of windings in planar coils is compensated for by using currents
as high as 800 mA [115, 119] to excite the coils. This leads to high dissipation
of energy in the form of heat which results in high operating temperatures in the
devices that can reach 600◦C [116]. This can cause stresses in the metal layers
leading to delamination and eventually to device failure.

Overcoming these drawbacks requires increasing the coil windings. According
to Faraday’s law of inductance, the electromotive force, and consequently the eddy
currents induced in the proof mass, are proportional to the number of windings in
the coils Nc [111]:

ξ =−Nc
dΦ

dt
(3.16)

However, increasing the number of windings using planar microcoils means the
stacking of metal layers on top of each other with multiple repeated steps of
metallization, photolithography, patterning, and vias for each added layer, which
increases the fabrication complexity significantly.

Another alternative to increasing the coil windings is to replace 2D planar
microcoils with 3D solenoidal microcoils fabricated using an automatic wire
bonder using a 3D winding process developed by Vlad Badilita et. al. [109,
120–122]. This has allowed for increasing the coil windings and improving the
levitation performance while maintaining operating temperatures around 100◦C.
Using the 3D wire bonding process, the two-coil configuration shown in Figure
3.3 can be can be utilized, however, with two 3D solenoidal coils instead of the
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planar coils, as shown in Figure 3.4. This configuration will be adopted for the
development of the miniaturized rotating slit, which is presented in Chapter 6.

Figure 3.4: Electromagnetic inductive levitation structure consisting of two concentric 3D solenoidal
coils for levitation and stabilization (reproduced from [110]).

3.4 Electrostatic Actuation

Electrostatic actuation is one of the mechanisms often used in microactuators due
its simplicity, efficiency, and compatibility with standard microfabrication pro-
cesses. It can achieve very fine steps with high precision. The working principle is
based on the electrostatic force, which is the force between two charges, where the
attraction or repulsion between the charges is utilized to create motion. According
to Coulomb’s law, this force is directly proportional to the product of the charges
q1 and q2 and inversely proportional to the square of the distance d between them,
as given by [111]:

Fe = ke
q1 ·q2

d2 (3.17)

where ke is Coulomb’s constant (8.9876×109 Nm2/C2).
In the context of microactuators, the charges are distributed on surfaces facing

each other when a voltage V is applied, as shown in Figure 3.5. The charged sur-
faces, referred to as electrodes, form a parallel-plate capacitor with capacitance C

given by [111]:
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C = ε0εr
A
d

(3.18)

where ε0 is the permittivity of free space and εr is the relative permittivity of the
medium between the two plates, A is the overlap area of the plates, and d is the
distance between them, as shown in Figure 3.5.
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Figure 3.5: Schematic representation of the parallel-plate capacitor [111].

The attraction between the opposite charges on the parallel electrodes gives rise to
the electrostatic force that can move the electrodes relative to each other. This force
can be derived from the energy U stored in the capacitor and can be expressed as
[111]:

Fe =−
dU
dx

=
1
2

dC
dx

V 2 (3.19)

The derivative dC
dx , where x is a variable representing the displacement, indicates

that the displacement of the movable electrode, and the accompanying change
in the separation distance or the overlap area between the electrodes, affects the
capacitance, and consequently the electrostatic force. This variable capacitance
effect is the key principle behind electrostatic stepper motors.

The stepper motor consists of a stationary stator and a movable rotor, as illus-
trated in Figure 3.6. The stator consists of multiple electrodes arranged in a pattern
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that three distinct phases are created. The rotor is positioned in close proximity
to the stator without any contact between the two. A step motion is achieved by
activating one phase of the stator electrodes to generate an electrostatic force,
which attracts the adjacent rotor electrodes to align with the current active phase.
By sequentially shifting the active phase of the stator, a moving electrostatic field
is generated which causes the rotor to follow. By precisely timing the activation
sequence and controlling the applied voltages, the rotor motion can be discretized
in fine steps to control its positioning. The number of steps and the step resolution
of the motor depends on the number of electrodes and the precision of the applied
voltages.

1 13 32
++

2
++

_ __ _ _ _ _ _ _ _ _ _ _ _

Stator

Rotor

Movement

Figure 3.6: The working principle of a three-phase electrostatic motor where the sequential activation
of stator electrodes creates an electrostatic force that moves the rotor to align with the active phase.

In the case of a rotational stepper motor, like the rotating slit presented in Chapter 6
and shown in Figure 3.7, the stator and rotor electrodes are arranged in a circular
pattern. The sequential activation of the stator electrodes, in this case, gives rise
to electrostatic torque τe and leads to angular displacement of the rotor which
changes the overlap area between the stator and rotor electrodes. For two opposite
electrodes, this area is defined by the inner and outer radii rin and rout and the
overlap angle θoverlap of the two electrodes as given by:

A =
(r2

out − r2
in)

2
θoverlap (3.20)

where θoverlap is in radians. Substituting this area into Eq.(3.21), the capacitance
becomes:
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C = ε0 εr
(r2

out − r2
in)

2h
θoverlap (3.21)

where the separation distance d was substituted by the levitation height h which
separates the stator and rotor electrodes in the case of the levitating slit in Fig-
ure 3.7. Consequently the electrostatic torque τe, in this case, becomes:

τe =
1
2

dC
dθoverlap

V 2 = ε0 εr
(r2

out − r2
in)

4h
V 2 (3.22)
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Figure 3.7: Design of an 8-electrode rotating slit with a three-phase stator highlighting the main design
parameters defining the electrode sizes and their overlap area. The top view on the right demonstrates
the scenario where the slit electrodes are aligned with one phase of the stator electrodes, distributed
between the top right and the bottom left corners.

With the advantages of electrostatic actuation, there are still some considerations
that need to be taken into account. One consideration is the pull-in effect, where
the parallel electrodes snap together when the applied voltage reaches a critical
value. In scenarios where the actuation takes place along the separation distance
between the electrodes, this limits the maximum displacement of the actuator to
roughly one-third of the initial distance. Another consideration is the dielectric
breakdown which can cause an electric sparkover leading to a device failure. This
can occur if the applied voltage is too high causing the ionization of the dielectric
molecules between the two electrodes.
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The work presented in this chapter was published by the author and is
reproduced here from:

• [MA1] M. Abdo, E. Förster, P. Bohnert, V. Badilita, R. Brunner, U.
Wallrabe, and J.G. Korvink. “Dual-mode pushbroom hyperspectral
imaging using active system components and feed-forward compensa-
tion”. Review of Scientific Instruments 89.8 (2018), with the permission
of AIP Publishing.

• [MA4] M. Abdo, E. Förster, P. Bohnert, M. Stürmer, V. Badilita,
R. Brunner, U. Wallrabe, and J.G. Korvink.“Automatic correction of
diffraction pattern shift in a pushbroom hyperspectral imager with a
piezoelectric internal line-scanning uni”. Photonic Instrumentation En-
gineering IV. Vol. 10110. pp. 24-31. SPIE 2017.

This chapter presents a new system concept for hyperspectral imaging based on the
pushbroom spatial-scan technique. The new concept follows the “inside approach”,
discussed in Section 2.3, to develop a pushbroom system with active internal
components, with the aim to offer better performance and higher flexibility in a
more compact size form. The new system contains two main active components:
an internal line-scanning unit and a rotating camera mechanism. By incorporating
these active internal components, the new system offers higher flexibility without
compromising performance. The spatial scanning is achieved using a precisely
moving slit, without the need for any relative motion. The rotating camera provides
the flexibility of switching between 2D spatial imaging and spectral imaging
without the need for additional imaging components. More flexibility is achieved
through a novel feed-forward compensation function, which is established by the
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automated synchronization of the active components. This function allows more
flexible data acquisition, through selection of specific regions of interest, while
maintaining the spectral calibration of the system and ensuring the use of the
maximum area of the image sensor.

Section 4.1 illustrates the working principle of pushbroom HSI systems, intro-
duces the new system concept, and explains the opto-mechanical construction
of the system. Before the new system can be used for spectral imaging, spectral
calibration is needed, which is presented in Section 4.2, which also demonstrates
the spectral resolution that can be achieved by the system. In Section 4.3, the
novel feed-forward compensation function, which enables the automation and syn-
chronization of the two main active components, is explained and experimentally
demonstrated. Section 4.4 provides the first experimental validation of the system
while Section 4.5 summarizes the outcomes of the work presented in the chapter.

4.1 System Concept & Construction

The presented system is based on the pushbroom hyperspectral imaging method,
which is illustrated schematically in Figure 4.1. A slit aperture is positioned at
the focal plane of the front optics, where an intermediate image of the target is
produced. The slit selects one line of the image, which is collimated and projected
through the transmission diffraction grating. For each point on the line, the grating
produces a spectrum, which is resolved laterally across the CCD detector and
recorded. The recorded spectra for each line of the image constitute one plane of
the hyperspectral data cube.

The construction of the system is shown in Figure 4.2, and is based on the design
developed by the SciTec Group of the Ernst-Abbe-Hochschule Jena [123–125]
within the collaborative project EAGLE II1. The system incorporates two active
components: the internal line-scanning unit and the rotating camera mechanism.

1 Biomimetisches hyperspektrales Kunstauge auf der Basis von Effizenz adaptiven Gittern und Linsen
aus Elastomeren (EAGLE II). Project No.74851430 of the German Research Foundation (Deutsche
Forschungsgemeinschaft—DFG)
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Figure 4.1: Schematic illustration of the working principle of the pushbroom hyperspectral imaging
technique. Reproduced from [MA1, MA4].

The internal line-scanning unit, shown in a closer view in Figure 4.2(b), consists
of a commercial slit with a width of 20 µm (product no. S20R, Thorlabs, USA)
mounted to a linear piezo motor (Piezo LEGS LL10, PiezoMotor, Sweden). A
position gauge fixed to the back of the piezo motor, in combination with a position
encoder (Mercury MII6000, MicroE Systems, USA), allow moving the slit with
a step resolution of 100 nm. The unit is mounted into the system so that the slit
aperture is positioned at the focal plane of the front optics, which allows the spatial
scanning of the target image without the need for relative motion between the
target and the system. This eliminates the need for complex external scanning
mechanisms, and offers more flexibility in data acquisition, which enhances the
adaptability of the system to different application scenarios. The motion range of
the piezo motor allows moving the slit completely outside the intermediate image,
which facilitates switching between 2D spatial imaging and spectral imaging.

The second active component in the presented system is the rotating camera
mechanism, which enables the switching between the two imaging modes and
is essential to establishing the feed-forward compensation function, which is
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Figure 4.2: (a) Construction of the dual-mode spatial-scan hyperspectral imaging system. (b) A closer
view of the internal line-scanning unit consisting of the slit aperture mounted to the piezo motor.
Reproduced from [MA1].
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presented in the following section. A monochrome CCD camera (DMK 23U274,
The Imaging Source, Germany) is equipped with an imaging lens (Xenoplan
2.8/50-0902, Schneider Kreuznach, Germany) to focus the incoming light on the
CCD detector, which has an array of 1600 × 1200 pixels. The camera is mounted
on a rotating arm where the angle of rotation is controlled by a stepper motor
(ST4209, Nanotec Electronic, Germany), which has a step angle of 0.9◦. The motor
is driven by a stepper motor controller (SMCI12, Nanotec Electronic, Germany),
which enables precise positioning of the camera arm with a step resolution of 1/64
of the motor step angle, resulting in a minimum angular step size of approximately
0.014◦.

In the spatial imaging mode the light travels directly through the system to
form a 2D image of the target on the CCD sensor. In the spectral imaging mode,
the slit is moved to select one line of the intermediate image formed by the
front optics, which consist of a wide angle machine vision lens (3.5 mm EFL,
product no. MVL4WA, Thorlabs, USA) in combination with an f60 biconvex lens.
The image line is collimated and magnified by the collimation lens (microscope
objective, GF Planachromat 12.5×/0.25, Zeiss Jena, Germany). The transmission
diffraction grating (300 lines/mm – product no. GT13-03, Thorlabs, USA) is
mounted manually into the system to produce the spectrum for the selected image
line. Finally, the rotating camera is positioned at the angle of the first diffraction
order to capture and record the produced spectra.

4.2 Spectral Calibration

Spectral calibration is an essential step to enable hyperspectral imaging in a
push-broom system. With the vertical orientation of the slit and the grating in
the presented system, shown in Figure 4.1, the diffraction image recorded by the
CCD detector for each slit position is a 2D image, where the y-axis corresponds to
different points along the slit, and the λ -axis corresponds to different wavelengths,
while the spatial scanning is done along the x-axis. By mapping the pixel columns
of the detector to narrow contiguous spectral bands, as shown in Figure 4.3,
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and recording the light intensity for each band, the spectral information can be
extracted.

1600 pixels

1200
pixels

400 500 600 700
𝜆 [nm]

y [m]

Figure 4.3: Representation of the spectral calibration of the CCD detector by mapping pixel columns
to spectral bands. Reproduced from [MA1].

In order to establish the spectral calibration, light sources with well-defined emis-
sion spectra are used as a reference for pixel mapping. In the calibration setup
shown in Figure 4.4, three lasers with the wavelengths 450 nm (blue), 532 nm
(green), and 635 nm (red), (products no. CPS450, CPS532, and CPS635, Thorlabs,
USA), are used together with an Hg(Ar) spectral calibration lamp (product no.
6035, Newport, USA). The lasers and the spectral lamp are aligned on top of
each other as seen in the spatial mode view in the inset. The monochrome camera
is replaced with an identical color camera (DFK 23U274, The Imaging Source,
Germany) for better representation of the results. In the spectral mode, the light
from each source is diffracted based on its wavelength resulting in the three laser
spots and the spectral lines of the Hg(Ar) lamp being resolved laterally across the
CCD detector as shown in Figure 4.5. To establish the pixel mapping, a vertical
line is drawn at the center of each laser spot to indicate the pixel column number
corresponding to each laser wavelength, which is highlighted on the horizontal
axis at the bottom of Figure 4.5.
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Figure 4.4: Spectral calibration setup using three lasers with different wavelengths in addition to
Hg(Ar) lamp. The inset shows the calibration light sources in the spatial imaging mode. Reproduced
from [MA1].

Using the wavelength differences, and the distances in pixel columns between the
reference lines of the three lasers, the pixel columns 204 and 1382 are calculated
for the spectral range limits of the system at 400 nm and 750 nm, respectively, as
depicted in Figure 4.5. The limits are defined based on the transmission charac-
teristics of the optical components and the sensitivity of the CCD detector, and
they restrict the area of the detector that can be used for spectral imaging, which
represents about 74% of the total sensor area. This can be improved by adapting
the selection of the optical components and the image sensor to have a broader
spectral range for the system.

From the spectrum of the Hg(Ar) lamp, two contiguous lines can be distin-
guished in the yellow range, which are magnified in the inset in Figure 4.5. The two
lines belong to the Hg spectrum and have the wavelengths 576.96 nm and 579.06
nm, respectively [126]. This demonstrates a spectral resolution of approximately
2 nm for the presented system, which is suitable for a wide range of applications.
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Figure 4.5: Calibration light sources in the spectral imaging mode are used for mapping pixel columns
to spectral bands, defining the spectral range limits between 400 – 750 nm on the CCD detector, and
demonstrating the spectral resolution of the system, which is approximately 2 nm. Reproduced from
[MA1].

4.3 Slit Scanning & Feed-Forward Compensation

The spectral calibration in the previous section was established with the slit
positioned at the center of the image, which coincides with the optical axis of
the system. As the slit moves away from the optical axis to scan the target, the
light passing through the slit has a different angle of incidence to the grating,
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and consequently a different first order diffraction angle for each slit position,
according to the grating equation (Eq.(3.1)):

Λsinθm−Λsinθi = mλ

where θm is the diffraction angle, θi is the incidence angle, m is the diffraction
order, λ is the wavelength, and Λ is the grating period. This in turn results in a
lateral shift of the diffraction image at the CCD detector, as illustrated in Figure
4.6, which compromises the established spectral calibration of the system.

Intermediate
Image Plane
(Slit Aperture)

Collimation
Lens

Transmission 
Grating

Objective 
Lens

CCD
Detector

On Optical Axis

Off Optical Axis

Slit Position
Lateral Shift of 
Diffraction Image

Figure 4.6: Lateral shift of the diffraction image on the CCD detector resulting from the scanning
motion of the slit. Reproduced from [MA1, MA4].

This lateral shift is demonstrated experimentally in Figure 4.7 for different slit
positions. A white imaging target is positioned in front of the system and is
illuminated with the same three lasers of the spectral calibration. A diffuser plate
is used to help spread out the light over the target. In the left column, the spatial
mode images for slit positions selected between −700 µm and 700 µm from the
center slit position are shown. The images were cropped for better representation of
the results. In the middle column, the spectral mode image for each slit position is
provided, which has the blue, green, and red lines corresponding to the diffraction
of the three lasers. All the images in the middle column were acquired while
the rotation angle of the camera is fixed to 10.238◦. The images show how the
spectral lines of the lasers shift laterally across the CCD detector when the slit
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moves from one position to the next. This lateral shift voids the established pixel
mapping and spectral calibration of the system. Another drawback of the fixed
camera is observed in the spectral image of slit position −700 µm, where the blue
line has shifted outside the image sensor area. This results in a loss of the spectral
data for parts of the image located beyond this slit position. In systems with
passive components, where the detector is fixed at a certain angle, one method
to overcome these drawbacks is to limit the scanning range of the slit, which
consequently reduces the area of the target image that can be scanned. Another
method is to project the diffraction image on a smaller area of the image sensor,
which consequently compromises the imaging resolution.

Spatial Mode Spectral Mode
(Feed-forward compensation OFF)

Spectral Mode
(Feed-forward compensation ON)

-700 8.002°
-600 8.283°
-500 8.620°
-400 8.930°
-300 9.253°
-200 9.619°
-100 9.928°

0 10.238°
100 10.575°
200 10.884°
300 11.236°
400 11.573°
500 11.855°
600 12.178°
700 12.488°

Slit position [µm] Camera angleCamera angle = 10.238°

Figure 4.7: Experimental demonstration of the lateral shift of the diffraction image of the three lasers
due to the scanning motion of the slit, and how the feed-forward compensation function can be used to
compensate for this shift and maintain the spectral calibration of the system. Reproduced from [MA1].

To solve the lateral shift problem, a new method is proposed. This method allows
to maintain the spectral calibration of the system during slit scanning, without
sacrificing the scanning range nor the imaging area of the sensor. Following the
approach of using active system components, this method is based on utilizing the
rotation mechanism to adjust the angle position of the camera for each slit position
to compensate for the shift in the diffraction image on the CCD detector. This is
demonstrated in the right column of Figure 4.7, which shows the spectral mode
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4.3 Slit Scanning & Feed-Forward Compensation

image for each slit position after adjusting the camera angle to bring the spectral
lines of the three lasers back to their reference position defined in the spectral
calibration. By expanding the measurements in Figure 4.7 for slit positions defined
across the scanning range of the slit from −1200 µm to 1200 µm, with a distance
of 50 µm between each two positions, and recording the camera angle required to
maintain the spectral calibration for each slit position, a linear relation is found
between the camera angle and the slit position, which is expressed by the equation:

θCamera = 10.247258+0.003253×SlitPosition (4.1)
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Figure 4.8: Change in camera angle corresponding to change in slit position showing the effect of the
quantization error of the stepper motor controller. Reproduced from [MA1].
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Using this relation, the feed-forward compensation function is established by pro-
gramming the relation expression into the system control software to automatically
synchronize the rotation of the camera with the scanning motion of the slit. Estab-
lishing the feed-forward compensation function enables hyperspectral imaging
and automated data acquisition in the presented system, which is demonstrated in
the following section.

The change in the camera angle (∆θCamera) corresponding to the shift from one
slit position to the next in the experiments above is shown in Figure 4.8. While
the distance between each two slit positions is fixed to 50 µm, the corresponding
change in the camera angle varies around a mean value of 0.164◦. The number of
motor steps corresponding to this mean value falls between 11 and 12. Therefore,
the variation in the camera angle can be attributed to the quantization error of the
stepper motor controller, which has an angular step resolution of about 0.014◦.
This can be improved using a more precise controller and a stepper motor with a
smaller step size.

4.4 System Validation

This section provides a proof-of-concept experiment to demonstrate hyperspectral
imaging using the presented system. In this experiment, the setup shown in Figure
4.9 is used, where an artificial plant is placed in front of the system as an imaging
target. Within the artificial plant, three real plant leaves are hidden, as shown in the
inset in the figure. The real and artificial leaves appear similar in color and can be
difficult to distinguish by the human eye. The main objective of the experiment is
to use the system to acquire the spectral data of the target, to extract and compare
the spectra of the leaves, and to distinguish between real and artificial leaves. Two
Quartz Tungsten-Halogen lamps with broadband emission (product no. QTH10/M,
Thorlabs, USA) are used to illuminate the target, and two diffuser plates are used
to spread out the light more evenly on the samples.

The control software of the system was developed in LabVIEW®, and is shown
in Figure 4.10. The software is used to control the active system components, and
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Figure 4.9: Validation experiment using the HSI system to reveal real plant leaves, numbered 1, 2,
and 3 in the inset, which are hidden in an artificial plastic plant. Reproduced from [MA1].

allows the user to adjust the slit position and the rotation angle of the camera.
The software is also used to switch between spatial and spectral imaging modes
automatically, except for the grating which is mounted on and off manually. The
feed-forward compensation function, which synchronizes the position of the slit
and the camera, is programmed into the software and can be switched on and off
by the user. The main user interface window provides live feed from the CCD
camera. In Figure 4.10, the live feed shows the target plant leaves in the spatial
imaging mode. The leaves for which the spectral data is extracted are numbered,
where leaves 1 – 3 are real and leaf 4 is artificial.
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1

2

3

4

Figure 4.10: System control software in LabVIEW showing the real plant leaves hidden in the artificial
plastic plant viewed in the spatial monochrome mode of the system. Reproduced from [MA1].

In order to acquire the spectral information for the plant leaves, the system is
switched to the spectral imaging mode and the feed-forward compensation func-
tion is activated. The slit is moved to select the image lines where the leaves
are located, which correspond to slit positions −220 µm, 0 µm, 460 µm. For each
slit position, the camera angle is adjusted automatically by the feed-forward
compensation function, and a 2D image is recorded to capture the spectral data.
The spectrum for each leaf is extracted by plotting the recorded intensity of the
incoming light against the wavelength range of the system.

The spectra are extracted using MATLAB®, and are shown in Figure 4.11,
where the intensity was normalized with respect to a spectrum obtained from
imaging a white reference. The figure shows a clear distinction between the
spectra of the real leaves and the spectrum of the artificial leaf. The figure also
shows good matching between the spectra of the real leaves relative to each
other, and also compared to the spectrum of Chlorophyll, which is found in green
plant leaves [127, 128]. This provides validation for the presented hyperspectral
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Figure 4.11: Extracted spectra from the validation experiment showing clear distinction between the
real plant leaves and the plastic leaf. Reproduced from [MA1].

imaging system, and demonstrates how the system can be used in target detection
applications, for example, to reveal hidden objects in a scene.

This experiment also demonstrates how using active system components has
enabled high flexibility in the presented system. For example, using the scanning
slit, it was possible to acquire the spectral data only for specific regions of in-
terest, which are the image lines where the real plant leaves are located. This
can help save time and use storage and processing resources more efficiently.
The rotating camera mechanism, while enabling the feed-forward compensation
function, also allows access to the spatial view of the target, which can be used
to select the regions of interest. With the automation and synchronization of the
system components established in the control software, the entire hyperspectral
data cube can be acquired by scanning through the entire range of slit positions
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from −1200 µm to 1200 µm, with steps equal to the slit width of 20 µm. This
results in a 121×1200×169 data cube, which can be acquired in less than one
minute.

4.5 Conclusions

This chapter demonstrated the advantages of using active system components
in the realization of pushbroom hyperspectral imaging systems. A new system
concept was presented employing an internal line-scanning unit and a rotating
camera mechanism, which offers higher flexibility compared to conventional
spectrographs with passive components. Using the scanning unit, the spatial
scanning for data acquisition is achieved without relative motion between the
target and the system, which reduces the instrumentation complexity and allows
more application scenarios. The rotating camera enables access to both spatial
and spectral imaging modes in one system. In conventional systems, this requires
the use of multiple cameras. A novel feed-forward compensation function to
compensate the shift in the diffraction angle resulting from the scanning motion of
the slit is established through automation and synchronization of the active system
components. This function allows data acquisition without sacrificing the scanning
range nor the imaging resolution. The feed-forward compensation function also
facilitates higher flexibility in determining the size of the acquired dataset by
selecting regions of interest. A spectral resolution of approximately 2 nm was
demonstrated for the presented system, which is comparable to the state-of-the-art
and suitable for a wide range of applications. The resolution can be improved by
opting for a narrower slit width, or using a grating with a higher dispersive power.
However, the spectral resolution can be degraded by the quantization error of the
stepper motor controller, which affects the accuracy of the angle position of the
rotating camera. A more precise controller and a motor with a smaller step angle
can be used to avoid this degradation.

The advantages and flexibility in the presented system were enabled by using
two active components, which were automated and synchronized. However, one
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main component is still passive, which is the diffraction grating. The passive
grating, which needs to be manually mounted on and off in the system to switch
between spatial and spectral imaging, puts a limit to the automation and flexibility
of the presented system. This creates the next opportunity for integrating an active
component to improve the system by replacing the passive grating with an active
switchable grating, such as the switchable phase grating in [129] as an example,
which can lead to a fully automated system. Another opportunity is to realize
the internal scanning unit in a more compact form, for example using a variable
optofluidic slit aperture [130]. Therefore, continuing to adopt the internal active
components approach opens the door for realizing more flexible and more compact
pushbroom systems in the future.
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The work presented in this chapter was published by the author in:
[MA2] Mohammad Abdo, Vlad Badilita, and Jan Korvink. “Spatial scan-
ning hyperspectral imaging combining a rotating slit with a Dove prism.”
Optics Express 27.15: 20290-20304 (2019). ©2019 Optical Society of
America.

This chapter continues to adopt the “inside approach” and the use of internal active
components to present another novel concept for a spatial-scan hyperspectral
imaging system based on rotational rather than linear scanning. The new system
combines a rotating slit together with a rotating Dove prism. The rotating slit
enables the spatial scanning of the target image internally without the need for
relative motion and without additional external hardware. The rotating Dove prism,
also called a “derotator” ensures that the light is transmitted to the diffraction
grating without change in the incidence angle, and therefore simplifies the data
acquisition procedure. The aim of this work is to provide a simpler hardware
configuration for a spatial-scan hyperspectral imaging system to open the door for
more applications in the future.

The system concept is explained in more detail in Section 5.1. A comprehensive
description of the system construction is provided in Section 5.2. In Section 5.3,
experiments and results demonstrating the rotation of the slit and the Dove prism
are presented, and a validation experiment is conducted where the system is used
to acquire and differentiate between spectra of different plant leaves. Section 5.4
provides a summary of the main outcomes of the chapter.
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5.1 System Concept

A new concept for a spatial-scan hyperspectral imaging system, illustrated in
Figure 5.1, is proposed. This concept introduces a rotational-scanning approach
that combines a rotating slit and a rotating Dove prism to enable internal spatial
scanning of the target image without additional external hardware. The slit is
positioned to select one line of the intermediate image at the focal plane of the
front optics, and its rotation allows scanning the target one line at a time. The Dove
prism is positioned along the optical path of the light transmitted and collimated
from the slit to counteract the slit rotation.

The Dove prism (DP) is an optical element typically having the geometry of a
truncated right-angle prism, with a symmetry plane coinciding with its longitudinal
axis, and can be used to invert or rotate an image. Light entering the prism through
one of the slanted faces undergoes refraction, then total internal reflection from
the long face, before exiting through the other slanted face to form an inverted,
non-reversed image. When the prism is rotated around its longitudinal axis, the
formed image rotates with twice the rotation angle of the prism.

In the proposed rotational-scan system, when the slit aperture and the Dove
prism’s symmetry plane are aligned with the vertical y-axis (Figure 5.1), the image
line ` is transmitted through the slit and the prism in its reference orientation
`(θref), which is aligned with the grating. Light from each point on the line is
diffracted through the grating and projected over the same range of pixel columns
in the image sensor, allowing the recording of a spectrum for each point. The
recorded spectra represent one plane of the 3D hyperspectral data cube.

When the slit is rotated to scan the target image and acquire the data cube, while
the Dove prism is fixed, the selected image line is rotated `(θ) when transmitted to
the grating. Light from each point on the line will be diffracted through a different
point along the x-axis of the grating. Accordingly, the spectrum of each point will
be projected over a different range of pixel columns in the sensor, resulting in
overlap between the spectral bands, which does not allow the extraction of spectral
data. This is demonstrated experimentally in Figure 5.5.
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Figure 5.1: Schematic illustration of the system concept featuring a rotating slit and a co-rotating
Dove prism (at half the slit rotation angle). Reproduced from [MA2].

By rotating the Dove prism with half the angle of the slit, as illustrated in Fig-
ure 5.1, the transmitted image line will be rotated back to its reference orientation
and realigned with the grating, so that `(θref) = DP((θ − θref)/2) · `(θ − θref).
Repeating this for each slit position, the Dove prism ensures the transmission of
the selected image line in a vertical, upright position, aligned with the grating,
avoiding the overlap of the spectral bands when recorded by the image sensor. This
constitutes the working principle of the rotational-scan concept. By combining
a rotating slit with a rotating Dove prism and synchronizing their rotations, the
target image can be spatially scanned through the slit rotation. The Dove prism
cancels the rotation effect, facilitating the extraction of spectral information.

5.2 System Construction

In order to demonstrate the rotational-scan concept, the system shown in Figure
5.2(a) is constructed. The front optics consist of a wide angle machine vision
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lens (3.5 mm EFL, product no. MVL4WA, Thorlabs, USA) combined with an f60
biconvex lens. Together they form an intermediate image of the target. The slit has
a width of 20 µm (Thorlabs No. S20R) and is fixed into a rotating mount (Thorlabs
No. CRM1P/M). The slit is positioned at the intermediate image plane to select
one line of the target image. The rotating mount allows scanning the slit over 360◦.
However a rotation of 180◦ is sufficient to cover all the spatial positions of the
target due to the symmetrical arrangement of the slit and the system components
with respect to the optical axis of the system.

The image line from the slit is collimated and magnified using a microscope
objective (GF Planachromat 12.5×/0.25, Zeiss Jena, Germany). The collimated
light beams then enter the Dove prism (Thorlabs No. PS992M-A)[131], which is
also fixed to a 360◦ rotating mount. This allows rotating the Dove prism by half
the angle of the slit rotation during data acquisition in order to bring the image
line back to a vertical upright orientation before the light is transmitted to the
diffraction grating. The grating (300 lines/mm – Thorlabs No. GT13-03) diffracts
the incoming light and produces a spectrum for every point on the image line.
A monochrome CCD camera (DMK 23U274, The Imaging Source, Germany)
with an imaging lens (Xenoplan 2.8/50-0902, Schneider Kreuznach, Germany)
is positioned at an angle corresponding to the first diffraction order to record the
spectra for the selected image line.

In order to test the system concept, the imaging targets shown in Figures 5.2(b)
and 5.2(c) are used. The two images were acquired by adjusting the system for
spatial 2D imaging by removing the slit and the grating and aligning the CCD
camera along the optical axis of the system, where an identical color camera (DFK
23U274, The Imaging Source, Germany) is used in place of the monochrome
camera for better visibility of the targets. In Figure 5.2(b), three lasers are mounted
above each other and positioned with an offset to the optical axis of the system.
This arrangement allows selecting only one laser at a time to be viewed when
using the rotating slit to scan through the field of view. Therefore, this target
is used to simultaneously demonstrate the effect of the slit and the Dove prism
rotation in the spatial imaging mode. Figure 5.2(c) shows the imaging target
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used to demonstrate the effect of the slit and Dove prism rotation in the spectral

imaging mode. Five angular positions are highlighted, which are 0◦, 30◦, 45◦,
60◦, and 90◦. Each angular position is marked with a number of black stripes to
facilitate its recognition when selected by the rotating slit in the spectral imaging
mode.
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Figure 5.2: (a) Construction of the rotational-scan HSI system. (b) Imaging target for spatial mode
with red, green, and blue lasers. (c) Imaging target for spectral mode where different number of stripes
is used to highlight each angular position. Reproduced from [MA2].
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5.3 Results & Discussion

The experimental work was divided into three parts to show how the system works
in the spatial and spectral imaging modes, and to provide validation of the system.
The obtained results are explained and discussed in the following subsections.

5.3.1 Spatial Imaging Mode

The aim of these experiments is to show how the rotating slit can be used to scan
the field of view and select different points in the target image, and how the Dove
prism can be used to bring the selected image line to a vertical upright orientation.

First, the slit was rotated with different angles to select each laser of the imaging
target in Figure 5.2(b), while keeping the Dove prism fixed without rotation. This is
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Dove prism angle = 0°
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Figure 5.3: Experimental demonstration of the slit and the Dove prism rotation in spatial imaging
mode. (a-c) The slit is rotated to access the red, green, and blue lasers, which are located at different
spatial positions as shown in Figure 5.2(b), while keeping the Dove prism fixed. (d-f) By rotating the
Dove prism, with half the rotation angle of the slit, the slit image can be re-oriented to the vertical
upright position. Reproduced from [MA2].
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shown in Figure 5.3(a-c), where the red laser was selected with a slit rotation angle
of 30◦, the green laser was selected when the slit was in a horizontal orientation
corresponding to a rotation angle of 90◦, and the blue laser was selected with a
slit rotation angle of 150◦. After that, the Dove prism was rotated with half the slit
angle for each slit position to bring the selected image line to a vertical upright
orientation, as shown in Figure 5.3(d-f). Such orientation is specifically important
to facilitate spectral imaging as explained in the following subsection.

Using the rotating slit to scan the field of view means that the spatial sampling
will be a function of the radius along the slit from the center of the image. For each
spatial point located at (x,y) from the center, the number of sampling times N(x,y)

during a complete scan of the slit (rotation of 180◦) will be inversely proportional
to the radius r(x,y) and will range between N(x,y) = 1 for points at the perimeter of
the slit rotation (r(x,y) =

1
2× slit length) and N(x,y) = M for the center point, where

M is the number of angular slit positions required for a complete scan, assuming
no overlap between slit positions at the perimeter. The spatial resolution, therefore,
will depend on the reconstruction of the scanned image from the individual images
of all slit positions. This is demonstrated in Figure 5.4, where the 1951 USAF
resolution test chart is used to demonstrate the spatial resolution of the system
and to show the effect of the slit rotation and image reconstruction on the spatial
sampling and the spatial resolution.

The slit used in these experiments has a width of 20 µm and a length of 3 mm
(Thorlabs No. S20R). This means that the number of angular slit positions required
to scan a complete image of the target is approximately 236, with a step angle
of approximately 0.76◦, taking into account that a rotation of 180◦ is sufficient
due to the symmetrical arrangement of the slit and the system components with
respect to the optical axis of the system.

Figure 5.4(a-c) shows the USAF test chart in spatial imaging mode while the
slit was removed from the optical path. These images serve as a reference for
comparison with the reconstructed image in Figure 5.4(d-f). The red rectangle in
Figure 5.4(a) is magnified in Figure 5.4(b) and shows group 1 of the test chart
where the lines of element 6 can still be distinguished. This indicates a spatial
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(a) (c)(b)

(d) (f)(e)

Figure 5.4: Spatial resolution of the system demonstrated in spatial imaging mode (a-c) and in a
constructed image of 474 slit positions corresponding to a slit rotation of 360◦ (d-f). (a) Spatial mode
image of the 1951 USAF resolution test chart. (b) Magnification of group 1 (red rectangle) indicates a
spatial resolution of 140.31 µm, which corresponds to element 6. (d) Constructed image of the test
chart by combining the images from 474 angular slit positions corresponding to a slit rotation of
360◦. (e) Deterioration of spatial resolution to 250 µm, corresponding to element 1, due to image
construction. Comparing the magnifications of element 2 in group -2 (green rectangle) in the upper left
corner shows the difference between the spatial mode image (c) and the constructed image (f), where
the effect of the slit rotation and image construction can be observed. The red arrow in (d) points to a
black circular spot in the center of the constructed image which is due to the slit aperture being offset
from the rotation axis of the slit component. Reproduced from [MA2].

resolution of 140.31 µm. Figure 5.4(c) is a magnification of the green rectangle
in the upper left corner of Figure 5.4(a) and shows element 2 in group -2 of
the test chart without any signs of slit scanning nor image reconstruction. In
order to acquire the images in Figures 5.4(d)-5.4(f), the slit was inserted into the
system. The manual re-arrangement of the system to insert the slit caused the
slight translation in position of the test chart image in Figure 5.4(d) compared
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to Figure 5.4(a). However, this slight translation does not affect the information
obtained from the figures. Due to the large number of slit positions (≈236) and the
small step angle (≈0.76◦) required for a full scan of the image, which are difficult to
control by manual adjustment, the rotational slit mount (Thorlabs No. CRM1P/M)
was replaced with a rotational stepper motor (Thorlabs No. K10CR1) with a
step angle resolution of 0.0073◦. Due to a slight offset of the slit aperture from
the rotation axis of the slit component with approximately 80 µm, the scanning
is done by rotating the slit over 360◦ rather that 180◦ in order to minimize the
area of the image which cannot be accessed by the slit rotation to the circular
spot indicated by the red arrow in the reconstructed image in Figure 5.4(d). This,
however, demonstrates the importance of the rotational symmetry and the high
precision alignment of the system components for this technique. With 360◦ slit
rotation and with a step angle of 0.76◦, 474 slit images were acquired for the
reconstruction of the test chart image in Figure 5.4(d). The image reconstruction
was done using MATLAB®by combining the acquired images in a 3D matrix and
then selecting the highest intensity from the scanned images for each pixel in the
lateral image. The red rectangle in the reconstructed image is magnified in Figure
5.4(e) and shows group 1 of the test chart. Comparison between Figures 5.4(b) and
5.4(e) shows a deterioration of spatial resolution after image reconstruction from
140.31 µm (element 6) to 250 µm (element 1). Figure 5.4(f) is a magnification of
the green rectangle in the reconstructed image and shows element 2 in group -2
of the test chart, where the signs of slit scanning and image reconstruction can
be observed. This is due to the reduced number of sampling times and reduced
overlap between slit positions in the upper left corner of the image, compared to
other parts of the image closer to the center.

5.3.2 Spectral Imaging Mode

For these experiments, the system was re-arranged by inserting the diffraction
grating into the optical path, and positioning the CCD camera with an angle
corresponding to the first diffraction order. The color camera was used for better
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demonstration of the results. The imaging target in Figure 5.2(c) was used and
was illuminated by the three lasers in Figure 5.2(b), in addition to a broadband
light source (Thorlabs No. QTH10/M) projected through a horizontal rectangular
aperture. A diffuser glass plate was used to help spread the light over the target.
The resulting image, shown in Figure 5.5, displayed blue, green, and red lines,
in addition to a broad spectrum corresponding to the diffraction of the light
transmitted from the three lasers and the broadband source.

First, the slit was rotated to different angles corresponding to those highlighted
on the imaging target, while fixing the Dove prism without any rotation. The result
is shown in the left column of Figure 5.5, where the spectral lines of the three lasers
are seen to rotate as a result of the slit rotation. The rotation represents a problem
for spectral imaging and for the extraction of the spectral information. This is
due to the fact that, with the rotation, each pixel column of the CCD detector is
recording data from different spectral bands. For example, a pixel column around
the center in Figure 5.5(a-c) shows signals recorded from the blue, green, and
red spectral bands, with their geometrical separation a function of the angle of
rotation. In Figure 5.5(d), all spectral bands overlap with each other as the band
separation reduces to zero. This prevents establishing spectral calibration for the
system, where each pixel column is assigned a unique spectral band. Consequently,
it hinders the extraction of spectral information for each point on the image line.

In order to solve this problem, the Dove prism is used to bring the image
line back to a vertical upright orientation before the light is transmitted to the
diffraction grating. By rotating the Dove prism with half the slit angle for each
slit position, the vertical orientation of the spectral lines of the three lasers can be
maintained, as can be seen in the right column of Figure 5.5. The black stripes
crossing the spectral lines are used to recognize the rotation angle of the slit based
on the imaging target in Figure 5.2(c). In Figure 5.5(h), with a slit angle of 90◦ and
a Dove prism angle of 45◦, the rectangular aperture of the broadband source is now
projected to the grating in a vertical upright orientation, resulting in the broadband
spectrum covering a larger area of the sensor. Maintaining the vertical orientation
of the spectral bands facilitates establishing the spectral calibration of the system
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Slit angle = 30°
Dove prism angle = 0°
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Dove prism angle = 0°

Slit angle = 45°
Dove prism angle = 22.5°

b f

Slit angle = 60°
Dove prism angle = 0°

Slit angle = 60°
Dove prism angle = 30°

c g

Slit angle = 90°
Dove prism angle = 0°

Slit angle = 90°
Dove prism angle = 45°

d h

1 cm

Figure 5.5: Experimental demonstration of the joint slit and Dove prism rotation in spectral imaging
mode using three lasers and a broadband source, where the stripes crossing the spectral lines indicate
the slit angular position according to Figure 5.2(c). (a-d) Rotation of the slit while the Dove prism
is fixed leads to a rotation of the spectral lines of the three lasers and to loss of spectral information
due to overlap of the spectral bands within the pixel columns of the sensor. (e-h) By rotating the Dove
prism with half the rotation angle of the slit, the orientation of the spectral lines can be maintained
in the vertical upright position. (h) At 90◦ rotation, the broadband light passes through the entire slit
which leads to a larger vertical distribution of its spectral response. Reproduced from [MA2].
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by assigning each pixel column to a unique spectral band within the spectral range
of the system, which is limited between 400 nm and 750 nm. This can be done by
using the wavelengths of the three lasers as a calibration reference, and by using
the distances between the three spectral lines to interpolate the wavelength to be
assigned for each pixel column. After establishing the spectral calibration, the
system can be used for spectral imaging and for extracting the spectral information
of the target.

Figure 5.6 demonstrates the spectral resolution of the system using the spectral
lines of an Hg(Ar) spectral calibration lamp (product no. 6035, Newport, US).
The spectrum of the Hg(Ar) lamp shows two contiguous lines in the yellow range
with wavelengths of 576.96 nm and 579.06 nm. The two lines are magnified in
the inset, which shows that the two lines can be distinguished, although being
partially overlapped. This demonstrates that a spectral resolution close to 2 nm
can be achieved with the presented system.

5.3.3 System Validation

The aim of this experiment is to provide validation for the system concept com-
bining the rotating slit and the rotating Dove prism. This is achieved by using the
system to acquire and extract spectral information from an imaging target, which
is shown in Figure 5.7. Eight disk samples taken from real and artificial plant
leaves are fixed to the target plane and arranged in a circular array. Pairs of samples
are fixed along the same angular line, so that two samples can be viewed at a time
when the slit is rotated to the corresponding angle. The target is illuminated with
two Quartz Tungsten-Halogen lamps (Thorlabs No. QTH10/M) with broadband
emission, and using two diffuser plates to distribute the light over the samples.

Starting with leaf samples 1 & 2, the slit and the Dove prism are kept in the
vertical upright position without any rotation to allow the light to transmit directly
to the diffraction grating. The diffraction image carrying the spectral information
for the two leaves is recorded by the CCD camera, where the monochrome camera
is used to record the light intensity in each spectral band without any filters. For
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Figure 5.6: Demonstration of the spectral resolution of the system using an Hg(Ar) spectral lamp.
The magnification in the inset shows two spectral lines with 2.1 nm separation partially overlapping.
Reproduced from [MA2].

the rest of the leaves, the slit is rotated with the designated angle for each pair
of leaves, the Dove prism is rotated with half the slit angle, and the diffraction
image for the two leaves is recorded by the camera. The rotation of the slit and the
Dove prism was done manually using two identical rotational mounts (Thorlabs
No. CRM1P/M).

In the next step, the spectral information for each leaf is extracted using
MATLAB®. This is done by plotting the light intensity recorded in each spectral
band over the spectral range of the system, where the intensity was normalized
with respect to a spectrum obtained from imaging a white reference. The acquired
spectra for the eight leaf samples are shown in Figure 5.8. By comparing the
spectra in the figure, the real and artificial leaves can be readily distinguished. The
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Figure 5.7: Imaging target for the validation experiment, combining disk samples from real and
artificial plant leaves. Reproduced from [MA2].

spectra of leaves 2, 3, 5, and 6 are similar to each other, and also similar to the
spectrum of Chlorophyll, which is a dye found in green plant leaves [127, 128].
This experiment provides validation for the system concept, and demonstrates how
the system can be used in applications such as material sorting or target detection.

5.4 Conclusions

This chapter presented a new concept for spatial-scan hyperspectral imaging,
which combines a rotating slit and a rotating Dove prism. It was demonstrated
how the rotating slit can be used to select one line of the target image at each
angular position, and how the Dove prism, when rotated with half the rotation
angle of the slit, can be used to cancel the rotation effect and project the selected
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Figure 5.8: Extracted spectra for the plant leaves samples in the validation experiment showing the
distinction between real leaves (2,3,5,6) and plastic leaves (1,4,7,8). Reproduced from [MA2].

image line in a vertical upright orientation, which is aligned with the grating.
This prevents the pixel columns of the image sensor from recording signals from
different spectral bands, which maintains the spectral calibration of the system and
facilitates the extraction of spectral information. A spatial resolution of 140.31 µm
in the spatial mode and a spectral resolution close to 2 nm in the spectral mode
were demonstrated, which is sufficient for a broad range of applications. A proof
of concept was provided, which showed how the system can be used for material
sorting applications, as an example.

Introducing this new concept adds to the set of techniques developed for spatial-
scan hyperspectral imaging. The new technique offers the further advantage of
performing the spatial scanning internally without the need for relative motion
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between the entire imaging system and the target, which would otherwise require
additional external hardware in conventional systems. This advantage opens the
door for more applications for spatial-scan hyperspectral imaging, where the
relative motion is either not feasible or not practical.

Using the slit rotation for scanning leads to spatial sampling being a function of
the radius from the center of the image, with the number of sampling times for
each point being inversely proportional to its distance from the center, due to the
overlap between adjacent slit positions. In addition, scanning a full image requires
rotating the slit over a large number of angular positions with a small step angle
for each position (≈236 positions with ≈0.76◦ for 180◦ rotation of a slit with
20 µm width and 3 mm length). This demands high precision in rotational sym-
metry and alignment of the systems components, using high precision actuators
to synchronize the angular positions of the slit and the Dove prism, and careful
selection of the sampling routine and image reconstruction algorithm.

In the experiments presented in this chapter, a slight offset of the slit aperture
from the rotational axis of the slit component lead to loss of information from a
circular part around the center which could not be accessed by the rotation of the
slit. Using manual actuators to synchronize the rotation of the slit and the Dove
prism lead to a long measurement time for a small number of data acquisition
points, in the order of 4− 5 minutes for the 4 slit positions in the validation
experiment. This can be significantly improved using automated rotational motors,
such as (Thorlabs K10CR1) with an angular speed of 10◦/s, where it would be
feasible to scan 236 slit positions in less than 30 seconds, with 30 ms of exposure
time for each position. For image reconstruction, we used a simple algorithm
based on selecting the maximum intensity for each pixel from the scanned slit
images. The reconstructed image showed reduced spatial resolution of 250 µm
in addition to slight artifacts from slit rotation and image reconstruction towards
the peripheries of the image. This can be improved using a more sophisticated
sampling and reconstruction algorithm that allows more overlap between slit
positions and uses averaging rather than maximum intensities to improve the
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signal-to-noise ratio. The spectral resolution can also be improved by using a
narrower slit width or a grating with higher dispersion.

Future work will aim to further develop this system. This includes using higher
precision components to ensure rotational symmetry and perfect alignment of
the system components. Future developments also include replacing the manual
rotational mounts with rotational motors and developing a software to automate
and synchronize the rotation of the slit and the Dove prism to enable the acquisition
of full hyperspectral 3D data sets. Different sampling and image reconstruction
algorithms will be tested to improve the quality of the reconstructed image. In
Chapter 6, the miniaturization of this concept is pursued, starting with the rotating
slit mechanism.

Due to the novelty of this system, a patent application was filed to the European
Patent Office (EPO) [MA7]1. However the EPO found that an earlier patent [132]
reporting a hyperspectral endoscopic device that incorporates a Dove prism to
rotate the incoming image presents a similar concept and therefore the patent appli-
cation was withdrawn. Nevertheless, the rotational-scan concept for hyperspectral
imaging started receiving more attention after the publication of this work. Cai et
al. [133] reported a rotational-scan system based on a conventional spectrograph
mounted on a rotating platform in front of a fixed camera. With the lack of active
components, the spectral axis of the spectral images continues to rotate for each
image. To solve this problem, they used the Hough Transform algorithm to restore
the spectral axis based on the rotation angle, which leads to a higher computational
complexity. Luo et al. [134] reported a similar system, however with a camera
that rotates with the spectrograph to avoid rotating the spectral axis. However,
since the recorded images are still rotated relative to each other, they developed
a reconstruction algorithm to assemble the image and the spectral dataset of the
target.

1 EP3748317 – A method and a device for acquiring spatially resolved spectral information.
Application Nr. 19178381.0 filed on 05.06.2019.
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6 MEMS Levitation Slit for
Rotationl-Scan HSI

This chapter presents the initial efforts aiming at the miniaturization of the
rotational-scan system based on the rotating slit and dove prism, introduced in
the previous chapter. This begins with the realization of the rotating slit in a
miniaturized MEMS-based chip. Section 6.1 explains the working principle of this
chip, which combines electromagnetic inductive levitation and electrostatic actu-
ation. This is followed by discussing the state-of-the-art in micro-levitation and
its limitations in Section 6.2. The development of an improved microfabrication
process for an optically compatible micro-levitation chip is detailed in Section 6.3.
After that, Section 6.4 presents the design and fabrication of the rotating slit disc.
Section 6.5 provides an experimental demonstration of the newly fabricated chip
and slit disc. Finally, Section 6.6 summarizes the main outcomes of the chapter.

6.1 Working Principle

The working principle of the miniaturized rotating slit combines electromagnetic
induction and electrostatic actuation, as illustrated in Figure 6.1. The electromag-
netic induction, realized using two concentric microcoils with AC currents having
180◦ phase-shift to one another, provides the levitation force that lifts the slit disc
to enable frictionless rotation. The AC current in the inner coil generates a time-
varying magnetic field that induces eddy currents in the slit disc, which is made of
non-magnetic conducting metal foil. The induced eddy currents generate a mag-
netic field opposing that of the coil and resulting in a repulsive force that causes
the disc to levitate. The outer coil, in a similar way, provides the stabilization force
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(Electromagnetic Induction)
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(Electrostatic Actuation)

Rotating Slit

Stabilization Coil

Levitation CoilSU-8 Posts

Figure 6.1: Schematic representation of the working principle of the miniaturized rotating slit, where
electromagnetic induction levitates the slit disc and electrostatic actuation is used to control the slit
rotation.

that maintains the levitating slit in its center position. This is explained in more
detail in Section 3.3. The rotation and the angular position of the levitating slit disc
can then be controlled by means of electrostatic actuation, explained in Section
3.4. This is achieved by integrating a circular array of capacitive electrodes in the
slit disc and the top surface of the levitation chip that resembles a three-phase
stepper motor. By energizing each phase of the chip (stator) electrodes, the slit disc
rotates to align the adjacent phase of the slit (rotor) electrodes. By synchronizing
the activation of the stator electrodes, continuous and controlled rotation of the
slit can be achieved, where the size and the number of electrodes in each phase
determines the minimum rotation angle and the number of slit positions that can
be used for imaging.

6.2 State of the Art

The state-of-the-art micro-levitation chip was reported by the Group of Dr. Vlad
Badilita [108, 135–139] based on the development of a microfabrication technique
for 3D solenoidal microcoils using an automatic wire bonding machine [109,
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120–122] (Figure 6.2). The new technique allows the 3D winding of coils around
cylindrical posts to increase the number of windings to enhance the levitation per-
formance while avoiding the use of high AC currents and the associated drawbacks
of heat dissipation.

Figure 6.2: Fabrication of 3D solenoidal microcoils with multiple windings around supporting SU-8
structures using an automatic wire bonder and a 3D coil winding process. (Left: reproduced from [122]
©2010 IOP Publishing Ltd. Right: reproduced from [121] ©2009, with permission from Elsevier).

The state-of-the-art chip, which is shown in Figure 6.3, consists of two substrates
which are assembled together using flip chip bonding and used to levitate a disc-
shaped aluminum proof mass. The bottom substrate is made of a pyrex wafer
and carries the two concentric 3D coils for levitation and stabilization. The top
substrate is made of a silicon wafer, with 1 µm thick layer of oxide for passivation,
and carries a two-phase array of electrostatic electrodes along with the electrical
pads and connectors on the top side. On the backside, a deep-etched groove is
opened to encapsulate the coils and bring them as close to the proof mass as
possible. The chip was demonstrated to levitate proof masses with diameters
ranging between 2.7 – 3.3 mm to heights ranging between 35 µm to 190 µm using
an AC current with 9 MHz frequency and rms amplitude between 100 mA and
130 mA. The two-phase electrostatic electrodes were used to demonstrate angular
oscillation of 37◦ around the vertical axis using a proof mass with four electrodes.

However, the presented state-of-the-art chip is not suited for hyperspectral
imaging. First, there is no optical path for imaging through the chip. And second,
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(c)

(d)(b)

(a)

Figure 6.3: State-of-the-art micro-levitation chip with 3D microcoils developed by the Group of Dr.
Vlad Badilita [108, 138, 139]. (a) CAD drawing of the chip revealing the two coils on the bottom
substrate encapsulated into a deep-etched groove in the backside of the top substrate. (b) The assembled
chip in operation with a levitating aluminum disc-shaped proof mass on top. (c) Proof mass with four
electrodes aligned with the first phase of two-phase electrostatic electrodes. (d) Proof mass rotated
with 37◦ around the vertical axis after alignment with the second phase of the electrostatic electrodes.
The figure is reproduced from [108].

it is not possible to control the proof mass rotation to achieve a full scan of a field
of a view using the reported design.

The next section explains the changes made to the micro-levitation chip and
the improvements made to the microfabrication process to realize a chip that
can be used for the rotational-scan hyperspectral imaging technique reported in
Chapter 5.
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6.3 HSI-Compatible Micro-Levitation Chip

The development of a micro-levitation chip with a rotating slit for hyperspectral
imaging builds upon the state-of-the-art chip presented above. The objective is
to adapt the chip design and fabrication process to establish an optical path to
allow imaging through the chip, to incorporate a defined slit aperture in the proof
mass to allow scanning a field of view in a sequential fashion, and to modify the
electrostatic electrodes in the proof mass and the chip to control the slit rotation in
pre-defined angular steps to scan the full filed of view.

Si-based
Through-hole Glass-Etch Glass-Cut Single

Substrate

Figure 6.4: The development of a micro-levitation chip for hyperspectral imaging has gone through
four designs. (Top) CAD view of the complete chip for each approach. (Bottom) Exploded CAD view
of each chip.
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This adaptation process has gone through four different approaches for the design
and fabrication of the micro-levitation chip, which are illustrated in Figure 6.4.
The first approach, referred to as the “Si-based Through-hole”, adopts the same
structure of the state-of-the-art chip and adds a through-hole in the center of the
top silicon substrate to establish an optical path for imaging. The second approach
is the “Glass-Etch” and it replaces the top silicon substrate with a glass substrate,
where the deep coils groove on the backside is etched using laser. In the third
approach, the “Glass-Cut”, the top substrate is replaced with a stack of a thin
glass substrate carrying the electrodes in addition to a number of laser-cut glass
substrates used to form the encapsulation of the coils. Finally, the fourth and final
approach, described as the “Single-Substrate” or the “Double-Sided” approach,
simplifies the design and the fabrication process of the chip to a single thin glass
substrate carrying the coils on one side and the rotation electrodes on the other side.
Switching from one approach to the next was, each time, motivated and driven
by the drawbacks and challenges faced. The final “Double-Sided” approach is,
therefore, presented as an improved process to realize a simplified version of the
micro-levitation chip in terms of design and fabrication, which can also benefit
other optical and non-optical applications of levitation.

In the following subsections, a detailed description of the fabrication process
for each approach is presented, together with an explanation of the challenges that
motivated switching to the following approach.

6.3.1 Si-based Through-hole Approach

The initial idea to adapt the micro-levitation chip for hyperspectral imaging was
to use the same structure reported in the state-of-the-art, consisting of a pyrex
bottom substrate for the coils and a silicon top substrate for the electrodes and
open a through-hole in the center of the top silicon to provide an optical path
for imaging through the chip. This structure is illustrated in Figure 6.5 and the
fabrication process is explained in detail below.
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Levitating proof mass with a slit
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Figure 6.5: Construction of the Si-based micro-levitation chip design with a through-hole in the top
substrate.

6.3.1.1 Fabrication of Coils Substrate

The fabrication process of the bottom substrate which carries the coils is adopted
from the state-of-the-art reported in [108, 109, 122, 135] and consists of three
major steps: patterning of the coil pads, fabrication of the SU-8 posts, and 3D
winding of the microcoils. The detailed fabrication steps are illustrated in Figure
6.6 and described in the following:

Patterning of Coil Pads

The coil pads serve as the electrical contacts to supply the AC current to the two
on-chip coils. The inner pads serve as the start and end points for the 3D winding
of each coil, while the outer pads are wire bonded to the PCB to connect the coils
to the current signal.

(a) Wafer Cleaning: a 4-inch glass wafer (MEMpax® borosilicate from SCHOTT
AG) with 500 µm thickness is used as the bottom substrate. The top side
of the wafer is cleaned using O2 plasma to remove any contaminants from
the surface and to improve the adhesion of metal layers during evaporation.
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The cleaning is carried out for 10 minutes using the parameters in Appendix
A.1.

(b) Cr/Au Evaporation: a Cr layer of 20 nm followed by an Au layer of 100 nm
are deposited on the cleaned surface using the metal evaporation technique.
This forms the seed layer for gold electroplating to form the electrical pads
and connectors. The Cr layer is used to improve the adhesion of the gold
layer to the glass surface.

(c) Photolithography of Coil Pads: in order to form the mold for electroplating
the coil pads and connectors, a photoresist layer with 20 µm thickness is de-
posited on top of the metal layers. The photoresist SU-8 3025 (from Kayaku
Advanced Materials Inc.–formally MicroChem Corp.) is spin-coated using
the parameters in Appendix A.2. The spin coating is followed by a soft bake
at 95 ◦C for 12 minutes and then photolithography using UV exposure (λ =
365 nm and energy density of 400 mJ/cm2). After exposure, the wafer is left
for post-exposure bake (PEB) at 95 ◦C for 4 minutes to harden the exposed
resist. To open the mold cavity that will be electroplated, the photoresist
is developed using PGMEA for 20 minutes, followed by 10 minutes in
isopropanol, and then the wafer is left in an oven at 30 ◦C for 2 hours for
drying. After that, the wafer is kept in a water bath in a vacuum chamber at
50 ◦C to remove any air bubbles that could be trapped inside the SU-8 mold,
which can degrade or even break the electroplated electrical connection to
the coils.

(d) Gold Electroplating: the wafer is transferred to the electroplating solution
(Au2S with a pH value of 9) to increase the thickness of the gold layer inside
the mold cavity from 100 nm to 10 µm. The increased thickness reduces
the electrical resistance in the coil pads and connectors and provides more
stable and reliable contacts for the following Cu ball-wedge wire bonding
during the coil winding. The total electroplated area is 392 mm2 and the
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(a) Glass substrate
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Figure 6.6: Fabrication steps of the bottom glass chip with levitation coils.

total duration is 80 minutes, using the electroplating parameters in Appendix
A.3, which corresponds to a deposition rate of 125 nm/min.

(e) Photoresist Stripping & Metal Etching: after electroplating, the photoresist
mold is stripped using O2 plasma (with the R3T machine from MUEGGE
GmbH) at 22 ◦C for one hour and then the wafer is cleaned with isopropanol
before drying. After that, the seed layers of Cr and Au are etched away
using wet etching. First, a solution of I/KI in distilled water with a ratio
of 1:3 is used to etch the Au layer for 1 minute. Then a Cr etch solution
(Chromium Etch 200 from NB Technologies GmbH) is used to etch the Cr
layer for 130 seconds.

After etching the evaporated metal layers, the first major step is completed and
the coil pads and connectors are well defined on the glass substrate, as shown in
Figure 6.6(e), and ready for the following wire bonding steps.

SU-8 Coil Posts

The SU-8 coil posts provide support structures for the 3D coil winding. Two
concentric posts are fabricated with inner wall diameters of 2 mm and 3.8 mm for

87



6 MEMS Levitation Slit for Rotationl-Scan HSI

the inner and outer posts, respectively. The wall thickness of each post is 200 µm.
This leaves a gap of 700 µm between the two posts, which is sufficient for the
capillary of the wire bonding machine to wind the coils without any collisions.
The height of the SU-8 posts is controlled between 600 – 800 µm to accommodate
the coil turns and have sufficient tolerance at the bottom for wire bonding and
at the top to prevent the coils from snapping out due to vibrations or accidental
shocks.

(f) Thick SU-8 Deposition: the SU-8 2150 photoresist (from Kayaku Advanced
Materials Inc.–formally MicroChem Corp.) is used to fabricate the coil
posts. A layer with a thickness of 600 – 800 µm needs to be deposited on the
wafer to provide the required height of the posts. Since this thickness cannot
be deposited using spin coating, a manual dispenser is used to apply the
photoresist to the 4-inch wafer. This corresponds to a volume between 4.9 –
6.5 ml of photoresist. However, a volume between 7 – 9 ml is dispensed to
account for losses caused by stiction between the resist and the dispenser
and for variation in the resist thickness over the wafer due to surface tension
(higher thickness towards the center and lower towards the edge). The SU-8
is dispensed while the wafer is placed on a hot plate at 85 ◦C. The wafer
is then kept on the hot plate at 95 ◦C for 8 hours to spread the SU-8 more
evenly over the wafer and to get rid of any trapped air bubbles.

(g) Photolithography of Coil Posts: the next step is photolithography using
UV exposure (λ = 365 nm and energy density of 1800 mJ/cm2). After that,
the wafer is left for post-exposure bake (PEB) for 11 hours, following the
temperature curve in Appendix A.4. The photoresist is then developed
using PGMEA for 2 hours. This is followed by 15 minutes of isopropanol
cleaning.

After the photoresist development, the second major step is completed, and each
chip on the wafer has two SU-8 posts standing on top of the coil electrodes, as
shown in Figure 6.6(g) and Figure 6.7(b). The posts height is measured using

88



6.3 HSI-Compatible Micro-Levitation Chip

vertical scanning interferometry (VSI) (Contour ELITE from Bruker) to make
sure the required height is achieved before coil winding.

Coil Winding:

This is the third and final major step in the fabrication of the bottom substrate.
The number of turns for the two coils is adopted from the state-of-the-art [108,
135–138], which is 20 for the inner levitation coil and 12 for the outer stabilization
coil. This is based on maximizing levitation force and ease of operation while
ensuring an operation range below the resonance frequency of the two coils.

The levitation force increases with increasing the number of turns in the coil, as
discussed in Section 3.3. However, as the number of turns increases, the distance
between the bottommost turn and the proof mass increases, which reduces its
contribution to levitation. Consequently, the levitation force saturates and does not
increase further with adding more turns. For the ease of operation, the number of
turns is chosen to have a matching impedance of the two coils. This allows using
the same AC input signal to activate the two coils and reduces the complexity of
the electrical setup.

The resonance frequency of the two coils is another important factor since the
coil impedance increases dramatically around the resonance frequency, which
would require much higher power to drive the coils that can go beyond the lim-
itations of the driving circuits. And when operating in a range higher than the
resonance frequency, the coils turn into capacitors instead of inductors and the
levitation will not be achieved.

The skin effect is another frequency-dependent factor considered in this context,
which increases with the increase in the operating frequency and consequently
increases the levitation resistance in the proof mass. For the reported design of the
two coils, the resonance frequency was found to be around 100 MHz [108, 136],
and therefore a much lower operating frequency of 10 MHz was chosen.

(h) Coil Winding: after fabricating the SU-8 coil posts, the wafer is diced into
4 quarters to facilitate the coil winding. A cleaning step using O2 plasma
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(100 W) for 5 minutes is performed to remove any contaminants on the
surface from previous processing steps and to improve the adhesion of the
coil pads prior to wire bonding. The levitation and stabilization coils are
then wound around the SU-8 posts on each quadrant of the wafer with a
Cu wire with 25 µm diameter using the wire bonding machine (ESEC 3100
Plus) and following the 3D coil winding process outlined in [122, 140–142].
The bond parameters used are summarized in Appendix B.1. Figure 6.7(c)
shows a zoom-in view of the two coils after winding around the SU-8 posts.
In the final step, each quadrant is diced into single chips, each is 9.2 mm
× 7.2 mm. Figure 6.7(a) shows a complete single chip with the inner and
outer coils after dicing.

In order to validate the functionality of the fabricated bottom chips and the coils,
sample chips are used to test the levitation of aluminum discs. The chips are placed

a

b

c1 mm 1 mm

1 mm

Figure 6.7: (a) Complete bottom substrate of the micro-levitation chip with 3D wire-bonded coils
after wafer dicing. (b) Zoom-in view showing the SU-8 coil posts after photolithography and resist
stripping without coils. (c) Zoom-in view of the 3D microcoils after winding.
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on small PCBs with patterned Cu pads and fixed using double-sided adhesive tape.
A wire bonding machine (HB05 Wire Bonder from TPT Wirebonder GmbH & Co.
KG) with a 50 µm diameter aluminum wire is used to form wedge-wedge bonds
to connect the coil pads to the PCB pads, using the parameters in Appendix B.2.
A metal wire is then soldered to the PCB pads so that the two coils are connected
in series with a phase-shift of 180◦. The PCB is then connected to the electrical
setup described in Section 6.5.1 to supply the AC input signal to the coils. After
all the connections are made, an aluminum proof mass with 3.2 mm diameter is
placed on top of the coil posts, using a vacuum tweezer (Polyvac-Pickup from
POLYPLAS Hameln GmbH), as shown in Figure 6.8(Left). After activating the
coils by supplying the AC signal, the Al proof mass can be seen levitating in
Figure 6.8(Right).

1 mm

Figure 6.8: Validation of the fabricated bottom chip and coils using an aluminum disk as a proof mass.
(Left) The proof mass is placed on top of the coil posts. (Right) The proof mass is levitating after
activating the coils.

The levitation height is measured as a function of input AC current using a laser
sensor (LK-G32 from KEYENCE, Japan). The AC current values correspond to
amplitude values in the range of 300 to 400 mV (with ∆V of 20 mV) of the square
AC voltage input signal with 10 MHz frequency supplied by the function generator.
The rms values of the AC current in the coils are determined by soldering a 100 Ω

resistor to the PCB, in series with the two coils, and measuring the voltage across
the resistor. Figure 6.9 shows the results where the levitation height increases with
increasing the input current. The levitation height is measured with reference to
the stationary position of the proof mass on top of the coil posts prior to activating
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Figure 6.9: Levitation height of a 3.2 mm diameter aluminum proof mass at different values of the
AC current in the microcoils.

the coils. After validating the functionality of the fabricated bottom chips and coils,
the next step is to fabricate the top chip of the rotating slit device to incorporate
the slit rotation electrodes while encapsulating the coils and providing an optical
path for imaging through the device.

6.3.1.2 Fabrication of Electrodes Substrate

The top chip carries the slit actuation electrodes on the top side and will be
assembled with the coils substrate from the bottom side. The fabrication process
of the Si-based top substrate is adapted from the state-of-the-art [108, 138, 139]
by adding a through-hole in the center of the chip to provide an optical path
for imaging. The fabrication consists of three major steps: patterning of the slit
actuation electrodes, opening the center hole, and the backside deep etching of
the center hole and the groove to encapsulate the coils when assembled with the
bottom substrate. The detailed fabrication steps are illustrated in Figure 6.10 and
are described in the following:
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Patterning of Slit Actuation Electrodes:

The slit actuation electrodes are used to control the rotation of the levitating slit
disc based on the variable capacitance principle, explained in Section 3.4. The
design of the rotation electrodes is presented in Section 6.4.1.

(a) Wafer Cleaning: a 4-inch silicon wafer with 625 µm thickness and 1 µm
thick SiO2 layer on the top side is used. The SiO2 layer serves as an electrical
insulator between the electrodes because the Si wafer has low electrical
resistivity. The fabrication starts by cleaning the top side of the wafer using
O2 plasma.

(b) Cr/Au Evaporation: a metal layer consisting of Cr/Au with a thickness
of 20/200 nm is deposited using metal evaporation to form the rotation
electrodes.

(c) Photolithography of Slit Electrodes: the photoresist AZ 1505 (from Micro-
Chemicals GmbH) is used to create a mask to pattern the electrodes. The
photoresist is spin-coated on top of the Au layer, using the parameters in
Appendix A.5, to have a thickness of 1.5 µm. After spin coating, the wafer
is placed on the hot plate and kept at a temperature of 95 ◦C for 5 min. The
next step is photolithography using UV exposure (λ = 365 nm and energy
density of 80 mJ/cm2). After exposure, the resist developer AZ 400K (from
MicroChemicals GmbH) is used, in a solution with a concentration of 1:4 (1
part developer and 4 parts DI water), to etch away the exposed resist, since
AZ 1505 is a positive resist. The remaining resist provides the electrodes
pattern that will serve as a mask during metal etching.

(d) Metal Etching & Photoresist Stripping: the metal layers are etched away to
leave only the rotation electrodes and their connection pads. First the Au
layer is etched by placing the wafer in I/KI solution for 2 minutes. After
that, the Cr layer is etched by keeping the wafer in the Cr etch solution
for 130 seconds. After metal etching, the remaining photoresist is stripped
using a concentrated AZ 400K solution.
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Top Side Processing

Backside Processing

(a) Si wafer 625µm thick
with 1µm top SiO2

(d) Metal etching
& resist stripping

(g) Wafer flipping 
to process backside

(c) Photolithography 
of slit electrodes

(f) Center hole etching 
& resist stripping

(i) Deep etching 
of backside

(b) Cr/Au
evaporation

(e) Photolithography 
of center hole

(h) Photolithography of 
center hole & groove

Figure 6.10: Fabrication steps of the top Si substrate with topside slit actuation electrodes, a backside
deep-etched groove to encapsulate the coils, and a center through-hole for imaging.

Opening the Center Hole:

After fabricating the rotation electrodes, the next step is opening the center hole
for imaging from the top side of the chip.

(e) Photolithography of Center Hole: the photoresist AZ 4533 (from Micro-
Chemicals GmbH) is used to pattern the mask for opening the center hole.
The resist is spin-coated to have a thickness of 5 µm to etch the top SiO2

layer. The spin coating is followed by a soft bake at 95 ◦C for 5 min to poly-
merize the resist. The photolithography is carried out using UV exposure
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(λ = 365 nm and energy density of 120 mJ/cm2). This is followed by resist
development using AZ 400K with a solution concentration of 1:4. This
opens the center hole in the resist layer, which is used as a mask to etch the
center hole in the SiO2 layer.

(f) Center Hole Etching & Photoresist Stripping: first, the center hole is etched
into the SiO2 layer. This can be done using the cryogenic deep reactive
ion etching (DRIE) process, using the parameters summarized in Appendix
A.6, where etching the 1 µm thickness of the SiO2 layer requires 7 minutes.
Another alternative is using wet etching, where the wafer is kept in a buffered
hydrofluoric acid (HF) solution for 31 minutes. After opening the center
hole in the SiO2, the DRIE etching continues into the silicon to open the
center hole to a depth between 70 and 100 µm. After opening the center
hole into the SiO2 layer and the bulk Si wafer, the remaining resist on the
top side is stripped using a concentrated solution of AZ 400K.

Backside Deep Etching:

After finishing the top side of the chip, the fabrication continues on the backside
to continue opening the center hole through the chip and to open the groove to
encapsulate the levitation coils. This deep etching step is important to bring the
levitation coils as close as possible to the top surface, after assembly, for the
levitation to take effect.

(g) Wafer Flipping: before flipping the wafer to process the backside, the top
side is covered with a thin layer of photoresist to protect the fabricated
electrodes.

(h) Photolithography of Center hole & Coils Groove: the photoresist AZ 4562
(from MicroChemicals GmbH) is used to spin-coat a 35 µm thick layer on
the backside to be used as mask to pattern the center hole and the coils
groove. This is followed by a soft bake at 95 ◦C for 10 min. After careful
backside alignment, photolithography with UV exposure (λ = 365 nm and
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energy density of 3000 mJ/cm2) is carried out to pattern the resist layer to
define the center hole and the coils groove. The resist is developed using
AZ 400K with 1:4 concentration.

(i) Deep Etching & Resist Stripping: after patterning the resist layer, the next
step is to etch the center hole and the coils groove into the backside silicon
using cryogenic DRIE to completely open the center hole through the chip
and to etch the coils groove to a depth between 585 and 595 µm. This should
be sufficient to encapsulate the coils while leaving a 30 – 40 µm device layer
to carry the top rotation electrodes. The next step after DRIE is removing the
remaining photoresist. The final steps include wafer dicing, cleaning, and
then flip chip bonding to assemble the top and bottom substrates together to
produce a complete levitation chip.

However, an etching depth of more than 70 µm could not be achieved with the
cryogenic DRIE process available at our institute. This limitation, along with the
inherent drawbacks of the deep etching process, which requires several hours
for each wafer, provided the motivation to go beyond the state-of-the-art and
improve the fabrication process. The following subsections present the efforts
to achieve this improvement to make the fabrication process simpler, faster, and
more compatible with optical applications.

6.3.2 Glass-Etch Approach

The first attempt at improving the fabrication process was to replace the top silicon
substrate with a glass substrate. The first advantage of this approach is eliminating
the need to etch a center hole through the chip since imaging can be done directly
through the glass. However the assembly with the bottom chip still requires a deep
groove in the top chip to encapsulate the levitation coils. The second advantage of
this approach is that etching this groove in glass can be done using laser, which is
faster, simpler, and cheaper than the cryogenic DRIE process. Figure 6.11 shows
the construction of the all-glass levitation device based on this approach.
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Levitating proof mass with a slit

Top glass substrate with 
a backside laser-etched
cavity and slit electrodes

Bottom glass substrate
with 3D wire-bonded coils

Figure 6.11: Construction of the all-glass micro-levitation chip with a laser-etched coils groove in the
top substrate.

The fabrication process of this approach consists of the bottom substrate (coils)
fabrication, the top substrate (slit electrodes) fabrication, and the assembly of the
two substrates together to produce a complete device. The same fabrication process
of the bottom substrate, adopted from the state-of-the-art [108, 109, 122, 135],
is used as described in Subsection 6.3.1.1. The fabrication of the slit electrodes
on the top side of the top substrate follows the steps described in Subsection
6.3.1.2. Instead of the Si wafer, a 4-inch glass wafer (MEMpax® borosilicate
from SCHOTT AG) with 500 µm thickness is used. A Cr/Au (20/200 nm) layer is
evaporated on the top side and patterned using photolithography and wet metal
etching to fabricate the slit rotation electrodes. However, before the fabrication
of the slit electrodes, the coil grooves are opened in the backside first using laser
etching.

The laser etching is carried out using the Tangerine system (from Amplitude
Laser), which has the fixed parameters summarized in Appendix C.1. Three main
variable process parameters can be used to control the laser etching, which are the
laser power, the cutting speed, and the number of repetitions. The laser power is
controlled as a percentage of the total power of the system (29 W). The cutting
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speed is the speed at which the laser beam travels across the machined surface
(in mm/s). And the number of process repetitions is how many times the laser
beam travels the same path across the surface during processing. These parameters
affect the etching depth and the quality of the etched grooves and were varied to
optimize the outcome of the etching process.

If a low power percentage is used, a higher number of repetitions is needed to
reach the required etching depth. With each repetition, the laser removes more glass
from the machined surface. Consequently, increasing the number of repetitions
increases the etching depth. However, the increased repetitions increase the thermal
stresses in the glass and can lead to cracks in the substrate. On the other hand,
using a high power percentage can damage the glass and result in holes in the
substrate if the laser induced damage threshold (LIDT) is exceeded. The effect
of the laser power and the number of repetitions on the achieved etching depth
can be found in Appendix C.1. Using a high cutting speed of 1000 mm/s was
observed to produce surfaces with better quality and less formation of glass debris.
Using higher cutting speeds, however, was found to have negative effects since it
requires increasing the repetition cycles which leads to increased thermal stresses
and cracks in the glass.

The glass debris, which is glass particles etched by the laser but are redeposited
again on the surface during processing, represents a major challenge in this ap-
proach. This debris severely degrades the optical quality of the chip and introduces
artifacts and noise when imaging through the center part of the chip. Being hard
to remove from the surface after processing makes the debris problem even worse.

One method to mitigate the debris redeposition was to apply a protective thin
layer of photoresist prior to laser machining and then removing it afterwards.
Figure 6.12(a) shows a glass substrate with laser-etched grooves where no pro-
tective layer was used, whereas Figure 6.12(b) shows another substrate where a
protective layer was applied before machining and then removed after etching the
grooves. The protective layer was spin-coated using the photoresist AZ 1505 with
a thickness of 1.5 µm (soft bake at 95 ◦C for 5 minutes). From each substrate, the
groove with the highest etching depth, without holes or cracks, is highlighted in
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a yellow rectangle and is shown in a magnified view in Figure 6.12(c) and (d),
respectively. The glass debris can be seen more clearly in (c), where no protective
layer was used. Meanwhile, the use of the protective layer in (d) has reduced the
amount of redeposited glass debris. Figure 6.12(e-h) shows the imaging quality
through the center part of each groove and the impact of the glass debris on the
resulting images. In (e) and (f), the surface of the center cylinder was brought into
focus to show the glass debris deposition, while in (g) and (h), the target plane
was brought into focus to show the effect of the debris on the image quality. The
glass debris can be seen clearly in (e), where no protective layer was used, and

Without protective layer With protective layer

a

c

e g f h

d

b

1 mm

300 µm

Figure 6.12: (Left) Impact of glass debris redeposition during laser etching on imaging quality versus
(Right) using a photoresist layer for protection. (a) and (b) depict laser-etched grooves in the two
substrates, with the deepest groove highlighted in yellow. (c) and (d) provide magnified views of these
highlighted grooves. (e) and (f) demonstrate imaging through the center part with the focus on the top
surface to show the glass debris. (g) and (h) focus on the target plane to illustrate the effect of glass
debris on imaging quality.
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the resulting target image in (g) is heavily degraded by the debris. On the other
side, when using a protective layer, the glass debris is reduced in (f) and the target
image has less noise in (h). However, while the protective layer has relatively
improved the image quality, there is still traces of the glass debris in (f) and (h)
affecting the overall quality of the resulting image.

Another challenge faced with the laser etching approach was achieving the
desired etching depth. Since the height of the SU-8 coil posts is around 600 µm,
the grooves need to be etched to a depth of 450 µm at least, out of the 500 µm
thickness of the glass substrate, in order to encapsulate most of the levitation coils.
The remaining gap would be then filled with the adhesive material to assemble
the top and bottom substrates. However, the etching depth achieved in Figure
6.12(c) was 396 µm, (50% power, 400 mm/s cutting speed, and 12 repetitions) and
384 µm in (d) (70% power, 1000 mm/s cutting speed, and 14 repetitions). This
is because increasing the laser power or the number of repetitions, in attempt to
increase the etching depth, usually results in cracks and holes in the glass. Due to
these challenges, this approach was discontinued in favor of another laser-based
approach for the fabrication of the top substrate of the levitation chip, which is the
Glass-Cut approach.

6.3.3 Glass-Cut Approach

The Glass-Cut approach is based on replacing the thick top substrate with a thin
glass substrate to carry the slit rotation electrodes and a stack of glass spacers,
with varying thicknesses, to form the groove to encapsulate the levitation coils, as
shown in Figure 6.13. Similar to the Glass-Etch approach, this has the advantage
of using all-glass substrates which allows for direct imaging through the chip
and eliminates the need for costly and time-consuming DRIE etching in silicon.
In addition, this approach avoids the laser etching challenges, of glass debris
formation and controlling the etching depth, by using the laser to cut the coils
groove in a stack of glass spacers.
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Levitating proof mass with a slit

Laser-cut glass housing for the coils

Bottom glass substrate
with 3D wire-bonded coils

Top thin glass substrate with 
slit actuation electrodes

Laser-cut thin glass to adjust the 
height of the coils housing

Figure 6.13: Construction of the all-glass micro-levitation chip with laser-cut spacers to encapsulate
the coils and a thin top substrate for slit actuation.

The fabrication process of this approach starts by fabricating the slit rotation
electrodes on the top thin glass substrate. This is done following the same steps
described in Subsection 6.3.1.2. A 4-inch glass wafer with 30, 50, or 100 µm
thickness (D 263® T from SCHOTT AG) is used instead of the 500 µm-thick
wafer used for glass etching. The reason for opting for such thin substrates is to
minimize the distance between the rotating slit and the levitation coils in order to
maximize the levitation effect. After patterning the Cr/Au layer on the top side
using photolithography and wet etching to fabricate the slit rotation electrodes, the
glass spacers are fabricated to form the groove for the levitation coils. This is done
using laser to cut the shape of the grooves in glass substrates with 50, 100, and
500 µm thickness. These spacers are then stacked on top of each other to match the
height of the SU-8 posts and to completely encapsulate the coils when assembled
with the bottom substrate. The Tangerine system (from Amplitude Laser) is used
again here to cut the glass spacers.

The laser machining parameters for each wafer thickness are given in Table
C.2 in Appendix C.2. The top substrate and the spacers are then diced into single
chips, as shown in Figure 6.14. After that, the top substrate and the spacers are
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100 µm 
glass spacer

500 µm 
glass spacer

Top chip
with slit electrodes

Figure 6.14: The top thin glass substrate with slit electrodes after dicing next to laser-cut glass spacers
with two different thicknesses of 100 µm and 500 µm, which can be stacked on top of each other to
accommodate for variations in the height of the SU-8 coil posts.

assembled with the bottom chip to make a complete levitation device, as shown in
Figure 6.15. The number and thickness of the spacer chips used are determined
after measuring the height of the SU-8 posts. The chips are assembled together
using Urethane resin (Crystal), which is applied to the chips using a syringe and
then left to cure at room temperature for 3 to 4 hours.

Despite the advantages of the Glass-Cut approach, there were still a number of
disadvantages. First, processing and handling ultra-thin glass substrates with 30 or

1 mm

Figure 6.15: Assembly of the all-glass micro-levitation device with a thin glass top substrate and
laser-cut glass spacers.
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50 µm thickness proved to be challenging. For example, the wafers were observed
to bend during the post-exposure bake of the photoresist SU-8 3025, as seen in
Figure 6.16(Left). In order to avoid the bending, the cooling down from 95 ◦C to
room temperature was slowed down from 12 minutes to 8 hours, which managed
to reduce the bending but it was not eliminated completely. Another example
is the floating of these wafers on the surface of the etching solution during the
wet etching of metal layers. Another problem was the sticking of the wafers to
surfaces like the spin coater, the electroplating mount, or the wafer box. This
sticking increase the risk of breaking or cracking the wafers, as seen in Figure
6.16(Right), during processing or during transition from one fabrication step to
the next. Therefore, the 100 µm was eventually used to fabricate the top substrate.
However this increases the distance between the rotating slit and the levitation
coils since this wafer thickness is added to the distance between the top turn of the
inner coil and the top surface of the SU-8 posts. Taking into account the variation
in height in the SU-8 posts, due to manual dispensing of the resist, this distance
can increase in a way that affects the levitation range.

Figure 6.16: Challenges in processing and handling ultra-thin glass wafers, with 30 µm and 50 µm
thickness, included (Left) wafer bending during photoresist post-exposure bake and (Right) sticking to
surfaces leading to cracks and breaking of the wafer.

The other disadvantage of this approach is the increased number of single chips
that need to be assembled together to produce a complete levitation device. This
increases the time required for the repeated steps of chip alignment, gluing and
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curing. This assembly process also needs to be done after measuring the height of
the SU-8 posts in order to match that height in the number and thickness of the
spacers used. All these problems with this multi-chip device assembly inspired
the new fabrication approach described in the following subsection.

6.3.4 Single-Substrate Approach

The Single-Substrate approach represents the fourth and final approach in this
thesis in the pursuit to develop an optically compatible micro-levitation chip.
This approach overcomes the challenges discussed in the previous subsections
and simplifies the fabrication process in a way that can benefit other optical and
non-optical applications of micro-levitation.

A single thin glass substrate is used to carry the slit rotation electrodes on
one side and the levitation coils on the other side, as illustrated in Figure 6.17.
This immediately eliminates the cumbersome process of etching a deep groove
to encapsulate the coils, whether using DRIE in silicon or using laser in glass.
This also means there are less constraints on the height of the SU-8 posts of the
coils. The height needs only to be sufficient for winding the prescribed number of
coil turns. But the exact height is no longer critical, which relaxes the need for
precise control over the SU-8 dispensing volume and also reduces the need to
measure the height of the posts before assembling each chip. The use of a single
substrate also removes many of the intricate and time-consuming steps associated
with the assembly process in the previous “multi-chip” approaches, including chip
alignment, bonding, and curing. In addition, winding the levitation coils starting
from the bottom side of the chip means the distance between the top turn of the
coils and the proof mass is consistently defined only by the substrate thickness
and the offset between the wafer surface and the starting point of coil winding.
This means the levitation height is no longer affected by variations in height of
the SU-8 posts or other variations during assembly.
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Levitating proof mass with a slit

3D wire-bonded coils 
on the bottom side

Slit rotation electrodes 
and pads on the top side

Figure 6.17: Illustration of the single-substrate thin glass chip with slit electrodes on the top side and
levitation coils on the bottom side.

The fabrication process is modified from that described in the previous subsections.
All the steps associated with the encapsulation groove and the assembly are
removed, while the rest of the process is adapted to meet the considerations of
fabricating on both sides of the wafer. The fabrication steps are illustrated in
Figure 6.18 and are explained in detail in the following:

(a) Wafer Cleaning: a 4-inch (100 mm) borosilicate glass wafer (D 263® T
from SCHOTT AG) with 100 µm thickness is used as the single substrate
that will carry the slit electrodes on one side and the levitation coils on the
other. The wafer is cleaned using O2 plasma for 10 minutes to remove any
contaminants and to improve the surface adhesion prior to metallization.

(b) Cr/Au Evaporation on Both Sides: the seed layers for the slit electrodes
and for the coil pads are deposited on both sides of the wafer using metal
evaporation. A layer of Cr with 20 nm thickness is deposited first on the
glass to improve its adhesion to gold. This is followed by a 60 nm Au layer
deposited on top of the chromium.
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6.3.4.1 Top Side Processing:

After cleaning the wafer and evaporating the metal seed layers, the fabrication
begins by processing the top side of the wafer, where the rotating slit will be
placed.

(c) Slit Electrodes Patterning: similar to Subsection 6.3.1.2, the photoresist
AZ1505 (from MicroChemicals GmbH) is spin-coated to a thickness of
1.5 µm, followed by a soft bake at 95 ◦C for 2 minutes. The photolithogra-
phy is carried out using UV exposure (λ = 365 nm and energy density of
80 mJ/cm2). After that, AZ 400K developer with 1:4 concentration is used
for 30 sec to remove the exposed resist, since AZ1505 is a positive resist.
The remaining resist provides the mask for patterning the slit electrodes.

(d) Gold Etching & Resist Stripping: the gold etching in this process is carried
out using dry etching, instead of the wet etching, described earlier in 6.3.1.2.
This is due to the presence of another gold layer on the other side of the
wafer that is yet to be processed. Therefore, to avoid damaging the back-
side gold layer, the reactive ion etching (RIE) process is used. An Argon
plasma (100 W) is applied for 20 minutes using the Etchlab 200 machine
(from SENTECH Instruments GmbH). After that, the wafer is cleaned with
acetone and isopropanol before stripping the resist mask using O2 plasma
for 10 minutes.

6.3.4.2 Bottom Side Processing:

After gold etching, the wafer is flipped to process the backside. At this point, only
the Cr seed layer remains without processing on the top side. However, this will
be etched together with the Cr layer on the bottom side.

(e) Photolithography of Coil Pads: the photoresist SU-8 3025 (from Kayaku
Advanced Materials Inc.–formally MicroChem Corp.) is spin-coated to a
thickness of 20 µm, similar to Subsection 6.3.1.1, to pattern the mould for
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electroplating. This is followed by a soft bake at 95 ◦C for 12 minutes and
UV exposure (λ = 365 nm and energy density of 400 mJ/cm2), and a post-
exposure bake (PEB) at 65 ◦C for 30 minutes. The wafer is cooled gradually
to avoid stresses and cracks by placing it on a preheated plate at 45 ◦C and
then switching off the hot plate and leaving the wafer to cool for 10 minutes
before moving it away from the plate to cool to room temperature. After
that, the resist is developed using PGMEA for 20 minutes and then the wafer
is placed in an oven at 30 ◦C for 2 hours for drying.

(a) Glass wafer
100µm thick

(e) Photolithography
of coil pads

(i) Thick SU-8
deposition

(c) Slit electrodes
patterning

(g) Gold
etching

(k) Coil
winding

(d) Gold etching
& photoresist stripping

(h) Chromium etching
on both sides

Top Side Processing

Backside Processing

(b) Cr/Au
on both sides

(f) Gold
electroplating

(j) Photolithography
of coil posts

Figure 6.18: Fabrication steps of the single-substrate thin glass chip with silt rotation electrodes on
the top side and levitation coils on the bottom side.
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(f) Gold Electroplating: before placing the wafer in the electroplating solution,
the wafer is fixed to a holder and placed in a vacuum oven to remove any
residual bubbles that can get trapped in the electroplated layer and degrade
its conductivity. Similar to 6.3.1.1, the electroplating is used to increase
the thickness of the coil pads and connectors to 10 µm to increase their
conductivity and to improve the forming of the ball-wedge bonds during
wire bonding.

(g) Resist Stripping & Gold Etching: the photoresist mould is stripped with
O2 plasma (1200 W) for 2 hours using the R3T machine (from MUEGGE
GmbH). After that, the wafer is placed in an Acetone bath to remove any
remaining SU-8 residues and then cleaned with isopropanol. Dry etching is
used again here, instead of wet etching, to etch the Au seed layer without
damaging the slit electrodes on the other side.

(h) Chromium Etching on Both Sides: at this point, the wafer has the slit elec-
trodes on the top side and the coil pads and connectors on the bottom side.
However, both sides are still covered with seed Cr layer. Both layers can
now be etched using Cr Etch 200 (from NB Technologies GmbH) for 10
minutes. Etching both layers simultaneously make it easier to detect when
the Cr is completely etched since the glass wafer becomes transparent again
once the Cr is removed.

(i) Thick SU-8 Deposition: the SU-8 2150 is used, similar to 6.3.1.1, to form the
coil posts. A volume between 7 – 9 ml is manually dispensed using a pipette
to achieve a height between 600 – 800 µm for the posts. The precise control
of the posts height is no longer critical in the single-substrate approach
since there is no subsequent assembly steps that will bring the posts inside a
closed cavity. The wafer is placed on the hotplate, which is gradually heated
to 85 ◦C over 30 minutes. The temperature is stalled for 15 minutes, during
which the dispensing is carried out to distribute the resist evenly over the
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wafer surface. After dispensing, the temperature is increased to 95 ◦C and
the wafer is kept at this temperature for 8 hours before exposure.

(j) Photolithography of Coil Posts: the wafer is exposed with UV (λ = 365 nm
and energy density of 1800 mJ/cm2). This is followed by a long cycle of
post-exposure bake where the temperature is slowly increased from 22 ◦C
to 65 ◦C over 15 hours, maintained at 65 ◦C for 10 hours, and then gradually
decreased to 22 ◦C over 10 hours. This slow heating and cooling is to avoid
stresses and cracks in the thin glass wafer, which is more fragile than the
thicker wafers used earlier. After that, the resist is developed using PGMEA
for 75 minutes. After cleaning with acetone and isopropanol, the wafer is
placed in an oven to dry for 1 hour. At this stage, the coil posts are robustly
formed and ready for coil winding.

(k) Coil Winding & Wafer Dicing: in the final step, the levitation and stabi-
lization coils are wound around the SU-8 posts using the automatic wire
bonder ESEC 3100 Plus and a 25 µm diameter Cu wire following the 3D
coil winding process outlined in [122, 140–142] and the bond parameters in
Appendix B.1. Before coil winding, the wafer is diced into 4 quadrants using
the laser machine PIRANHA® II (from ACSYS Lasertechnik GmbH). This
represents another advantage for the single-substrate thin glass approach
since dicing with laser is more precise, faster, and cleaner than conventional
wafer dicing where the thin glass wafer needs to be glued to a thicker carrier
wafer, which makes it difficult to separate the two wafers and the single
chips later on. After coil winding, each quadrant is diced into single chips
using the same laser machine.

Figure 6.19 shows a complete single chip (12.5 mm × 12.5 mm) based on the
single-substrate approach after coil winding and dicing. This chip represents a
complete device for levitating and rotating a proof mass and offers a more compact,
simpler, and optically compatible form compared to the state-of-the-art. The next
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subsection presents the design and fabrication of the rotating slit disc to be used
with this chip.

1mm 500 µm

Figure 6.19: Thin glass single-substrate micro-levitation chip after coil winding and dicing (Left) with
a zoom-in view of the two coils (Right).

6.4 Rotating Slit

The rotating slit is made of a conductive non-magnetic metal disc with a slit
opening surrounded by a circular array of actuation electrodes. In this thesis,
aluminum is used due to its high conductivity and low density, which allows
higher levitation for the same disc volume and input signal compared to other
metals like copper. Using the chip described in the previous section, the slit disc
can be levitated and rotated in a frictionless controlled manner to sequentially
scan a chosen field of view during hyperspectral imaging. The working principle
is based on electromagnetic induction, explained in Section 3.3, and electrostatic
actuation, explained in Section 3.4. The following subsections present the design
of the rotation electrodes and the fabrication of the slit disc.
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6.4.1 Design of Rotation Electrodes

The rotation electrodes includes the slit (rotor) electrodes and the chip (stator)
electrodes. The rotation of the slit disc is achieved by the sequential activation
of the stator electrodes, following the variable capacitance principle explained
in Section 3.4. The design of the stator and rotor electrodes defines the stepping
motion of the rotating slit and consequently affects the data acquisition during
hyperspectral imaging. This includes the number of angular positions of the slit
and the resolution of the step angle between each contiguous positions. The design
of the electrodes also needs to ensure the levitation of the slit disc can still be
achieved.

Levitation is a prerequisite step to enable the slit rotation in a frictionless
manner. Therefore, the openings in the metal disc defining the slit aperture and
the rotation electrodes need to avoid disrupting the eddy currents induced in the
disc to generate levitation. From the work of Lu et al. [108, 143], the distribution
of the eddy current density is concentrated above the inner coil (radius of 1.2 mm)
and at the outer rim of the levitating disc (radius of 1.6 mm), whereas the center
area contributes less than 1% of the levitation force. This allows the placement of

Slit (Rotor) Stator

Figure 6.20: Design of 64-electrode rotating slit and the corresponding three-phase stator electrodes.
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the slit opening in the center part. As shown in Figure 6.20, the slit has a width
of 20 µm and a length of 1 mm, similar to that used in Chapters 4 and 5. The
slit electrodes are designed to have an outer radius of 1.1 mm, which is smaller
than that of the inner coil to allow the flow the eddy currents. The inner radius is
0.8 mm to maximize the electrodes area and consequently the electrostatic force
for rotation.

The number of slit electrodes is defined in accordance with the slit width to
ensure that a complete rotation of the slit disc provides a full scan of the field view
to avoid any loss of data during hyperspectral imaging. This can be achieved when
the step angle θs of the rotating slit is not larger than the arc angle θSlitArc defined
by the slit width, which is given by:

θSlitArc = 2× arctan
(

Slit Width
Slit Length

)
= 2.29◦ (6.1)

Using the rotor and stator design shown in Figure 6.20, a step angle θs of 1.875◦

can be achieved as demonstrated in Figure 6.21. The slit disc (rotor) in this design
has 64 equidistant electrodes. The stator has 60 electrodes divided into 6 groups
with each two opposite groups forming one of the three phases of the stepper
motor, as shown in Figure 6.21. The mismatch in the number of electrodes between
the rotor and the stator results in partial overlap between the rotor electrodes and
the following phase of the stator in the activation sequence, which corresponds to
the step angle.

The stepwise rotational motion of the slit disc following the sequential activation
of the stator electrodes is illustrated in Figure 6.21, where a ring with a width of
100 µm is cut through the slit electrodes to reveal the alignment with the underlying
stator electrodes in each position. In the initial position (a), the slit electrodes are
aligned with the active phase (1) of the stator and the slit is vertically aligned.
The remaining slit electrodes show partial alignment with the other two phases,
which results in a higher resolution stepping motion. In position (b), phase (2) is
activated and the slit rotates with the step angle of 1.875◦ to align its electrodes
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with those of the active phase. The same happens in positions (c) and (d), where
activating phase (3) and then phase (1) rotates the slit with an additional step angle
each time to angular positions 3.750◦ and 5.625◦, respectively. By continuing the
sequential activation of the three phases, the slit can be rotated through 180◦ to
cover a full scan of the field of view.

6.4.2 Fabrication

The slit disc is fabricated from an aluminum foil with 10 µm thickness (from
Advent Research Materials Ltd) using laser cutting. First, the foil is flattened with
a press and then applied to a 4-inch wafer that acts as a holder. After that, the
wafer is placed in the laser cutting machine (Tangerine system from Amplitude
Laser) and the slit disc design is cut into the aluminum using the parameters
summarized in Appendix C.3. Figure 6.22 shows different versions of the slit
disc after laser cutting, which are fabricated to test the electrostatic rotation using
different numbers of slit electrodes.

4 8

3216
64

Electrodes

Figure 6.22: Different versions of the Al rotating slit with different numbers of actuation electrodes
(4, 8, 16, 32, and 64) were fabricated using laser cutting.
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Figure 6.21: Rotation of the 64-electrode slit through the sequential activation of the three phases
of the stator (chip) electrodes. A ring with 100 µm width is cut through the slit electrodes to reveal
the alignment with the underlying stator electrodes. (a) Initial position where the slit is aligned
vertically when phase 1 is active. (b) Phase 2 is activated and the slit rotates with the step angle 1.875°.
(c) Activating phase 3 and (d) activating phase 1 again rotates the slit with an additional step angle
each time to 3.750° and 5.625°, respectively.

114
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6.5 Validation

The first step in the experimental work involving the newly fabricated chips
and slit discs is validating their functionality to ensure they are free from any
defects and that levitation can be established. This begins by establishing the
experimental setups described in Sections 6.5.1–6.5.3 and then followed by the
levitation validation in Section 6.5.4.

6.5.1 Electrical Setup

The electrical setup used for levitation is shown in Figure 6.23. An arbitrary signal
generator (HMF2525 from Rohde & Schwarz, Germany) is used to generate a
square AC signal, which generates the time-varying electromagnetic field that

Oscilloscope

Signal Generator

Laser Sensor
Head

Amplifier

Laser Sensor
Readout

Levitation
Chip

Figure 6.23: Electrical setup to generate the AC signal to activate the levitation coils and test the
micro-levitation chips and slit discs
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induces the eddy currents in the slit disc. A signal frequency of 10 MHz is chosen
to be far below the resonance frequency of the coils around 100 MHz, as reported
in [108, 136]. The signal is amplified using the amplifier LZY-22+ (from Mini-
Circuits, USA), which is powered with a DC power supply (DRP-240-24 from
Mean Well, Taiwan). The output signal of the amplifier is connected to the PCB
where the levitation chip is mounted. The coil pads are connected to the PCB
pads, using wire bonding or conductive adhesive. The connection is made so that
there is a phase-shift of 180° between the two coils. This is done by connecting
the amplifier output with one pad of the inner coil and one pad of the outer coil
while connecting the other two pads of the inner and outer coils together with a
wire in a way that the electric current direction in each coil is opposite to the other
coil. This can be seen in Figure 6.24, where this connection was incorporated
in the PCB. An oscilloscope (TDS2014 from Tektronix, USA) is connected in
parallel to the levitation coils to measure the signal during levitation. The laser
sensor LK-G32 and the readout unit LK-GD500 (from Keyence, Japan) are used
to measure the levitation height of the aluminum slit disc.

6.5.2 PCB

The design of the PCB used to mount the single-substrate double-sided levitation
chip is shown in Figure 6.24. The PCB has four pads that align with the coil pads
and a drilled through-hole for inserting the coil posts, when mounting the chip, as
seen in Figure 6.24(c) and (d). This allows for imaging through the chip while also
protecting the coils since the PCB thickness is larger than the height of the coil
posts. The PCB pads and the coil pads are connected using an adhesive conductive
silver paste (L100 from Keno Electronic GmbH, Germany). The levitation signal
from the amplifier is supplied to the PCB through port (E), which is connected to
one pad of the inner coil and one pad of the outer coil. Two Vias at points (1) and
(2) and the backside connector in between (seen in Figure 6.24(b) and (d)) connect
the remaining two pads of the inner and outer coils in a way that reverses the
current direction between the two coils and therefore creates a phase-shift of 180°,
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which is required for levitation. Port (3) is the input point for the electrostatic
signal for slit rotation, where each line is used to connect one of the three phases
of the motor. The PCB pads are connected to the slit actuation pads on the chip by
means of wire bonding using the HB05 machine (from TPT Wirebonder GmbH &
Co. KG) and a 50 µm diameter Al wire. The adjacent electrodes of each phase are
connected together via point (4) and the connection lines between (3) and (4) on

(a) (c)

(b)

1

2R

3E

1

2

2

1
1

2

R

3E

4

4

4

4

(d)

Figure 6.24: The PCB used to mount the levitation chip shown from the top side (a, c) and from
the bottom side in (b, d), where (c) and (d) show a magnification of the dotted squares in (a) and
(b). The PCB provides the electrical levitation signal through point E and the electrostatic rotation
signal through points 3 and 4. The Vias at points 1 and 2 and the backside connection between the two
establishes the 180° phase-shift between the two coils. A resistor is inserted at point R, which is used
to measure the AC current in the circuit.
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the backside, as shown in Figure 6.24(b). Port (R) is used to insert a resistor, in
series with the coils, to facilitate the measurement of the AC current by measuring
the voltage across the resistor. The PCB is fabricated using photosensitive copper
boards (from CIF, France).

6.5.3 Optical Setup

The optical setup is constructed to test the imaging performance of the miniaturized
rotating slit device in spatial and spectral modes. The setup is adapted from that
used in Chapter 5 to demonstrate the rotational-scan concept. However, The
setup is mounted in a vertical position, as shown in Figure 6.25, to accommodate
the micro-levitation chip and the slit disc and prevent it from falling off. The
chip and the slit disc, together, form the miniaturized rotating slit device that
is mounted on a PCB and positioned in the system to replace the commercial
rotating slit mechanism (from Thorlabs) that was used earlier. The PCB is fixed to
a 3-axis precision platform to facilitate the precise positioning of the chip in the
intermediate image plane of the system’s front optics. As described in Chapter 5,
the front optics combine a wide angle machine vision lens (3.5 mm EFL, product
no. MVL4WA, Thorlabs, USA) and an f60 biconvex lens. A microscope objective
(GF Planachromat 12.5×/0.25, Zeiss Jena, Germany) is placed behind the slit to
collimate and magnify the image line selected by the slit and project it on the Dove
Prism (Thorlabs No. PS992M-A). The Dove prism is mounted on a rotational
stepper motor (Thorlabs No. K10CR1). The CCD camera (DMK 23U274 for
monochrome or DFK 23U274 for color, from The Imaging Source, Germany)
is coupled with an objective lens (Xenoplan 2.8/50-0902, Schneider Kreuznach,
Germany) and used to record the images. In the spectral imaging mode, the grating
(300 lines/mm – Thorlabs No. GT13-03) is inserted between the Dove Prism and
the CCD camera, while the camera is rotated to the angle of the first diffraction
order.
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Figure 6.25: Optical setup for testing the miniaturized rotating slit device in scanning a target image
in spatial and spectral modes

6.5.4 Levitation Validation

The levitation measurements are carried out using the single-substrate double-
sided micro-levitation chip, which is mounted on the PCB and connected as
described in the previous subsections. A sample slit disc with 3 mm diameter
and 8 electrodes is placed on top of the chip as shown in Figure 6.26(Left). The
function generator is used to generate a square AC signal with an amplitude of
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450 mV and a frequency of 10 MHz, which is amplified and supplied to the coils
via the PCB. When the levitation signal is switched on, the slit disc levitates, as
shown in Figure 6.26(Right). A levitation height of 120 µm was measured using
the laser sensor. This provides validation for the functionality of the new levitation
chips based on the single-substrate approach. This result also provides validation
that incorporating the slit aperture and the rotation electrodes in the aluminum
discs does not disturb the induction of eddy currents, required for levitation. This
opens the door for using these new designs for upcoming work, and also for future
applications of electromagnetic inductive levitation.

Figure 6.26: Levitation validation using the single-substrate micro-levitation chip and a 3 mm diameter
slit disc with 8 rotation electrodes. (Left) The slit disc is placed on the levitation chip mounted on the
PCB. (Right) The slit disc is levitating after supplying the AC signal to the coils.

6.6 Conclusions

This chapter presented the development of a new all-glass single-substrate micro-
levitation chip for the levitation and rotation of a miniaturized slit disc, based on
the principles of electromagnetic inductive levitation and electrostatic actuation.
This represents the initial step towards the miniaturization of the rotational-scan
hyperspectral imaging system, presented in Chapter 5, where the rotating slit
mechanism is a key component.

The new chip was realized through a series of improvements to the micro-
fabrication process of the state-of-the-art micro-levitation devices, based on the
configuration consisting of two concentric 3D wire bonded microcoils for levi-
tation and stabilization. The improvements aimed at overcoming the limitations
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of the state-of-the-art, which consisted of a top silicon substrate and a bottom
glass substrate assembled together. The limitations included the absence of an
optical path for imaging though the chip, the time-consuming deep reactive ion
etching (DRIE) in silicon, the need to control and match the height of coil posts
and the depth of coil grooves, and the intricate alignment and bonding of the two
substrates together.

Different approaches were pursued, in this thesis, to overcome these limitation
including the deep etching of a through-hole in the top silicon substrate, the
replacement of the top silicon substrate with a glass substrate with laser-etched
coils groove, and the combination of multiple laser-cut glass substrates to replace
the top silicon substrate and encapsulate the coils. However, these approaches still
suffered from the same limitations to varying extents and in some cases introduced
other downsides like the redeposition of glass particles during laser etching, which
degraded the optical quality of the chip.

The successful approach was based on a thin single glass substrate with fabri-
cation on both sides (double-sided). The fabrication of the coils on one side and
the rotation electrodes on the other side led to an improved, faster, and simplified
microfabrication process. The resulting new chip is 100 µm in thickness with
dimensions of 12.5 mm × 12.5 mm and having a clear optical path for imaging
through the chip. The inner and outer 3D microcoils with 20 and 12 windings,
respectively, are fabricated with an automatic wire bonder using a Cu wire with
25 µm diameter. Different versions of a three-phase rotating slit disc with differ-
ent numbers of rotation electrodes, corresponding to different numbers of slit
positions, were fabricated with laser cutting using an aluminum foil with 10 µm
thickness. The successful demonstration of levitation using the new thin glass chip,
and the slit discs, provides validation for the new microfabrication approach and
opens the door for more optical, and non-optical, applications for micro-levitation.
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This chapter provides a comprehensive summary of the results obtained in the
course of this thesis and highlights potential future advancements. Section 7.1
distills and consolidates the findings from the different thesis chapters. Section 7.2
proposes future research directions in relation to the concepts introduced in this
work and also in relation to other initiatives that have emerged during the course
of this research.

7.1 Conclusions

The motivation behind this thesis was to unlock the potential of hyperspectral
imaging technology in the public health domain. Among the various techniques
for hyperspectral data acquisition, the spatial-scan technique was identified as the
optimal candidate for applications in this domain. This is owing to its ability to
provide high spatial and spectral resolution across a wide spectral range. This
satisfies a crucial criterion of health-related applications, which require the de-
tection of intricate features and details pertaining to sensitive health conditions.
Therefore, the work of this thesis was focused at overcoming the limitations of
existing spatial-scan systems that prevent their adoption on a wider scale. These
limitations include restricted flexibility and adaptability due to the prevailing
reliance on static components, resulting in an inherent dependance on relative
motion between the system and the target for data acquisition, and the limited
progress in miniaturization to provide mobile and affordable systems.

Two novel spatial-scan systems were introduced in this thesis, adopting an
“inside approach” in design and construction by employing internal active compo-
nents. The first system combined an internal line-scanning unit, consisting of a slit
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mounted onto a linear piezoelectric motor, and a rotating camera mechanism. This
enabled a dual-mode system that can switch between spatial and spectral imaging
and can scan the target image without any relative motion. A novel feed-forward
compensation function was programmed into the control software to automat-
ically synchronize the motion of active components during data acquisition in
a way that compensates for the shift in the diffraction angle resulting from the
slit lateral movement. This has preserved the spectral calibration of the system
and ensured utilizing the maximum area of the image sensor and the maximum
scanning range. This was reflected in the demonstrated high spectral resolution of
2 nm, which is comparable to the state-of-the-art and well-suited for a wide range
of applications. The enhanced performance and flexibility of this system is also
reflected in the possibility to adapt the acquisition parameters such as scanning
speed or the selection of specific regions of interest.

The second system in this thesis expands the range of spatial-scan techniques,
that includes the pushbroom (line-by-line) and the whiskbroom (point-by-point),
by introducing a novel rotational-scan technique. This was achieved by combining
a rotating slit and a rotating Dove prism, where the slit rotation scans the target
image and the concurrent Dove prism rotation realigns the transmitted light with
the diffraction grating to prevent spectral crosstalk and facilitate the extraction
of spectral information. While the precise alignment of the rotating components
proved to be critical, this combination still demonstrated high spatial resolution of
250 µm and high spectral resolution of 2 nm while enabling higher flexibility by
eliminating the relative motion during data acquisition.

The miniaturization work in this thesis was focused on the rotating slit mecha-
nism as an initial step towards the overall miniaturization of the rotational-scan
system. A new chip was developed based on the principles of electromagnetic
inductive levitation and electrostatic actuation to levitate and rotate an aluminum
disc with a slit aperture. The state-of-the-art configuration of two concentric 3D
wire bonded microcoils for levitation and stabilization was adopted, and an im-
proved microfabrication process was developed. The improved process enabled
the realization of the new chip on a single 100 µm thin glass substrate with features
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incorporated on both sides (double-sided) to overcome the limitations associated
with state-of-the-art micro-levitation devices. Unlike the state-of-the-art, the new
chip is well-suited for optical applications, providing an optical path for imaging
through the glass. The single-substrate and double-sided approach eliminated the
laborious processing steps involving deep etching, precise control of the coil posts
height, chip alignment, and bonding of multiple substrates, which are encountered
in the state-of-the-art devices. The new chip, measuring 12.5 mm × 12.5 mm,
features the coils on one side and the slit actuation electrodes on the other side.
The slit discs were laser-cut from a 10 µm thin aluminum foil to have patterned
electrodes resembling a three-phase motor. Successful levitation using the new
glass chip and slit discs was demonstrated, paving the way for more applications
in the future.

While the results obtained in this thesis signify advancements in spatial-scan
hyperspectral imaging systems and a progress towards system miniaturization,
further developments are necessary to fully realize the potential of this technology
and achieve a widespread adoption in public health applications. These prospective
future developments are discussed in the subsequent section.

7.2 Future Work

The envisaged future research following the work of this thesis is more dedicated
towards miniaturization. The development of the glass micro-levitation chip to
drive a levitating rotational-scanning slit is an initial step. Continued development
and extensive characterization of this slit mechanism are still necessary to bring
higher maturity and application readiness, as discussed in Subsection 7.2.1.

While the main focus, in this thesis, was on the spatial-scan technique, other
innovative approaches were also explored within this research, resulting in the
creation of new project proposals. One approach, developed in collaboration with
Furtwangen University, involves the realization of a levitating filter wheel based
on porous silicon optical filters as a key element for a miniaturized multispectral
imaging system, as explained in Subsection 7.2.2. Another approach, in collab-
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oration with two institutes at KIT, proposes a novel method for spectral data
acquisition based on optical unmixing, which is discussed in Subsection 7.2.3.

7.2.1 Next Steps for the MEMS Levitation Slit

The miniaturization work detailed in Chapter 6 was concluded with the successful
demonstration of levitation using the newly developed thin glass chip. Future work
would build upon this initial validation with an extensive characterization of the
levitation performance under varying input parameters.

The following step involves establishing slit rotation using the electrostatic
actuation electrodes. The different versions of slit discs allow for different per-
missible slit positions. The rotation performance would be characterized in terms
of rotation speed, latency, and stability under different sets of actuation voltages.
This characterization should also assess the impact of the applied electrostatic
force on levitation.

After comprehensive experimental work to map out levitation and rotation
performance, the focus would shift to optical experiments. The miniaturized slit
device is integrated into the optical setup, shown in Figure 6.25, and carefully
positioned at the plane of the intermediate image formed by the front optics. First
the rotating slit is tested in the spatial mode to demonstrate the scanning of a field
of view and the reconstruction of the spatial image, as demonstrated in Chapter 5.
Subsequently, the system is switched to the spectral mode and the miniaturized
rotating slit is then tested in the spectral mode to demonstrate the acquisition of
the hyperspectral data cube.

After validating the optical performance of the miniaturized rotating slit, the
research focus would then be directed to the miniaturization of other key compo-
nents in the system, specifically the rotating Dove prism, with the aim of achieving
a mobile and affordable system.
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7.2.2 Levitation PSi Filter Wheel for Spectral Imaging

Another project was initiated, within the course of this thesis, with the aim of devel-
oping miniaturized spectral imaging systems to benefit public health applications.
This project proposes a levitating and rotating miniaturized filter wheel based
on porous silicon (PSi) rugate filters to enable a portable wavelength-scanning
multispectral imaging system. Figure 7.1 provides a schematic representation
of this concept. The light from the target is focused on a filter segment of the
wheel, with a specific wavelength, and then reflected into the imaging sensor to be
recorded as one plane in the data cube. Rotating the filter wheel allows imaging
and recording the target at each wavelength and stacking these 2D images to
construct the rest of the data cube. This collaboration project brings contributions
in the area of micro-levitation, similar to that presented in Chapter 6, from our
institute (IMT), and in the area of porous silicon optical filters from the Institute
for Microsystems Technology (IMST) at Furtwangen University. The proposed
concept was published by the two groups in [MA3, MA5].
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Figure 7.1: Illustration of the wavelength-scanning approach based on a rotating porous silicon rugate
filter wheel. Reproduced from [MA3], licensed under CC BY 4.0.
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Porous silicon is formed through the electrochemical etching (anodization) of
crystalline silicon. This is done in an electrolyte based on hydrofluoric acid (HF).
The resulting porosity and pore sizes are determined by the applied current density,
HF concentration, and the doping level of silicon. Porous silicon can be used
to produce rugate optical filters, also referred to as gradient-index filters. This
is a type of optical filters characterized by periodic continuous variation of the
refractive index along the direction normal to the filter’s plane. This variation
leads to selective high reflectivity around specific wavelengths of light and very
low reflectivity elsewhere. This is similar to a Distributed Bragg Reflector (DBR)
with the difference that the profile of refractive index variation in rugate filters
resembles a continuous sinusoidal pattern rather than a stepwise variation. Fabri-
cating PSi rugate filters can be achieved by applying a varying current density with
a sinusoidal profile during the anodization process. This profile will be reflected
in the porosity distribution in the formed porous silicon and consequently in the
resulting refractive index profile, where higher porosity corresponds to lower PSi
refractive index [MA3, MA5].

In this project, a novel approach is proposed to simultaneously fabricate PSi
rugate filter segments, with varying resonance peak wavelengths, on a miniaturized
filter wheel [MA3, MA5]. This approach is based on the “current squeezing effect”
during the anodization process. This is achieved by varying the geometrical sizes
of the filter segments of the wheel which leads to local current redistributions in
the filter segments and consequently to a different PSi formation rate and different
porosity in each segment. This results in a different reflecting resonance peak
wavelength for each filter segment. This approach allows the fabrication of low-
cost filter wheels suited for portable multispectral imaging systems. By patterning
the segments of the filter wheel and fabricating them on top of an aluminum
film, the wheel can be levitated and rotated, following the methods described in
Chapters 3 and 6, to enable the wavelength scanning.

Initial samples were fabricated to test the levitation. One of the samples is shown
in Figure 7.2 which has a diameter of 3.2 mm and consists of a thinned silicon
layer on one side and a deposited aluminum layer on the other side. This sample
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did not have structured PSi filters and it was intended as a first step to assess the
feasibility of levitating the proposed filter wheel. However levitation could not be
achieved with the initial samples. Possible reasons for this include the significantly
higher thickness of the samples. The sample in Figure 7.2(b) has a thickness over
87 µm which is much higher compared to the aluminum discs levitated in Chapter
6 which had a thickness of only 10 µm. Another possibility could be the poor
quality of the produced samples, which included cracks on the edges of the sample,
as shown in Figure 7.2(c), and the poor quality of the deposited aluminum layer
which can affect its conductivity, compared to the aluminum sheets used earlier
for the slit discs. This can affect the induction of eddy currents in the samples and
consequently the feasibility of levitation. A closer look at the sample in Figure 7.2
while trying to levitate it showed slight bending of the sample when the levitation
signal was activated. This can be attributed to the two-layer structure and the
mismatch in the thermal expansion between them.

87.86 µm
Al

Si

Crack

(a) (b) (c)

Figure 7.2: One of the initial samples used to test the levitation of the proposed filter wheel with
3.2 mm diameter. (a) The sample consists of thinned Si on one side and deposited Al on the other side.
(b) The total sample thickness is 87.86 µm. (c) Shows a crack on the edge of the sample.
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Future work in this project includes reducing the thickness of the silicon layer
to reduce the overall weight of the sample acting against the levitation force.
The work also includes improving the quality of the deposited aluminum and
evaluating its conductivity compared to the aluminum sheets used for the rotating
slit. After establishing levitation, the next step would be testing samples with
structured PSi filters and patterned rotation electrodes with the aim of establishing
levitation and controlled rotation of the filter wheel. Finally, optical experiments
with the rotating filter wheel can be carried out to demonstrate spectral imaging.

7.2.3 Portable Hyperspectral Analysis by Real-Time Optical
Unmixing – PHARAO

PHARAO is another endeavor initiated within the course of this thesis in alignment
with the motivation of developing miniaturized, portable, and real-time hyperspec-
tral imaging systems to benefit public health applications. PHARAO was con-
ceived as a proposal for a joint research project in collaboration with the Institute
of Industrial Information Technology (IIIT) and the Institute for Anthropomatics
and Robotics (IAR) at KIT. The aim is for the three participating groups to deliver
scientific contributions in the areas of microfabrication and signal processing
that will open the door for ubiquitous hyperspectral imaging. These contributions
include enabling hyperspectral imaging by means of “Optical Unmixing” and en-
abling the 3D nanoprinting of active opto-electro-mechanical systems to fabricate
a “Programmable Optical Filter Array (POFA)”.

The optical unmixing is proposed in PHARAO as a novel hyperspectral analysis
modality that simplifies signal processing by shifting part of the computational
load to the optical side. This has the advantage of avoiding the time-consuming
process of acquiring the entire 3D hyperspectral data cube and alleviating the high
computational and memory demands of existing systems. The optical unmixing
can be achieved by applying specifically designed and reprogrammable spectral
filter functions, which can be implemented through the proposed POFA, to the
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incoming light to only acquire the relevant data. This allows the direct recording
of endmember abundances from the measured data.

Each pixel is a 
Tunable Fabry-Perot Filter

Programmable 
Optical Filter Array 

(POFA)

Top DBR

Bottom DBR

Cavity

Figure 7.3: Schematic representation of the Programmable Optical Filter Array (POFA) where each
pixel is a Fabry-Pérot tunable filter controlled separately.

The programmable optical filter array (POFA) is key to the proposed optical un-
mixing approach. POFA enables the design and reconfiguration of the spectral
filter functions of the system which makes it possible to adapt to different applica-
tions. Figure 7.3 illustrates the concept of POFA where each element in the array
is a Fabry-Pérot tunable optical filter that can be actuated and tuned individually to
allow the separate control of the wavelength transmitted through each pixel of the
array. Each element consists of two distributed Bragg reflectors (DBR) forming
the parallel reflective surfaces of the Fabry-Pérot interferometer, and defining the
interference cavity in between. Tuning the cavity size controls the transmitted
wavelength. This tuning is proposed through electrostatic actuation and tuning
each pixel separately requires each element to be addressed individually to apply
the actuation voltage corresponding to the desired wavelength. Achieving this
in an efficient way requires a complex 3D wiring network to provide a separate
connection for each pixel. The realization of POFA with the individual active
elements and the wiring network using existing microfabrication techniques is
complex and time-consuming. That is why PHARAO aims to push the limits of 3D
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nanoprinting, also known as direct laser writing (DLW), and to investigate novel
transparent and electrically conductive photoresists to enable the direct fabrication
of miniaturized 3D active opto-electro-mechanical systems such as POFA.

The project proposal was submitted in a research grant application to the DFG1,
first in August 2016, and then a revised version in June 2018, and the concept
was published in [MA6]. While the grant application received positive feedback
for originality, impact in the society, and potential commercial opportunities, the
funding was not granted on the basis of the project being more industry-oriented
rather than pursuing fundamentally new scientific approaches. Therefore, in the
future, other funding programs that are more suited to the project objectives are to
be considered to bring the proposed contributions to execution and further advance
the hyperspectral imaging technology for the benefit of public health.

1 Deutsche Forschungsgemeinschaft—German Research Foundation
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A Microfabrication Parameters

In this appendix, the process parameters applied in different microfabrication steps
of the micro-levitation chip in Chapter 6 are summarized.

A.1 O2 Plasma Cleaning

The O2 plasma is used to clean wafer surfaces prior to further processing to remove
any contaminants and to improve surface adhesion. For this purpose, the 4TEC
plasma machine is used with the parameters in Table A.1

Table A.1: O2 plasma cleaning parameters

Parameter Value
O2 gas flow 0.6 SLM
Chamber pressure 0.2 bar
RF power 100 W

A.2 SU-8 3025 Spin Coating

The photoresist SU-8 3025 (from Kayaku Advanced Materials Inc.–formally
MicroChem Corp.) is used to form the mold for electroplating. The photoresist is
applied to the wafer using the spin coating parameters in Table A.2.

A.3 Au Electroplating

The gold electroplating process is used to increase the thickness of a thin seed
layer to a desired thickness. The parameters summarized in Table A.3 are used to
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Table A.2: SU-8 3025 spin coating parameters

Parameter Value
Initial speed 0 rpm
Speed ramp 100 rpms−1

Intermediate speed 500 rpm
Stall time 10 s
Speed ramp 300 rpms−1

Final speed 5000 rpm
Stall time 30 s

increase the thickness of the seed layer from 100 nm to 10 µm to form the pads
and connectors of the microcoils. The wafer is kept in the electroplating solution
for 15 minutes before starting the process.

Table A.3: Au electroplating parameters

Parameter Value
Solution temperature 55 ◦C
Current density 0.2 A/dm2

Electric current 12 mA

A.4 SU-8 2150 Post-Exposure Bake

The photoresist SU-8 2150 (from Kayaku Advanced Materials Inc.–formally
MicroChem Corp.) is used to fabricate the coil posts. Due to the high thickness
of the deposited layer, a long cycle of post-exposure bake is required to harden
the exposed resist before development and coil winding. Figure A.1 shows the
temperature curve used for this process.
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Figure A.1: Temperature curve for the post-exposure bake of the thick SU-8 2150 photoresist in the
fabrication of the coil posts.

A.5 AZ 1505 Spin Coating

The photoresist AZ 1505 (from MicroChemicals GmbH) is used as a mask during
the etching of thin metal layers, such as the evaporated Cr/Au seed layer. The
photoresist is applied to the wafer using the spin coating parameters in Table A.4.

Table A.4: AZ 1505 spin coating parameters

Parameter Value
Initial speed 0 rpm
Speed ramp 500 rpms−1

Final speed 1500 rpm
Stall time 60 s
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A.6 Cryogenic Deep Reactive Ion Etching (DRIE)

The cryogenic deep reactive ion etching (DRIE) is used for deep anisotropic
etching. The parameters in Table A.5 are used for etching the SiO2 layer on top of
the bulk Si wafer, to open the center hole.

Table A.5: Cryogenic DRIE process parameters

Parameter Value
Etchant gas CHF3

Flow rate 455 cm3 min−1

RF power 50 W
ICP power 2500 W
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B Wire Bonding Parameters

This appendix summarizes the wire bonding parameters used for winding the
levitation coils (Cu ball-wedge bond) and for connecting the coil pads to the PCB
pads (Al wedge-wedge bond) to supply the AC signal to the coils.

B.1 Cu Ball-Wedge Bond

The winding of the levitation coils is made with a Cu wire with 25 µm diameter,
using the wire bonder (ESEC 3100 Plus). The parameters listed below are provided
by Dr. Hossein Davoodi, who was responsible for the wire bonder at the institute,
for the Cu ball-wedge bonds on the Au coil pads. The parameters for the formation
of the “Free Air Ball (FAB)”, which is the initial spherical ball formed at the tip
of the bonding wire by a high-voltage spark, are given in Table B.1. Then the
parameters for creating the ball bond and the wedge bond are given in Table B.2.

Table B.1: Free Air Ball (FAB) parameters

Parameter Value
Pre spark voltage 4500 V
Current 100 mA
Time 0.50 ms
Tail length 500 µm
Electrode-to-wire distance 1000 µm
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Table B.2: Bond parameters for Cu ball bond and Cu wedge bond

Parameter
Value

Cu ball bond Cu wedge bond
Bond mode Standard Standard
Impact force 200 mN 350 mN
Bond force 350 mN 700 mN
Ultrasonic power 78 % 38 %
Bond time 40 ms 40 ms
Ultrasonic rise time 1 ms 1 ms
Search height 150 µm 150 µm
Pre Ultrasonic power 45 % 10 %

B.2 Al Wedge-Wedge Bond

The wire bonding of the levitation coil pads to the PCB is made with a 50 µm
Al wire using the wire bonder HB05 (from TPT Wirebonder GmbH & Co. KG)
following the parameters listed in Table B.3. The first bond is on the Au pad of
the coil and the second bond is on the Cu pad of the PCB.

Table B.3: Al wedge-wedge bond parameters

Parameter Bond 1 (Au) Bond 2 (Cu)
Ultrasonic 230 350
Time 120 200
Force 70 70
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C Laser Machining Parameters

This appendix provides a summary of the laser machining parameters of the
Tangerine system (from Amplitude Laser) used to etch and cut glass wafers in the
fabrication of the levitation chip, as well as to cut aluminum foil for producing the
slit discs. The fixed parameters of the Tangerine system are listed in Table C.1.

Table C.1: Fixed parameters of the Tangerine laser system

Parameter Value
Wavelength 1030 nm
Frequency 200 kHz
Pulse width 400 fs
Total power 29 W
Beam diameter at the sample 30 µm

C.1 Laser Etching in Glass

The laser etching in glass is achieved through the sequential removal of glass
particles by moving the laser over a predefined path. The Tangerine system is used
and the machining parameters are varied to achieve the desired depth and quality.
The power is controlled as a percentage of the system total power, while the
cutting speed and number of repetitions are used as two more variable parameters
to control the outcome of the laser machining process. Figure C.1 shows the effect
of the laser power and the number of repetitions on the etching depth in glass.
The parameters are optimized experimentally to produce the required quality and
avoid defects such as that shown in Figure C.2.
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Figure C.1: The effect of laser power and number of repetitions on the achieved etching depth in glass
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Figure C.2: High laser power and high number of repetitions can cause cracks and holes in the glass
substrate during laser etching.

140



C.2 Laser Cutting of Glass

C.2 Laser Cutting of Glass

The cutting of glass wafers with different thicknesses in the fabrication of the
levitation chip is carried out using the parameters in Table C.2.

Table C.2: Laser cutting parameters of glass

Parameter
Value (based on wafer thickness)

50 µm 100 µm 500 µm
% of Total power 50% 60% 70%
Cutting speed 1000 mm/s 1000 mm/s 1000 mm/s
No. of repetitions 2 4 18

C.3 Laser Cutting of Aluminum

The proof masses and slit discs are fabricated from an aluminum foil with 10 µm
thickness (from Advent Research Materials Ltd) using the parameters in Table C.3.

Table C.3: Laser cutting parameters of Aluminum

Parameter Value
Wavelength 343 nm
Frequency 200 kHz
Pulse width 400 fs
Total power 6 W
% of Total power 70 %
Beam diameter at the sample 20 µm
Cutting speed 1000 mm
No. of repetitions 9
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