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Abstract 

Fluorescent microscopy becomes an essential tool for medical and biological 

investigations due to its major advantages of allowing for minimally invasive 

observation and rapid optical imaging. It is also a highly desirable tool to study 

the three dimensional interior of living specimens at a small scale. However, the 

resolution of optical systems is fundamentally limited by the diffraction of light, 

which consequently coins the development of super-resolution imaging 

methods.  

 Structured illumination microscopy (SIM) is one of the super-resolution 

techniques. SIM provides a two-fold lateral resolution improvement for those 

types of samples where the fluorescence emission intensity depends linearly on 

the intensity of the illumination pattern. The concept of SIM is based on the 

Moiré effect. A structured illumination pattern is projected into the sample and 

high spatial frequency components of the biological sample, which are normally 

above the cut-off frequency of the optical transfer function and therefore lost, 

are then down-modulated to low spatial frequencies that reside inside the 

passband of the optical transfer function of the microscope. Typically, a lateral 

resolution of 100 nm becomes achievable in SIM. SIM is a wide-field technique 

and thus allows fast acquisition of large fields of view. 

 This work discusses methods to improve the acquisition speed of SIM 

and to further enhance the resolution beyond the usual factor of two using 

nonlinear SIM (NL-SIM). Improvement of the acquisition speed is achieved by 

exploiting the advantages of a ferroelectric spatial light modulator (SLM) which 

offers fast switching of the illumination pattern, a modern sCMOS camera which 

provides fast readout and a novel synchronization approach between the 

different opto-electronical components. 
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Zusammenfassung 

 

Fluoreszenzmikroskopie entwickelt sich zu einem essentiellen Instrument für 

medizinische und biologische Untersuchungen dank seiner wesentlichen 

Vorzüge hinsichtlich minimal-invasiver Beobachtungsmöglichkeiten und 

schneller optischer Bildgebung. Zudem ist sie ein vielversprechendes Werkzeug 

für das Studium der feinsten Details im dreidimensionalen Inneren von 

lebenden Proben. Jedoch ist die Auflösung optischer Systeme durch die 

Lichtbeugung fundamental begrenzt, was zur die Entwicklung super-

auflösender Bildgebungsverfahren führt.  

 Strukturiert-beleuchtende Mikroskopie, (Abk.: SIM, von engl. „structured 

illumination microscopy“), ist eine dieser super-auflösenden Techniken. Für 

Proben, bei denen die Fluoreszenzemissionsintensität linear von der Intensität 

des Beleuchtungsmusters abhängt, lässt sich durch den Einsatz von SIM die 

laterale Auflösung verdoppeln. Das Prinzip von SIM basiert dabei auf dem 

Moiré-Effekt. Ein strukturiertes Beleuchtungsmuster wird in die Probe 

projiziert, und hohe Ortsfrequenzkomponenten der biologischen Probe, welche 

normalerweise oberhalb der Frequenzgrenze der optischen Transferfunktion 

lägen und damit verloren gingen, werden so zu niederen Ortsfrequenzen 

heruntermoduliert, die noch im Durchlassbereich der optischen 

Transferfunktion des Mikroskops liegen. Typischerweise kann mit SIM eine 

laterale Auflösung von 100 nm erzielt werden. Als Weitfeld-

Mikroskopieverfahren erlaubt SIM zugleich die schnelle Aufnahme eines 

großen Sichtbereiches. 

 In dieser Arbeit werden Methoden dargelegt, mit welchen die 

Aufnahmegeschwindigkeit von SIM verbessert sowie durch die Verwendung 

von nichtlinearer SIM (NL-SIM) die Auflösung noch über den üblichen Faktor 

zwei hinaus gesteigert werden kann. Die Erhöhung der 

Aufnahmegeschwindigkeit erfolgt dabei durch Ausnutzung der Vorteile eines 
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ferro-elektrischen, räumlichen Modulators für Licht (Abk.: SLM, von engl. 

„spatial light modulator“), welcher einen schnelle Wechsel des 

Beleuchtungsmusters erlaubt, einer modernen sCMOS-Kamera, welche 

schnelles Auslesen der Daten ermöglicht, sowie einem neuartigen 

Synchronisationsverfahren zwischen den beteiligten opto-elektronischen 

Komponenten. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

5 
 

Acknowledgements 

I would like to thank Prof. Rainer Heintzmann for giving me the opportunity to 

do my PhD project in his research group in Leibniz Institute of Photonic 

Technology, Jena. I thank him for his support and advice whenever I needed it, 

and for providing abundant resources to proceed with this project. 

 My special thanks to Dr. Martin Kielhorn, who helped me tremendously 

in the optical lab, offered practical advice for my experimental work and 

productive discussions on structured illumination microscopy and helped me 

to solve many technical problems during the experiment. 

 To Dr. Wenya Hou, who helped me with the molecular biology work and 

supplied numerous samples of transfected cells. To Dr. Christian Hoischen and 

his colleagues, who helped with the DNA construction, DNA amplification, and 

assistanted me with the cell cultures in the biology lab. 

 I thank all my colleagues for their professional technical support in the 

lab, fruitful discussions about science and microscopy and for the pleasant 

atmosphere in the office. Thanks to Dr. Kai Wicker for helping me in scientific 

understanding as well as support in the lab. Thanks to Ronny Förster who set 

up the first prototype of the fastSIM system and the development of the grating 

design algorithm, Aurélie Jost and Sapna Shukla who were always ready to help, 

proofread my thesis and offered productive discussions, Ivana Šumanovac 

Šestak who helped me with the sample preparation, Marie Walde who shared 

NL-SIM research experience and lab notes from her previous work with me and 

Walter Müller who offered helpful discussion on imaging processing. Thanks to 

Florian Blase for electronics assistance. Thanks to Dr. Elen Tolstik and Dr. 

Tatiana Tolstik for all the help and assistance in the biology lab.  

 Many thanks to Robert Kretschmer for comprehensive support with the 

development of a motorized z-stage, developing the Arduino code for 

controlling the z-stage, a GUI to manage it via serial interface and many general 

practical help in the optical lab and biology lab.  



 

6 
 

 I thank my family for their unconditional support. Thanks to my mother 

Mei-Fen and my sister Hui-Ling for taking care of everything for me and my 

family in Taiwan. Thanks to my son Mika whose smile delights my daily life. 

Lastly, my deep gratitude goes to my husband, Benny, for irreplaceable 

understanding and support. He makes it possible for me to finish my studies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

7 
 

1. Introduction 

Wide-field fluorescence microscopy is an essential tool for biologists to study 

functions and dynamic processes in living organisms since it offers high 

contrast, background-free imaging and minimally invasive contact during 

observation. The resolution of an aberration-free light microscope is 

fundamentally limited by the wavelength of light and the numerical aperture 

(NA) of a microscope objective. Consequently, finer details are not resolvable as 

the corresponding high spatial frequencies are outside the region of support of 

the optical transfer function. A conventional wide-field light microscope 

generally has a lateral resolution of ~200 nm and an axial resolution of ~500 

nm. In recent years, several techniques in fluorescence microscopy have been 

developed to overcome the diffraction barrier.  

 This thesis contains research results for improving the lateral resolution 

in structured illumination microscopy (SIM), increasing the acquisition speed of 

SIM using both hardware and software modifications, and gaining further 

resolution improvement by employing the nonlinear photo response of 

photoswitchable fluorescent proteins in nonlinear structured illumination 

microscopy (NL-SIM).  

1.1. Superresolution in fluorescence microscopy 

The general idea of confocal microscopy is to use a pinhole placed in the plane 

conjugated to the focal plane of an objective in the detection pathway to achieve 

optical sectioning in specimens, i.e. discard the blurry background that comes 

from out-of-focus planes. The lateral resolution improvement in a confocal 

microscope is minor due to the limited size of the pinhole. By using an 

extremely small pinhole, the lateral resolution can be improved; however the 

trade-off cost is a strongly reduced light from the in-focus plane. Also, confocal 

microscopy is a point-scanning technique and thus the acquisition is time-



 

8 
 

consuming. To increase the acquisition speed, spinning disc systems were 

introduced to acquire multiple spot-scanning data in parallel [1-3]. 

 Stimulated emission depletion (STED) microscopy is another point-

scanning technique. STED microscopy typically uses two lasers for the 

excitation and depletion of fluorophores, respectively. One laser is focused into 

the sample and excites the fluorophores. The second laser beam used for 

depletion is formed in a doughnut shape with zero intensity in its center, 

coinciding with the center position of the excitation beam. The stimulated 

emission process consequently reduces the size of the equivalent fluorescence 

emission spot so that the resulting lateral resolution is of ~20 nm [4]. In 

addition, the axial resolution can be improved by a factor of 3.5 in STED by 

employing a confocal pinhole or a phase plate pair to form an axial doughnut 

[5]. In 4Pi-STED microscopy, a better axial resolution of down to 30-50 nm is 

achieved [6]. In recent years, photoswitchable fluorophores have been widely 

employed in STED microscopy to achieve the same depletion effect [7, 8].  

 Another approach to superresolution is pointillistic microscopy [9], such 

as Photo-activated localization microscopy (PALM) [10] and stochastic optical 

reconstruction microscopy (STORM) [11]. In localization microscopy, 

photoswitchable fluorophores are sparsely turned on, and fluorophores can be 

localized consecutively with a precise estimation in nanometer accuracy. Hence, 

a superresolved image can be constructed with those individually localized 

emitters with a lateral resolution down to ~20 nm. 

 SIM is one of the subwavelength imaging techniques which have been 

developed to acquire images at a resolution beyond the diffraction limit [13, 

15]. SIM is a wide-field technique which offers a large field of view and fast 

acquisition. The principle is to project a spatially patterned illumination, 

usually a periodic grating pattern, on the sample such that Moiré fringes are 

created. The recorded Moiré fringes contain the frequency of the illumination 

structure and the spatial frequencies of the sample. High spatial frequency 

information of the sample which was outside the passband of the optical 
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transfer function is now down-modulated into the passband of the OTF. By 

acquiring several images, each for a different position of the illumination 

pattern, the sample information can be retrieved, and a superresolved SIM 

image can be created through computational reconstruction. In the linear SIM 

(LSIM) method, a two-fold resolution improvement is achieved. 

 In order to gain further resolution enhancement in a conventional SIM 

system, the use of photoswitchable fluorescent proteins that can produce a 

nonlinear fluorescent response is introduced. In general, photoswitchable 

fluorophores can be switched by light of a specific wavelength between a 

fluorescent “on state” and a nonfluorescent “off state” and this switching 

process is reversible. Nonlinearity can be introduced by saturating the 

transition state of photoswitchable fluorophores such that the effective 

fluorescence emission pattern contains higher-order harmonics outside the 

passband of the OTF of the illumination objective [12,13]. The sample 

information is attached to all these additional higher-order harmonics as well 

as to the zeroth order. Theoretically, the resolution improvement is unlimited 

in NL-SIM. However, only the higher-order harmonics whose intensity is above 

the noise level can be detected and used in the image reconstruction [16-19]. 

1.2. Fluorescence – Incoherent imaging 

Due to the Stokes shift, light emitted from fluorophores is at different 

wavelengths. In contrast to coherent imaging, where the light is of a single 

wavelength only, fluorescence produces a broad wavelength spectrum and 

therefore incoherent light.   

 In coherent imaging cases, light emanating from different point sources 

can interfere. The intensity measured by a detector is proportional to the 

averaged absolute square of the electric field strength. The electric field at the 

image plane is described via a convolution of the amplitude at the sample plane 

with the amplitude point spread function (APSF). The measured intensity is 

then obtained by calculating the absolute squared magnitude of this amplitude 
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distribution. In incoherent imaging case, such as fluorescence, light emanating 

from different fluorophores does not interfere. Thus, the fluorescence emission 

intensity distribution in the image plane can be directly calculated as the sum of 

the individual point spread function (PSF) images of all points in the sample, 

which is a convolution of the fluorophore distribution with the PSF. 

 In the following sections, we only discuss the incoherent image case. 

Thus, the imaging process can be sufficiently described as a convolution with a 

PSF. 

1.3. The diffraction limit in microscopy 

Light emerging from an object can be described as a superposition of many 

spherical waves coming from lots of point emitters and propagating in all 

spatial directions. When imaging a point-like object with a microscope objective 

lens, the limited acceptance angle of the circular aperture of the objective lens 

cannot collect all of this light. Due to the loss of light, the image of the point-like 

object is not a perfect copy of the object. It becomes a blurry spot with a finite 

size, called the PSF. Two point-like objects next to each other will be imaged as 

the superposition of two corresponding point spread functions. When two 

point-like objects are too close to each other, they cannot be resolved as 

separate points. One possible way to define the resolution of an optical system 

is thus by determining the minimum resolvable distance between two point-

like objects in the image.    

Sparrow Limit Rayleigh Limit Abbe Limit 

𝑑𝑆𝑝𝑎𝑟𝑟𝑜𝑤 ≈ 0.47 ∙
𝜆

𝑁𝐴
 𝑑𝑅𝑎𝑦𝑙𝑒𝑖𝑔ℎ ≈ 0.61 ∙

𝜆

𝑁𝐴
 𝑑𝐴𝑏𝑏𝑒 ≈ 0.5 ∙

𝜆

𝑁𝐴
 

Table 1 Various resolution criteria and the corresponding definitions. d is the minimum 

resolvable distance, 𝜆 is the wavelength of light in vacuum and NA is the numerical 

aperture of the objective lens that collects light [20]. 

 The image of a point-like object produced by an optical system can be 

described as an Airy pattern [4]. There are different ways to define the lateral 
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resolution of an optical system that directly relate to properties of the PSF (see 

Table 1) [20]. The Sparrow limit is the distance between two point-like objects 

of equal intensity for which a central dip between their images is visible [21]. 

The Rayleigh limit is the distance between two point-like objects when the first 

minimum of the Airy pattern of one point-like object is at the first maximum of 

the other when using a low NA objective [22].  

 Another way to define the resolution more precisely is by means of the 

optical transfer function (OTF). The OTF is the Fourier transform of the PSF. 

The resolution of a light microscope is determined by the cut-off frequency of 

the OTF. Only those spatial frequencies coming from the object that are inside 

the support of the OTF, i.e. smaller than the cut-off-frequency, are detectable. 

The support of an OTF is closely related to the Abbe limit [23]: 

𝑑𝑚𝑖𝑛 ≈
λ

2𝑁𝐴
=

1

𝑓𝑐𝑢𝑡−𝑜𝑓𝑓
 

Where 𝑓𝑐𝑢𝑡−𝑜𝑓𝑓  is the cut-off-frequency of the OTF, NA is the numerical 

aperture of the objective lens and λ is the wavelength of light in vacuum. The 

Abbe limit defines the resolution of a light microscope based on the diffraction 

from a periodical diffraction grating. The minimum resolvable distance 

between the lines of the grating is such that the first diffraction order can pass 

through the objective lens. Therefore, its propagation angle must be smaller 

than the acceptance angle of the objective lens, which is arcsin(NA/n), where n 

is the refractive index of the system.  

2. Structured illumination microscopy (SIM) 

Structured illumination microscopy offers resolution beyond the Abbe limit by 

employing a spatially patterned illumination on the sample. The combination of 

the structured illumination pattern and the sample structure creates Moiré 

fringes (see Fig. 1) which are recorded in the raw image. Thanks to the Moiré 

effect, high spatial frequencies which were outside the passband of the OTF are 
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now down-modulated to lower frequencies and can be transmitted by the 

objective. 

 

Fig. 1 Demonstration of the Moiré fringes. When two high-frequency pattern overlap 

with each other, Moiré fringes appear. The Moiré fringes are the product of the two 

original patterns and exhibit both fine and coarse patterns with corresponding high and 

low spatial frequencies, respectively. 

 To realize the idea of structured illumination in a conventional light 

microscope, it is straightforward to place a physical grating at the conjugate 

plane of a microscope objective in the illumination path such that an 

interference pattern is projected on the sample (see Fig. 2). The Fourier 

transform of the recorded image contains the zeroth and ±1st components. The 

±1st components from the sinusoidal illumination pattern appear at a spatial 

frequency of  ±kb
⃑⃑⃑⃑  (see Fig. 3b). The high spatial frequencies of the sample 

information that would normally lie outside the support of the OTF (k0
⃑⃑⃑⃑ ) are 

now attached to the ±1st components and shifted into the passband of the OTF. 

Fig. 3c shows the multiplication of each component with the OTF. By separating 

each component in Fourier space and shifting the zeroth object frequency back 

to the zero coordinate of Fourier space (Fig. 3d, e), the maximum observable 

region is extended to approximately (k0 + |kb
⃑⃑⃑⃑ |), at which k0 is the cut-off 

frequency in the wide-field case (see the enlargement of the OTF in Fig. 3f)) [16, 

24, 25]. 
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Fig. 2 A schematic diagram of the setup for structured illumination microscope.  

 

Fig. 3 Fundamental concept of SIM theory. a) The Fourier transform of the sample with 

uniform illumination (red curves). Only the spatial frequency below this cut-off frequency 

𝑘0
⃑⃑⃑⃑  is detectable. b) When the sample is illuminated with a periodic grating pattern, two 

side components (the ±1st components with spatial frequencies of ±𝑘𝑏
⃑⃑⃑⃑ ) are created in 

Fourier space. The sample information is attached to each component. c) Multiplication of 

each component with the OTF. The OTF marked as blue dotted line has a cut-off frequency 

𝑘0
⃑⃑⃑⃑ . d) and e) Recombination of all components by separating the individual components, 

shifting both side components back to the zero coordinate in Fourier space and using a 

weighted averaging. f) The Fourier transform of the final reconstructed image shows an 

extended passband of the OTF to  𝑘0 + |𝑘𝑏
⃑⃑⃑⃑ | and consequently, resolution improvement is 

achieved.  
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 An object imaged by a conventional fluorescence microscope is 

fundamentally a convolution of the PSF of the optical system with the 

fluorescence emission distribution of the sample: 

𝐼𝑖𝑚(𝑟 ) = 𝑃𝑆𝐹(𝑟 ) ⊗ 𝐼𝑒𝑚(𝑟 ), ( 1 ) 

where the convolution operator is denoted by ⊗.  𝐼𝑖𝑚(𝑟 ) is the intensity 

distribution of the image, 𝐼𝑒𝑚(𝑟 ) is the fluorescence emission distribution of the 

sample. The fluorescence emission distribution of the sample is the 

multiplication of the intensity of the illumination 𝐼𝑖𝑙𝑙𝑢 (𝑟 ) with the local density 

of fluorophores 𝜌(𝑟 ): 

𝐼𝑒𝑚(𝑟 ) = 𝜌(𝑟 ) ∙ 𝐼𝑖𝑙𝑙𝑢 (𝑟 ). ( 2 ) 

Thus, the fluorescence emission distribution of the sample can be expressed as 

𝐼𝑖𝑚(𝑟 ) = 𝑃𝑆𝐹(𝑟 ) ⊗ [𝜌(𝑟 ) ∙ 𝐼𝑖𝑙𝑙𝑢 (𝑟 )]. ( 3 ) 

The OTF is the Fourier transform of the PSF, thus in Fourier space (3) becomes 

𝐼𝑖�̃�(�⃑� ) = 𝑂𝑇𝐹(�⃑� ) ∙ [�̃�(�⃑� ) ⊗ 𝐼𝑖𝑙𝑙�̃� (�⃑� )]. ( 4 ) 

 In SIM, the illumination intensity is a two-dimensional harmonic pattern, 

and hence for two-beam SIM can be described as 

𝐼𝑖𝑙𝑙𝑢(𝑟 ) = 𝐼0 ∙ [1 + mcos(𝑘𝑏
⃑⃑⃑⃑ ∙ 𝑟 + 𝜙0)], ( 5 ) 

where 𝐼0 is the intensity in the uniform illumination case, m is the modulation 

depth, 𝑘𝑏
⃑⃑⃑⃑  is the spatial frequency of the harmonic pattern and 𝜙0 is the initial 

phase. The Fourier transform of Eq. (5) is 

𝐼𝑖𝑙𝑙�̃�(�⃑� ) =  𝐼0 ∙ [𝛿(�⃑� ) +
𝑚

2
(𝑒𝑖𝜙0𝛿(�⃑� − 𝑘𝑏

⃑⃑⃑⃑ ) + 𝑒−𝑖𝜙0𝛿(�⃑� + 𝑘𝑏
⃑⃑⃑⃑ ))], ( 6 ) 

where 𝛿(�⃑� ) is a Dirac’s delta function. Combining Eq. (4) and Eq. (6) yields: 
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𝐼�̃�(�⃑� ) = 𝑂𝑇𝐹(�⃑� ) ∙ �̃�(�⃑� ) ⊗ 𝐼0 ∙ {[𝛿(�⃑� ) +
𝑚

2
𝑒𝑖𝜙0𝛿(�⃑� − 𝑘𝑏

⃑⃑⃑⃑ ) +
𝑚

2
𝑒−𝑖𝜙0𝛿(�⃑� + 𝑘𝑏

⃑⃑⃑⃑ )]} 

 ( 7 ) 

 In order to separate the different information components and to 

achieve isotropic resolution enhancement, several raw images with different 

illumination pattern phases and orientations are required. In a two-beam LSIM 

system, typically nine images with three phase steps for each three different 

illumination pattern orientations, separated by 60°, are acquired for 

reconstructing one 2D superresolved image with a two-fold resolution 

improvement. Ideally, based on the symmetry of the diffraction orders, the 

minimum number of required images can be reduced to five. In a three-beam 

LSIM system, the zeroth order illumination beam is not blocked and forms an 

interference pattern together with the ±1st diffraction orders in the sample 

plane. Fifteen images with five phase steps for each of the three different 

grating orientations are required for image reconstruction, since there are five 

components in Fourier space, including the DC term. The advantage of the 

three-beam SIM is optical sectioning and has enhanced resolution also in z, thus 

being the preferred method for 3D-SIM [24, 26]. 

2.1. Spatial light modulator 

Many early SIM systems which use a mechanically moving, physical grating to 

generate the spatial patterned illumination cannot guarantee the precise shift 

of the illumination pattern during image acquisition [15]. The spatial light 

modulator based SIM system arose in the need of a fast illumination pattern 

switching and an accurate pattern shift for video rate observation in living cells 

[26, 27]. 

 A ferroelectric-liquid-crystal-on-silicon (LCoS) display used as a spatial 

light modulator (SLM) has two stable crystal axes driven by an applied voltage.  

A two-dimensional harmonic pattern, hereafter referred to as grating pattern, 

is uploaded to the SLM and diffracts the illumination light. The specific grating 



 

16 
 

pattern design is presented in [HWLW1, HWLW2] and in chapter 2.4. Due to 

the pixelated structure of the display, additional unwanted diffraction orders 

are created and lead to a jagged edge in the illumination pattern in the sample 

plane [28]. In SIM, a Fourier filter is used to block those unwanted diffraction 

orders [16-18, 24, 26-28].  

 

Fig. 4 Simulation of two-beam interference and three-beam interference in the sample 

plane. a) The Fourier transform of a periodic pattern displayed on the SLM. b) The 

displayed pattern on the SLM (top) and the corresponding three-beam interference in the 

sample plane (bottom) where only the zeroth and ±1st diffraction orders are transferred 

through a Fourier filter c). d) The displayed pattern on the SLM (top) and the 

corresponding two-beam interference in the sample plane (bottom) where only the ±1st 

diffraction orders are transferred through a Fourier filter f). e) The displayed pattern on the 

SLM (top) as in d) but with a phase shift of π and the corresponding two-beam interference 

in the sample plane (bottom). 
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 To prevent damage of the LCoS, the SLM displays the inverse image of 

the previous grating pattern. In the two-beam SIM system, the zeroth 

illumination order is blocked (see Fig. 4f). Only the ±1st diffraction orders pass 

through the objective and form an interference pattern in the sample plane. 

This leads to the same interference pattern in the sample plane for both grating 

pattern and its inverse image displayed on the SLM (see Fig. 4d and e). 

 In NL-SIM, the criteria to achieve perfect ON/OFF photoswitching of the 

fluorophores are demanding. Fig. 5 shows the three-beam interference and 

two-beam interference. In three-beam interference, there is an extra small peak 

between two high peaks. This will introduce unwanted photoswitching of 

fluorophores. Hence, a two-beam SIM system is preferable for NL-SIM as it 

offers better contrast modulation. NL-SIM will be discussed in chapter 3. 

 

Fig. 5 Illustration of intensity distribution of the illumination pattern resulting from 

three-beam interference (blue) and two-beam interference (red). 
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2.2. The evolution of the fast structured illumination 

microscope setup 

Ferroelectric SLMs offer fast switching up to several kHz. However, low 

diffraction efficiency is a major drawback. Nevertheless, as the required 

illumination intensity for acquiring raw SIM images is relatively low it is 

preferable to use a ferroelectric SLM to modulate the illumination light. The 

equipment which limits the acquisition speed in a conventional SIM system is 

the camera. Unlike any camera with a CMOS or CCD-based sensor, a scientific 

CMOS (sCMOS) camera is superior with its extremely high frame rate, low noise, 

large field of view and wide dynamic range. By employing an sCMOS camera 

and a ferroelectric SLM in a SIM system, the acquisition speed can be improved 

significantly with respect to other conventional SIM systems [HWLW1, 

HWLW2]. The lately reported fastest SIM acquisition rate is demonstrated with 

a raw frame rate of 714 frames per second (fps) and a superresolved frame rate 

of 79 fps [HWLW3]. 

 The design of the fast structured illumination microscope (fastSIM) is 

inspired by Fiolka et al [29]. The fastSIM setup was upgraded several times in 

order to achieve faster acquisition rates and to gain further resolution 

improvement. The main changes that have been done in the fastSIM setup 

concerned the camera and the acquisition configuration. Using a different laser 

wavelength which is at the excitation maximum of the used fluorophores also 

reduces the exposure time. 

 The simplified sketch of the first prototype of the fastSIM setup is shown 

in Fig. 6. A laser with a wavelength of 442 nm (CW laser, LRS405NL-200, 

LASEVER, China) was used for excitation. An acousto-optical tunable filter 

(AOTF) right behind the 442 nm CW laser ensures precise and fast switching of 

the illumination light. An Illumination grating pattern is generated by an SLM 

placed in the intermediate image plane and is projected on the sample. The 
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general idea of the design of the grating patterns is presented in [HWLW1, 

HWLW2] and will be further discussed in 2.4. In order to achieve high contrast 

of the illumination grating in the sample plane, a quarter wave plate (QWP) and 

a customized azimuthally patterned polarizer (pizza polarizer) are placed after 

the SLM to achieve azimuthal polarization. A passive mask as a Fourier filter is 

used to block all unwanted diffraction orders except the ±1st diffraction orders. 

Fluorescence is collected by a sCMOS camera (Orca Flash 2.8, Hamamatsu, 

Japan). The electronic circuit sketch can be found in [HWLW1]. 

 

Fig. 6 A schematic diagram of the fastSIM prototype. A laser wavelength of 442 nm is 

used for excitation. The AOTF switches the laser beam on and off. The polarizer before the 

SLM controls the polarization of the incident beam onto the SLM. The second polarizer 

after the SLM ensures the linear polarization of the diffracted beam. The SLM displays 

grating patterns. The quarter wave plate (QWP) converts the linearly polarized beams to 

circular polarized. The pizza polarizer converts the beams of circular polarization to 

azimuthal polarization. The Fourier mask is used to block all the unwanted diffraction 

orders except the ±1st diffraction orders. Two ±1st diffraction orders are focused at the back 

focal plane of an objective and form plane waves which interfere and lead to the 

illumination grating pattern on the sample. The sCMOS camera collects fluorescence 

filtered by an emission filter. 
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The trigger timing of synchronization between each electronic 

component is shown in Fig. 7. A microcontroller (Arduino Uno, Arduino, Italy) 

is responsible for synchronizing the AOTF, the SLM and the camera. All triggers 

are on the low-to-high edge. The camera is the master and is operated in Global 

Exposure Level Trigger Mode.  

 

Fig. 7 A schematic diagram of the synchronization in the fastSIM prototype. The sCMOS 

camera is operated in a Global Exposure Level Trigger Mode. The diagram shows the 

trigger timing of an Arduino synchronizing the AOTF (Laser ON/OFF), the SLM and the 

sCMOS camera. The TTL signals being sent to the Arduino are marked in blue and the 

signals from the Arduino are marked in red.  

The strength of the fastSIM setup is its simplicity. Passive components, 

like the pizza polarizer and the Fourier filter, greatly reduce the time and work 

for synchronization. However, the design of this prototype is not optimal. Fig. 8 

shows that the grating contrast depends on the orientation of the illumination 

grating. This is due to the flawed polarization control of the illumination light. 

Therefore, the resolution improvement is not isotropic in all lateral directions 

[28]. First of all, mirrors create unexpected changes in the polarization of the 

illumination light. Some mirrors placed in the optical path are not designed for 

maintaining the polarization and thus change the polarization of the 

illumination light. Secondly, as described in [HWLW2], a conventional 

dichromatic reflector contributes different phase changes at arbitrary 

polarization (except in s- and p-polarization). Therefore, the polarization of a 

linearly polarized beam along s- and p-polarization remains linear and others 

at arbitrary orientations are converted to elliptical, which diminishes the 
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illumination grating contrast. Consequently, the contrast of the illumination is 

degraded along other orientations. Moreover, the residual addressing structure 

on the SLM display was not found and taken into account in the first version of 

the grating generation algorithm, which leads to the breakdown of diffraction 

order selection in the Fourier plane of the SLM when we later tried to use more 

grating orientations for the NL-SIM experiment (see chapter 3).  

 

 

Fig. 8 Structured illumination pattern on 
a fluorescent plane. These images 
demonstrate the induced depolarization 
effect by a conventional dichromatic 
reflector on the grating contrast. As seen, 
the grating contrast depends on the 
orientation of the illumination grating. The 
average grating constant is ~193 nm. A 40× 
oil immersion objective is used. Figure taken 
from: supplementary materials [HWLW2]. 
Copyright ©  IOP Publishing.  

   To demonstrate the performance of the fastSIM setup, fluorescent 

microspheres (PCFP-0252, Kisker Biotech GmbH & Co. KG, Germany) with an 

approximate diameter of 100 nm were imaged. The wide-field and SIM results 

http://dx.doi.org/10.1088/2050-6120/3/1/014001
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are shown in Fig. 9 a) and b).  The average full width at half maximum (FWHM) 

in the wide-field and the SIM images are 224.8 ± 21.2 nm and 114.2 ± 9.5 nm, 

respectively. Nine raw images were acquired in 131.4 ms for reconstructing 

one 2D SIM image with a region of interest (ROI) of 27.92 × 13.70 μm2 and 

thereby we first achieved a superresolved frame rate of 7.6 fps with the fastSIM 

system. 

 

Fig. 9 Superresolved image of fluorescent microspheres. a) SIM image of fluorescent 

microspheres with average diameter of ~100 nm. Magnifications of the red-boxed region 

represent wide-field b) and SIM c) results. d) Normalized intensity profiles along the yellow 

line in a). Note: The resolution improvement is not isotropic [28]. Figure taken from: 

[HWLW1]. Copyright ©  OSA Publishing. 

In the fastSIM prototype, the wavelength of the illumination light is not at 

the excitation maximum of the used fluorophores which results in longer 

exposure times. Moreover, the acquisition rate is also limited by the Orca Flash 

2.8 sCMOS camera hardware which offers only one trigger output and thus 

limits the fast synchronization between each electronic component. 

Furthermore, the illumination grating constant chosen in the experiment was 

193 nm which is far larger than the diffraction limit (𝜆𝑒𝑥/(2 × 𝑁𝐴) =

442/(2 ×  1.4)  =  158 nm). By using a smaller illumination grating constant 

the resolution improvement will be more promising.  
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2.2.1.  Isotropic resolution improvement 

In order to achieve nearly isotropic resolution improvement, the illumination 

grating pattern in the sample plane has to be orientated in different directions. 

In LSIM, three different grating directions are sufficient. Besides, the contrast of 

the illumination grating in the sample plane affects signal strength. Thus, 

illumination light with azimuthal polarization at the sample plane is required. 

In the upgraded version of the fastSIM setup, several mirrors were removed 

from the optical path to avoid phase changes on the polarization. One 

polarization-maintaining mirror placed before the SLM and the SLM itself are 

used as reflectors. The SLM displays grating patterns and diffracts the incoming 

illumination light. 

The SLM (FLCoS, SXGA-3DM, 1280 × 1024 pixels, Forth Dimension 

Displays, UK) used in the fastSIM setup is originally designed for a wavelength 

of 532 nm. Two stable birefringent axes, hereafter referred to as on and off, 

separated by an angle of ∆𝜃 are given by the direction of the liquid crystal 

inside the ferroelectric LCoS, which is driven by an applied voltage. Thus, the 

SLM acts as a locally rotatable waveplate.  

 In [30], Martínez-García et al. presented the derivations of the 

polarization of light diffracted by a binary polarization gratings displaying on a 

ferroelectric SLM. The SLM acts as a typical half-wave plate to all odd 

diffraction orders which is independent on the wavelength of the illumination 

light if the polarization of the incident beam on the SLM is linearly polarized 

with arbitrary orientation. This is ideal in our case as we only use the ±1st 

diffraction orders to form the illumination grating on the sample. However, due 

to phase mismatch the zeroth diffraction order will be elliptically polarized if an 

illumination wavelength not designed for the SLM is used, which results in 

reduced diffraction efficiency.  

The illustration of the polarization of the diffraction orders (only zeroth 

and the ±1st diffraction orders) along the optical path is shown in Fig. 10. By 

employing two identical dichromatic reflectors, the phase change on the
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polarization induced by the first dichromatic reflector can be compensated by 

the second dichromatic reflector which imparts opposite phase shift to the 

beam. 

Fig. 11 shows that the contrast of the illumination grating is now more 

homogeneous in all grating orientations. Grating patterns with six orientations 

were displayed on the SLM. The angle between each orientation is ~30 degrees 

and the average grating constant is ~267.3 nm in the sample plane. A 63× 

objective with an NA of 1.46 was used.       

 

Fig. 11  Structured illumination pattern on the fluorescent plane. These images 

demonstrate the homogeneous grating contrast in all orientations of the illumination 

grating. The induced depolarization effect is compensated by the second dichromatic 

reflector, which is identical to the first dichromatic reflector. The average grating constant 

is ~267.3 nm. A 63× oil immersion objective was used. The global scale bar is 2 µm. 
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2.2.2.  The need for fast acquisition 

In order to improve the acquisition speed and thereby follow fast dynamics of 

moving objects, we upgraded the camera to a modern sCOMS camera (Orca 

Flash 4.0, Hamamatsu, Japan) which offers fast readout and three trigger 

outputs for better synchronization controlling. We also changed the 

illumination light to a 488 nm laser (CW laser, LuxX 488-200 Omicron, 

Germany) which is close to the excitation maximum of the most often used 

fluorophores and thus shortened the exposure time. The upgraded version of 

the fastSIM setup sketch is shown in Fig. 12. The electronic circuit sketch can be 

found in Appendix A.1. 

 

Fig. 12  A schematic diagram of the upgraded fastSIM system. A 488 nm laser is used for 

excitation. The ±1st diffraction orders are reflected by two identical dichromatic reflectors 

which ensure an azimuthally arranged linear polarization of all illumination beams. The 

illumination beams are refocused at the very edge of the back focal plane of the objective 

(63×, NA 1.46) and form an illumination grating pattern on the sample. The sCMOS camera 

collects fluorescence filtered by an emission filter. Figure adapted from: [HWLW2] 
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 The signal readout from the Orca Flash 4.0 sCMOS camera is more than 

three times faster compared with the Orca Flash 2.8 sCMOS version. The 

camera is operated in “Free Running Mode” in which the illumination time and 

readout timing can be set by software command (see Fig. 13). During 

acquisition the illumination light is on when all pixels in a chosen ROI are ready 

for global exposure. Moreover, in order to avoid double exposure on the same 

pixels, the next exposure does not start before the last raw image has been read 

out. The acquisition rate can be up to 162.07 fps with a ROI of 16.5 × 16.5 μm2. 

The length of the internal exposure time in the software setting is equal to the 

sum of the readout time, the illumination time, and the image loading time onto 

the SLM. We used a logic analyzer to measure the exact length of the internal 

exposure time for arbitrary ROIs (see Table 2).  

 

Fig. 13  Illustration of the free running mode readout method of the Orca Flash 4.0 

sCMOS camera. The illumination light is on when all pixels in a chosen ROI are ready for 

global exposure (region marked in yellow). All triggers are on the low-to-high edge. 

Table 2 Acquisition raw frame rate and superresolved SIM frame rate according to 

different ROIs in a reconstructed SIM image in the upgraded fastSIM system. Table taken 

from: [HWLW2]. Copyright ©  IOP Publishing. 

Illumination Time 4 ms 

Region of Interest (ROI) Internal Exposure 
Time Setting (ms) 

Raw Data Frame 
Rate (fps) 

SIM Frame Rate 
(fps) (pixels) (µm) 

1536×1536 49.5 × 49.5 8.67 115.34 12.82 

1024×1024 33.0 × 33.0 7.38 135.50 15.06 

512×512 16.5 × 16.5 6.17 162.07 18.01 

256×256 8.3 × 8.3 5.52 181.16 20.13 
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The 488 nm laser can be switched with 10 ns rise time. The laser is 

guided via a single-mode polarization-maintaining fiber which yields a clean 

Gaussian beam profile at the fiber exit. Therefore, the AOTF and the telescope 

right behind the AOTF could be removed from the system, making it even more 

compact. 

We observed the Brownian motion of beads in a 3D volume sample of the 

fluorescent microspheres over 60 time points with an excitation wavelength of 

488 nm. The average grating constant is ~181 nm in the sample plane. Videos 

for wide-field and SIM can be found in the supplementary materials in 

[HWLW2], respectively. One single SIM frame of a time series is shown in Fig. 

14 [HWLW2]. The superresolved frame rate is 18.01 fps. The speed of the 

fastSIM system is at least improved by a factor of 2.4 compared to the former 

fastSIM system. Fig. 14 d) and e) show the mean FWHM of 50 fluorescent 

microspheres in both wide-field and SIM images which are 222.3 ± 38.5 nm and 

93.6 ± 15.1 nm, respectively. 

 

Fig. 14  Single superresolved frame of fluorescent microspheres in a 3D volume 

specimen. The average diameter of fluorescent microspheres is ~100 nm. a) SIM image of 

fluorescent microspheres in a large field of view. b) Magnifications of the yellow-boxed 

region in a) represent SIM b) and wide-field c) results. 50 selected microspheres were used 

to calculate the mean FWHM in both SIM and wide-field image (shown in d) and e)). Scale 

bar in b) and c) is 1 μm. Scale bar in d) and e) is 100 nm. Figure taken from: [HWLW2]. 

Copyright ©  IOP Publishing. 

http://dx.doi.org/10.1088/2050-6120/3/1/014001
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Fig. 15 shows actin filaments of bovine pulmonary artery endothelial 

(BPAE) cells (FluoCells®  Prepared Slide #1, Invitrogen) labelled with Alexa 

Fluor®  488 phalloidin imaged with SIM. The excitation wavelength is 488 nm 

and the maximum emission wavelength is 510 nm [HWLW2].  

 

Fig. 15  BPAE cell labelled with Alexa 4.Fluor® 488 phalloidin. a) The wide-field image. b) 

SIM image. Magnifications of the red-boxed region represent wide-field c), conventional 

deconvolution d) and SIM e) results. f) Normalized intensity profiles along the yellow line in 

both a) and b). Global scale bar is 1 μm. Figure taken from: [HWLW2]. Copyright ©  IOP 

Publishing. 
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2.3. Going beyond: Synchronized updates 

In the Orca Flash 4.0 sCMOS camera, the highest raw frame rate of 802.0 fps 

with a ROI of 256×256 pixels can be achieved if the exposure time is equal to 

the readout time, i.e. with continuous acquisition. In continuous acquisition 

mode, the sCMOS camera’s rolling shutters move upward and downward from 

the middle of the camera chip continuously. However, the former 

synchronization configuration in the fastSIM system limits the speed, since the 

data readout process starts after the global exposure of all pixels in a selected 

ROI in order to prevent double exposure by the current and next illumination 

patterns. This results in a discontinuous acquisition configuration as the next 

exposure starts when the camera finishes the previous data readout. To 

overcome this limit, we acquired data with continuous running exposure and 

readout lines of the camera by employing segmented frames displayed on the 

SLM instead of full frame grating patterns (see Fig. 16).  

 

Fig. 16  Grating patterns displayed on the SLM. a) 9 single full frames grating patterns 

used in the previous experimental configuration in [HWLW2]. b) 14 segmented frames with 

fractions of the 9 full frames grating patterns in a) are displayed sequentially on the SLM. 

Figure taken from: [HWLW3]. Copyright ©  IOP Publishing. 
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We divided the patterns displayed on the SLM into several segments 

along the direction of the sCMOS camera’s rolling shutters. Thus, instead of 

displaying full frame grating patterns on the SLM, 14 segmented frames 

showing fractions of the 9 full frame grating patterns are displayed. Each 

segmented frame contains dark regions for the purpose described below. 

former 

 

new 

 

 

Fig. 17  Synchronization configuration sketch in the former fastSIM system [HWLW2] and 

in [HWLW3]. Figure taken from: [HWLW3]. Copyright ©  IOP Publishing. 

The laser is off while the frame is uploading to the SLM. This switching 

time between two frames is ~0.434 ms. In the continuous acquisition, the 

camera readout lines which reset the pixel to zero immediately are always in 

the dark region of the adjacent displayed frame on the SLM. The camera 

exposure lines move continuously behind the readout lines. In order to ensure 

continuous readout, the exposure time of each frame is chosen roughly the 

same as the frame switching time on the SLM which is 0.5 ms in this acquisition 

configuration. An animation visualizes the acquisition process including the 
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displayed SLM frames and the positions of the start-exposure and readout lines 

can be fine in the supplementary materials in [HWLW3]. This new approach 

can achieve a very high raw frame rate of 714 fps and a very high superresolved 

frame rate of 79 fps with a ROI of 16.5 × 16.5 µm2. The comparison between the 

former acquisition method in [HWLW2] and the new acquisition method in 

[HWLW3] is shown in Fig. 17.  

 

Fig. 18  Superresolved imaging with the new acquisition method described in [HWLW3]. 

BPAE cell labelled with Alexa 4.Fluor® 488 phalloidin. a) Wide-field image. b) SIM image. 

Magnifications of the blue-boxed region represent c) wide-field and d) SIM results. The 

scale bar in c) and d) is 1 µm. e) Normalized intensity profiles along the yellow line in both 

a) and b). Figure taken from: [HWLW3]. Copyright ©  IOP Publishing. 

We imaged actin filaments of BPAE cells, the same prepared cell slide 

from Invitrogen®  as before, using the new acquisition configuration in the 

fastSIM setup. The wide-field and superresolved SIM images are shown in Fig. 

18. The effective illumination time of each segmented frame displayed on the 

SLM is 0.5 ms. 14 segmented frames were displayed on the SLM and 9 camera 

readout images were acquired for reconstructing one 2D superresolved SIM 

http://iopscience.iop.org/article/10.1088/0957-0233/27/5/055401/meta
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image. The total acquisition time is 12.6 ms which corresponds to a 

superresolved acquisition frame rate of 79 fps. 

The characteristic of each fastSIM system version as well as the achieved 

results is shown in Table 3.  We demonstrated the improvement of the 

acquisition speed in the fastSIM system by modifying the hardware 

configuration or changing the synchronization routine. The new acquisition 

method can achieve the fastest acquisition speed till now. However, in this 

synchronization configuration, the exposure time is no longer adjustable. Thus, 

the sample must show strong fluorescence or a higher laser power is needed if 

the sample is not bright enough. Nevertheless, the switching between two 

acquisition methods, in [HWLW2] and in [HWLW3], is flexible and can be 

carried out without changing the setup’s hardware configuration.  

FastSIM System Version [HWLW1] [HWLW2] [HWLW3] 

Acquisition Speed 7.6 fps 18.01 fps 79 fps 

Excitation light 442 nm 488 nm 488 nm 

Mean FWHM of Microspheres 
in Wide-field (nm) 

224.8 ± 21.2 222.3 ± 38.5 282 ± 25.2 

Mean FWHM of Microspheres 
in SIM (nm) 

114.2 ± 9.5 93.6 ± 15.1 108 ± 19.2 

Azimuthal Polarization of the 
Illumination Light in the 
Sample Plane 

No Yes Yes 

Adjustable Exposure Time Yes Yes No 

Cell Imaging No Yes Yes 

Fast Dynamics Imaging Result No Yes Not yet 

Table 3  Characteristics of the fastSIM system among each version. 

 

2.4. Computation of grating patterns - Changes in the 

software 

The concept of the design of the grating patterns displayed on the SLM has been 

presented in [HWLW1] and [HWLW2]. Here, only few concepts shall be 
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introduced. As we use a passive Fourier filter to select only the ±1st diffraction 

orders in the Fourier plane of the SLM to form the structured illumination in 

the sample plane, a simulation is useful for us to understand the distribution of 

all diffraction orders in Fourier space. In [HWLW1], we presented the first 

version of the grating pattern generation algorithm, only considering the effect 

of the pixelated grating pattern on the SLM. This algorithm seemed to work 

well for the gratings pairs chosen at that time, and the passive Fourier filter 

successfully selected only the ±1st diffraction orders. Later, we observed extra 

diffraction orders from the SLM display structure that caused a breakdown of 

this algorithm when we tried to do SIM imaging with more grating orientations. 

These residual diffraction orders come from the existence of the periodicity of 

the square pixels and the internal distribution of vias in the display structure 

(see Fig. 19 a). Thus, the diffraction orders originating from the pixelated 

grating pattern itself convolve with these residual diffraction orders in Fourier 

space. 

 

Fig. 19  A schematic sketch of the residual structure of the SLM display (theory). a) The 

pixelated SLM display and the vias underneath the display are marked in blue. b) Fourier 

transform of the residual structure of the SLM display. The periodicity of the square pixels 

contributes to four diffraction orders marked in yellow. The internal distribution of the via 

structures introduce another six diffraction orders marked in white. Figure b) taken from: 

[HWLW2]. Copyright ©  IOP Publishing. 
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A unit cell is defined by two vectors Va
⃑⃑  ⃑ and Vb

⃑⃑⃑⃑  as shown in Fig. 20 a). The 

grating pattern is then the multiple replication of the unit cell. A set of 

parameters are given to define the grating constant, the grating orientations 

and the unit cell vectors. Two phase step vectors are introduced to calculate the 

equidistant phase step. Fig. 20 shows one frame of a pixelated grating pattern 

displayed on the SLM and the corresponding diffraction orders in the Fourier 

plane of the SLM in a real case with all three orientations of grating patterns 

display. In Fig. 20 b), the six yellow rings indicate the holes on the passive 

Fourier filter. By adopting this new grating search algorithm, six orientations of 

grating pattern pairs can be found and the passive Fourier filter can still 

successfully block all unwanted diffraction orders except the ± 1st diffraction 

orders which we used in [HWLW4] for the NL-SIM experiment. 

 

Fig. 20 A schematic sketch of the concept of spatial frequency filtering in the Fourier 

space. a) A grating pattern displayed on the SLM. Lattice points are pixels marked in red.  

Va
⃑⃑⃑⃑  and Vb

⃑⃑⃑⃑   are unit cell vectors. P denotes grating constant. Sx and Sy are two components 

of a phase step vector. b) The Fourier transform of the grating pattern orientated in three 

directions separated by ~60o. Figure taken from: [HWLW2]. Copyright ©  IOP Publishing. 
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2.5. Vibrations and air fluctuations in the environment 

Vibrations come from everywhere. Influences from the building transferred 

through the optical table, the cooling fan of the laser, the filter fan unit (FFU) 

above the optical table, even persons walking near the optical table may 

fluctuate and their effects on the surrounding air might all be sources of 

vibrations that may shake the illumination grating pattern during image 

acquisition. Thus, a closed cage around a superresolution microscope is 

necessary. 

 

Fig. 21  Vibration test in the fastSIM setup. The sCMOS camera is operated in the air-

cooling mode. 

To ensure a stable structured illumination, we put the laser body outside 

the main optical path section as the fan on the laser body may cause air 

fluctuation. Furthermore, we shut down FFU above the optical table during the 

data acquisition. Moreover, an external z-axis nanopositioning system is placed 

on the microscope body as a stabilized sample holder. This holder is fixed with 

four clamps to the microscope body. The vibration test is done by acquiring 150 
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images of fluorescent microspheres with wide field illumination of 488 nm 

laser. The shift in x and y direction is shown in Fig. 21. The standard deviations 

of the shift are 3.87 nm and 6.45 nm in x direction and in y direction, 

respectively. 

We observed that this vibration mainly comes from the fan on the 

camera when we use the air-cooling mode to cool down the camera chip. Thus, 

we changed to the water-cooling mode to cool down the camera instead. A 

water cooling system (Ultra Titan 150, Hailea) is attached to the camera for this 

purpose. In order to avoid extra vibration from the cooling system, the water 

pipes connected to the camera and the cooling system are fixed on the ground 

and the cooling system is placed on shock absorbing foam. Fig. 22 shows that 

the standard deviations of the shift are 1.94 nm and 1.94 nm in x direction and 

in y direction, respectively for the water cooling mode. 

 

Fig. 22 Vibration test in the fastSIM setup. The sCMOS camera is operated in the water-

cooling mode. An external water cooling system is attached. 
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3. Nonlinear structured illumination microscopy 

(NL-SIM) – Gaining further spatial resolution 

Apart from improving the acquisition rate of SIM, we also worked on gaining 

further resolution improvement through nonlinear structured illumination 

microscopy (NL-SIM). The linear dependence of the fluorophore emission rate 

on the illumination intensity can be changed to a non-linear dependence by 

saturating either the fluorescent excited state (S1) or the nonfluorescent off-

state (Soff) of a photoswitchable fluorescent protein (see Fig. 23). In the past 

years, many scientists dedicated their efforts to develop reversibly 

photoswitchable fluorescent proteins (RSFPs), e.g. Dronpa [16, 17], mIrisFP [31, 

32], mIrisGFP, rsEGFP [33] etc. However, acquiring sufficient fluorescence for 

reconstructing a NL-SIM image is problematic with these RSFPs as they either 

offer low photostability after a few switching cycles, long relaxation time or low 

quantum yield. Some newly developed RSFPs, like Skylan-NS [34] and Kohinoor 

[35], overcome these problems.  

3.1. Nonlinear photo-response from photoswitchable 

proteins 

When the nonlinear dependence of the fluorescence emission rate on the 

illumination intensity is created, the effective fluorescence emission pattern 

contains higher-order harmonics (±2𝑘𝑏
⃑⃑⃑⃑ , ±3𝑘𝑏

⃑⃑⃑⃑  etc., which are multiples of ±𝑘𝑏
⃑⃑⃑⃑ ) 

in Fourier space (see Fig. 23 e). The object information attaches to all higher-

order harmonics as to the zeroth component in Fourier space. The achievable 

resolution is restricted by the signal-to-noise (SNR) ratio and thus only the 

frequency orders above the noise level are detectable and therefore suitable for 

NL-SIM image reconstruction. 
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Fig. 23 Simulation of fluorescence emission distribution in a two-beam LSIM and a NL-

SIM scheme. a) Switching behavior of photoswitchable proteins, such as Dronpa, mIrisGFP, 

rsEGFP and Skylan-NS. Excitation 𝜆: 488 nm, photodeactivation  𝜆: 488 nm, 

photoactivation 𝜆: 405 nm. SOFF, S0, S1 and kR denote the dark state, the fluorescent 

ground state, the fluorescent excitation state and the rate constant of fluorescence, 

respectively. b) Fluorescence emission distribution in a two-beam LSIM system. c) 

Fluorescence emission distribution (green curve) in a two-beam NL-SIM system where 

there is fluorophore saturation in the dark state. The deactivation is done by the 488 nm 

laser (blue curve). d) A scheme of the fluorescence emission pattern of b) in Fourier space. 

e) A scheme of the fluorescence emission pattern of c) in Fourier space. 

Fig. 23 b) shows the LSIM case when the fluorescence emission pattern 

(green curve) is linearly dependent on the excitation intensity. Note that the 
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excitation pattern is at the same lateral position as the emission pattern. The 

corresponding zeroth and the ±1st components are shown in Fig. 23 d) for this 

sinusoidal fluorescence emission pattern. One of the approaches to create a 

nonlinear dependence of the fluorescence emission pattern on the illumination 

intensity is to saturate the nonfluorescent off-state of the fluorophore. For 

example, an illumination wavelength of 488 nm can be used for deactivating 

Skylan-NS and for excitation as well. A 405 nm laser drives these RSFPs to the 

on state (S0). Fig. 23 c) shows the remaining fluorophores in the on state (green 

curve) after deactivation by the spatially patterned illumination of 488 nm 

(blue curve). Thus, the fluorescence emission pattern is no longer sinusoidal 

(see green curve in Fig. 23 c) which leads to the appearance of higher-order 

harmonics (see Fig. 23 e) at high saturation level. Moreover, in order to obtain 

enough fluorescence from the remaining fluorophores in the on-state and thus 

push up the intensity of higher-order harmonics, it is preferable to use the same 

spatially patterned illumination of 405 nm with a π/2 phase shift with respect 

to the deactivation wavelength of 488 nm. This requires an accurate design of 

the grating pattern to produce a perfect 405 nm illumination pattern that is 

very precisely aligned to the 488 nm illumination pattern at every position to 

overcome the achromatic aberration in an objective [18].  

We chose the photoswitchable fluorescent protein Kohinoor to perform 

the NL-SIM experiments due to its property of positive photoswitchability (see 

Fig. 24 a), as we can deactivate Kohinoor with 405 nm over a large field of view 

and activate Kohinoor with 488 nm patterned illumination simultaneously to 

generate the nonlinear fluorescence emission rate to the illumination intensity 

(see Fig. 24 b). This greatly simplifies the NL-SIM acquisition method as the 

acquisition method to the same scheme we used for LSIM and avoids 

illuminating the SLM with the 405 nm laser since 405 nm lie outside its 

recommended safe working range of wavelength. A schematic diagram of the 

NL-SIM setup is shown in Fig. 25. The electronic circuit sketch can be found in 

Appendix A.2. 



 

41 
 

 

Fig. 24  Simulation of nonlinear fluorescence emission characteristics in a two-beam NL-

SIM scheme. a) Illustration of switching behavior of Kohinoor. Excitation λ: 488 nm, 

photoactivation λ: 488 nm, photodeactivation λ: 405 nm. SOFF, S0, S1 and 𝑘R denote the 

dark state, the fluorescent ground state, the fluorescent excitation state and 

the rate constant of fluorescence, respectively. b) Simulated dependence of the 

fluorescence emission distribution in a steady state with no simultaneous 

photodeactiviation (blue solid line) and photodeactivation with high powered 405 nm 

illumination (red solid line) over a large field of view in which the relative transition 

rate of the 405 nm laser is equal to 0.1𝑘R. c) Absolute component strength. d) Relative 

component strength. Figure taken from: [HWLW4].  
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Fig. 25  A schematic diagram of the fast nonlinear structured illumination microscope 

setup. The NL-SIM setup is upgraded from the former setup described in [HWLW2]. A 

405 nm laser and a small mirror are integrated into the system. The zero diffraction order 

of the 488 nm laser is blocked by the backside of a small mirror (M1) used to reflect the 

405 nm laser into the system near the Fourier plane of the SLM. Both 405 nm and 488 nm 

laser are sent to the sample plane through a 63× oil immersion objective. The 405 nm laser 

illuminates the sample over a large field of view for photodeactivation while the ±1st 

diffraction orders of the 488 nm laser form an interference pattern on the sample for 

excitation and photoactivation. Figure taken from: [HWLW4]. 

However, there are two constraints on generating the nonlinearity by 

this method. First, the saturation level achievable by this method is limited. 

With a higher intensity of the deactivation laser, the nonlinearity is stronger 

(see Fig. 24 b). However, it also pushes down the general grating contrast, as 

the deactivation happens everywhere in the illuminated region. Fig. 24 d) 

shows the simulation of the relative diffraction order strengths which indicates 

that only the first higher-order harmonics (the ±2nd diffraction orders) are 

slightly above the noise level. Secondly, the molecular switching perturbs the 
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overall emission pattern and leads to artefacts in the SIM reconstruction, even 

if many photons can be detected form a single fluorophore. Since the 

concentration of fluorophores is not very far from the single-molecule regime, 

we solved this problem by opting for several switching cycles contributing to a 

single detected image by applying both activation and deactivation 

simultaneously. The direct consequence will be a decrease in acquisition speed. 

The resolution in our NL-SIM result is slightly better than in the LSIM image 

(see Fig. 26). 

 

Fig. 26  NL-SIM imaging of a HeLa cell expressing Kohinoor-actin. a) NL-SIM image in a 

large field of view. Magnified view of the yellow-boxed region and blue-boxed region 

represent conventional wide-field microscopy image b) and f), LSIM image c) and g), and 

NL-SIM image d) and h), respectively. Scale bar in magnified images is 500 nm. e) 

Normalized intensity profiles along the white line in b), c) and d). Part of figures taken from: 

[HWLW4].  
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4. Conclusion 

The construction of the first fastSIM setup prototype as well as the grating 

design for the pixelated display of the SLM was demonstrated in [HWLW1]. A 

superresolved SIM image of fluorescent microspheres was presented to prove 

the state-of-the-art implementation of the fastSIM system. In [HWLW2], we 

upgraded the fastSIM system to a faster acquisition scheme by employing a 

laser with a wavelength fitting to the maximum excitation of the fluorophore 

and by adopting the free running mode of the novel sCMOS camera, which 

offers faster readout. The isotropic resolution improvement was achieved by 

employing two identical dichromatic reflectors, where the second dichromatic 

reflector compensates for the phase changes of the polarization induced by the 

first dichromatic reflector. We modified the grating search algorithm by 

exploring the residual structures on the SLM display and optimized it for 

advanced grating pattern design with more grating orientations and the 

required accurate phase steps. SIM is a superior method for fast acquisition of 

large fields of view which we demonstrated in a recorded time-lapse video (see 

supplementary materials in [HWLW2]). We showed that the attainable 

acquisition speed in our fastSIM system is suited to imaging fast dynamics of 

fluorescent microspheres diffusing in a 3D volume sample. In [HWLW3], we 

achieved the fastest acquisition rate up to this day by adopting a new 

synchronization configuration where the 14 segmented grating patterns 

displayed on the SLM are synchronized with the rolling shutter position of the 

sCMOS camera.  

For achieving a nearly perfect superresolved NL-SIM image, a stable 

structured illumination and drift-free imaging is required. Therefore, several 

methods were employed to reduce air fluctuations and vibrations from the 

environment and from the equipment in the setup. The construction of the fast 

NL-SIM setup and the study of fluorophore saturation were demonstrated in 

http://dx.doi.org/10.1088/2050-6120/3/1/014001
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[HWLW4]. Further resolution improvement was achieved with the help of 

Kohinoor, a photoswitchable fluorescent protein using the NL-SIM system. 

Additional applications of SIM imaging in biological studies were 

demonstrated in [HWLW5] in the localization of the mycobacteria position 

inside macrophages and as a comparison to Raman microspectroscopy imaging.  

In [HWLW6], the 3D SIM image demonstrated the uptake of the 

polyunsaturated aldehyde (PUA) probe into cells of the diatom Phaeodactylum 

tricornutum to reveal protein targets of PUAs and to study the affected 

metabolic pathways. 

5. Outlook 

5.1. Dual-colors 3D SIM imaging 

The current fastSIM setup offers an illumination pattern formed by two-beam 

interference. There is a trade-off between the grating contrast in the sample 

plane and the optical sectioning along the z direction when the zeroth order 

from the SLM is blocked by a Fourier filter. This is a general problem in a 

conventional light microscope due to the “missing cone” in the wide-field OTF. 

In a two-beam SIM system, the missing cone can be filled substantially if the 

modulation frequency is close to half the limit frequency. However, the lateral 

resolution gain will only be 1.5 [36]. By employing three-beam interference to 

form the illumination pattern in SIM, the optical sectioning is optimal and 

results in the removal of out-of-focus light [24, 36, 37]. The challenge lies in the 

rapid control of the azimuthal polarization of the zeroth and the ±1st diffraction 

orders, as the contrast of the illumination grating depends on the polarization 

of the illumination beams. The azimuthal polarizer currently used in the 

fastSIM setup has an undefined region in the center, and thus it has to be 

replaced by a tunable polarization rotator which can modulate all diffraction 

orders, such as a liquid crystal cell (SWIFT; Meadowlark). However, the 
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shortcoming of the Meadowlark device is its temperature depended drift of the 

liquid crystal cell which requires frequent recalibration.  

Another future aim of our fastSIM system is to employ dual-color 

illumination. By mounting the Fourier filter on a motorized rotator, a flexible 

diffraction order selection can be realized. In order to achieve the same 

resolution improvement in dual-color SIM, grating patterns with different 

grating constants, corresponding to the laser wavelengths, need to be applied. 

5.2. Further resolution improvement in NL-SIM 

The current NL-SIM acquisition method offers only very little resolution 

improvement with respect to LSIM as the nonlinearity of the fluorescence 

emission pattern does not push up the strength of the first higher-order 

harmonics significantly. Besides, the noise effect of the single-molecule 

switching coming from the simultaneous photoactivation and 

photodeactivation of the fluorophore creates artefacts in the SIM 

reconstruction. Two alternative acquisition methods might help to avoid the 

single-molecule switching and gain further resolution improvement in NL-SIM: 

Method A: Pre-photoactivation with patterned illumination of the 488 nm laser 

As photoactivation of Kohinoor can be done with the 488 nm laser, pre-

photoactivation before acquiring NL-SIM data to achieve higher nonlinearity of 

the fluorescence emission pattern is possible. First, all fluorophores in a large 

field of view are deactivated using the 405 nm laser and then ~20% of 

fluorophores are activated with patterned illumination of the 488 nm laser. 

Then the NL-SIM data is acquired with a 𝜋 phase shift of the patterned 

illumination of the 488 nm laser. This will lead to saturation in the fluorescent 

excited state. Fig. 27 c) shows that the absolute value of the relative diffraction 

strength of the first higher-order harmonics is pushed up to ~30%, which can 

contribute significantly to the signal for the NL-SIM image reconstruction. 
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Fig. 27  Simulation of nonlinear fluorescence emission characteristics in a two-beam NL-

SIM scheme. a) Simulated dependence of the fluorescence emission distribution with pre-

photodeactivation (green solid line) and with no photodeactivation (red solid line). The 

patterned illumination for pre-photodeactivation is shown as the blue dashed line. The 

patterned illumination for excitation is shown as the blue solid line. b) Absolute 

component order strength calculated from the green curve in a). c) Relative component 

order strength calculated from the green curve in a). 
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Method B: Introducing photodeactivation with patterned illumination of the 

405 nm laser 

The other alternative method is to use photoactivation with patterned 

illumination of the 405 nm laser instead of a wide-field activation. This requires 

a perfect calibration of the position of the illumination grating in the sample 

plane with both the 488 nm and the 405 nm laser, as an optical lens introduces 

chromatic aberration. The chromatic aberration introduces a phase shift of the 

interference pattern, i.e. illumination grating, and as well as a grating constant 

difference between different wavelengths of light. Consequently, it will lead to 

an unexpected region of photoactivation/photodeactivation of the fluorophores. 
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Appendix 

A.1 Electronic circuit sketch in the first prototype of 
fastSIM setup  
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A.2 Electronic circuit sketch in nonlinear fastSIM 
setup  
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B.1 Arduino_Code: fastSIM_main_ArduinoProgram 

/* In this InternalRunningMode, the ExposureTime has to be given on Camera 
Software. 
  In order to get proper GlobalExposureTime for different Rep the "real" Readout 
  Timing and Shutter Open Timing have to be tested. 
*/ 
// variables needed to be defined depends on cases 
int rep = 1;           // repetition of images 
int NLSIM = 0; 
int NLcycle = 6;       // 6 means one 405, one DeEx, one Measure 3 Clear images 
int KohinoorNLSIM = 0; // 405 nm always on and do LSIM with 488 nm. 
int DoZstack = 0;      // "1" enable trigger to Zstack-Arduino, 
                                  // "0" disable Zstack-Arduino trigger 
int NumSlices = 15;    // # of slices for z-scanning; should be the same as in the  
                                     // Zstack-Arduino 
int DoLASER = 2;       /* processes one SLM cycle on-switch-off-switch, 
                         DoLASER==0 mean Laser always off, 
                         DoLASER==1 means Laser on only Frame 
                         DoLASER==2 means Laser on Frame and Antiframe, */ 
int conIllu = 0;       // for continuous illumination;  
int NLSwitch = 0;      // for Photoswitchable fluorophore swtiching test 
int KNLSwitch = 0;     // for Kohinoor Photoswitchable fluorophore swtiching test 
int KSwitch405 = 0;    // for Kohinoor Photoswitchable fluorophore,  swtiching test  
      // with 405  
                                     // on/off cycle by cycle 
// define variables for SLM repertoire 
int NumDirs = 3;       // number of directions of grating 
int NumPhases = 3;     // number of phases of grating 
int TriggerR = 1;      // check Camera Trigger_ready output 
int Shot = 10;         // 405 nm activated illu. 
int captures = 20;     // 488nm deactivated illu. 
int Clear405 = 1; 
int t fastR = 0;         // Liyan's rolling SLM project 
int LSIMwith405 = 0;   // take LSIM data with 405 nm laser.  
                                       // w1: 405 nm always on, w2: 405 nm on when the camera                                        
      // readout. 
/* 
  Trigger for the Hamamatsu C11440 in both LiveMode and TimeSeriesMode 
  Trigger Mode: External Level Trigger,set exposure time and exposure length 
*/ 
// define pin on Arduino (all variables) 
int cam_in = 2;        // trigger to camera. (ie. start exposure) 
int cam_out_G = 3;     // Global exposure trigger from camera. 
int cam_out_R = 4;     // Trigger ready output from camera (signal is high if camera is  
      // ready  
                                      //for next exposure) 
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int laser_enable = 7;  // Trigger laser on/off, blanking mode 
int slm_out = 9;       // SLM LED enable signal, "HIGH" indicates SLM is displaying images 
int slm_ext_run = 10;  // starts hardware, activate running orders 
int slm_trigger = 11;  // if high start showing image 
int DoActLaseer = 12;  // trigger 405 nm laser 
int DoGLaser = 8;      // trigger 532 nm laser 
int zstackarduino = 5; // to zstack arduino board 
 
// define variables for TestLASER() 
int blinks = 3;        // number of blinks at the beginning 
int countblinks = 0; 
// define variables for z-stage 
int Slice = 0; 
int mindelay = 100;    // time for delay 
 
int debug = 1; 
#define D(x) do{if(debug){x;}}while(0) 
 
void setup() { 
  // allocate names to pins on arduino 
  //DIGITAL SIGNALS 
  Serial.begin(9600);  // opens serial port, sets data rate to 9600 bps 
  Serial.println("waiting for input. Enter 'h' to see all the current paremeters."); 
  Serial.print('\n'); 
  Serial.println ("Or enter 'H' to see introduction of all paremeters."); 
  // CAMERA 
  pinMode(cam_in, OUTPUT);        // exposure while signal is high 
  pinMode(cam_out_R, INPUT);      // Camera Trigger ready signal 
  pinMode(cam_out_G, INPUT);      // Global exposure signal 
  // LASER 
  pinMode(laser_enable, OUTPUT);  // Luxx 488nm can be triggered in 10 ns 
  pinMode(DoActLaseer, OUTPUT);   // trigger 405 nm laser 
  pinMode(DoGLaser, OUTPUT);      // trigger 532 nm laser 
  // SLM 
  pinMode (slm_ext_run, OUTPUT);    
  pinMode (slm_trigger, OUTPUT);    
  pinMode (slm_out, INPUT);        // LED_EN 
  // z-stage 
  pinMode (zstackarduino, OUTPUT); 
  digitalWrite (slm_ext_run, HIGH); //starts running order of SLM (Hardward Mode) 
  TestLASER(); 
} 
//test if Laser is working (try blinking) 
void TestLASER() { 
  countblinks = 0; 
  while (countblinks < blinks) { 
    digitalWrite (laser_enable, LOW); 
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    delay(200);  // millisecond 
    digitalWrite (laser_enable, HIGH); 
    delay(200); 
    countblinks = countblinks + 1; 
  } 
  digitalWrite (laser_enable, LOW);    // after 3 blinks, Laser is set to low = off 
} 
 
void SLMCycle(int DoLASER) { 
  while (digitalRead(slm_out) == LOW) { 
    delayMicroseconds(mindelay);      // this delay is for checking digitalRead not so 
often 
  } 
  if (DoLASER > 0) digitalWrite (laser_enable, HIGH); 
  while (digitalRead(slm_out) == HIGH) { 
    delayMicroseconds(mindelay);      // positive image on SLM 
  } 
  if (DoLASER > 0) digitalWrite(laser_enable, LOW);     // Now SLM is under switching  
          // process,  
                                                                // stop illumination the SLM,  
                                                                    // camera still integrating! 
  while (digitalRead(slm_out) == LOW) { 
    delayMicroseconds(mindelay); 
  } 
  if (DoLASER > 1) digitalWrite(laser_enable, HIGH); // illuminate the SLM again 
  while (digitalRead(slm_out) == HIGH) { 
    delayMicroseconds(mindelay);   // SLM shows negative image 
  } 
  if (DoLASER > 1) digitalWrite(laser_enable, LOW) ; // Now SLM is under switching                                                   
         // process,  
                                                                           // stop illumination the SLM 
} 
 
void fastRSLMCycle() { 
  while (digitalRead(slm_out) == LOW) { 
    delayMicroseconds(mindelay);       
  } 
  digitalWrite(laser_enable, HIGH); 
  while (digitalRead(slm_out) == HIGH) { 
    delayMicroseconds(mindelay);      // positive image on SLM 
  } 
  digitalWrite(laser_enable, LOW);    // Now SLM is under switching process, stop  
                                                                // illumination the SLM 
} 
void loop() { 
checkinput: 
  // send data only when you receive data: 
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  while (Serial.available() > 0) { 
    //D(Serial.println("waiting for input")); 
 
    switch (Serial.read()) { 
      case 'r': rep = Serial.parseInt(); Serial.print("'r#' rep:"); Serial.println(rep, DEC);  
  break; 
      case 'z': { DoZstack = Serial.parseInt ();Serial.print ("'z1/z0' DoZstack:");  
                  Serial.println (DoZstack, DEC); break; } 
      case 's': { NumSlices = Serial.parseInt ();Serial.print ("'s#' NumSlices:");  
                  Serial.println (NumSlices, DEC); break; } 
      case 'c': { conIllu = Serial.parseInt (); NLSIM = 0; NLSwitch = 0; KohinoorNLSIM = 0;   
                  fastR = 0; KNLSwitch = 0; Serial.print ("'c1/c0' conIllu:");  
                  Serial.println (conIllu, DEC); break;} 
      case 'l': { DoLASER = Serial.parseInt ();Serial.print ("'l1/l0' DoLASER:");  
                  Serial.println (DoLASER, DEC); break;} 
      case 'o': { NumDirs = Serial.parseInt ();Serial.print ("'o#' NumDirs:");  
                  Serial.println (NumDirs, DEC); break;} 
      case 'p': { NumPhases = Serial.parseInt ();Serial.print ("'p#' NumPhases:");  
                  Serial.println (NumPhases, DEC); break;} 
      case 'K': { KohinoorNLSIM = Serial.parseInt (); conIllu = 0; NLSwitch = 0; NLSIM = 0;  
                  NumDirs = 6; NumPhases = 5; Serial.print ("'K1/K0' KohinoorNLSIM:");  
                  Serial.println (KohinoorNLSIM, DEC); Serial.println ();  
                  Serial.print ("conIllu=0; NLSIM=0; NLSwitch=0; NumDirs=6; NumPhases=5");  
                  Serial.print ('\n'); break;} 
      case 'P': { KSwitch405 = Serial.parseInt (); conIllu = 0; NLSIM = 0; NumDirs = 6;   
                  NumPhases = 5; Serial.print ("'P1/P0' KSwitch405:");  
                  Serial.println (KSwitch405, DEC); Serial.println ();  
                  Serial.print ("conIllu=0; NLSIM=0; NLSwitch=0"); Serial.print ('\n'); break;} 
      case 'N': { NLSIM = Serial.parseInt (); conIllu = 0; NLSwitch = 0; NumDirs = 6;  
                  NumPhases = 5; Serial.print ("'N1/N0' NLSIM:"); Serial.println (NLSIM, DEC);  
                  Serial.parseInt ();break;} 
      case 'S': { NLSwitch = Serial.parseInt (); NLSIM = 0; conIllu = 0;  
                  Serial.print ("'S#' NLSwitch:"); Serial.println (NLSwitch, DEC); break;} 
      // case 'k':{ KNLSwitch=Serial.parseInt();Serial.print("'k#' KNLSwitch:");  
      //            Serial.println(KNLSwitch,DEC);break;} 
      case 'C': { NLcycle = Serial.parseInt ();Serial.print ("'C#' NLcycle:");  
                  Serial.println (NLcycle, DEC); break;} 
      case 't': { Shot = Serial.parseInt ();Serial.print ("'t#' Shot:"); Serial.println (Shot, DEC);  
                  break;} 
      case 'u': { captures = Serial.parseInt ();Serial.print ("'u#' captures:");  
                  Serial.println (captures, DEC); break;} 
      case 'e': { Clear405 = Serial.parseInt ();Serial.print ("'e#' Clear405:");  
                  Serial.println (Clear405, DEC); break;} 
      case 'A': Serial.print ("405 nm laser ON"); digitalWrite(DoActLaseer, HIGH); break; 
      case 'a': Serial.print ("405 nm laser OFF"); digitalWrite(DoActLaseer, LOW); break; 
      case 'G': Serial.print ("532 nm laser ON"); digitalWrite(DoGLaser, HIGH); break; 
      case 'g': Serial.print ("532 nm laser OFF"); digitalWrite(DoGLaser, LOW); break; 
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      case 'f': { fastR = Serial.parseInt ();Serial.print ("f#' fastR:");  
                  Serial.println (fastR, DEC); break;} 
      //      case 'w': { LSIMwith405=Serial.parseInt(); Serial.print("'w2/w1/w0' 
LSIMwith405:");  
      //                  Serial.println(LSIMwith405,DEC);break;} 
      //      case 't': { DoTimeSeries=Serial.parseInt(); Serial.print("'t' DoTimeSeries:");  
      //                  Serial.println(DoTimeSeries,DEC);break;} 
      case 'h': 
        Serial.print ("'c1/c0' conIllu: "); Serial.println (conIllu, DEC); 
        Serial.print ("'r#' rep:"); Serial.println (rep, DEC); 
        Serial.print ("'o#' NumDirs:"); Serial.println (NumDirs, DEC); 
        Serial.print ("'p#' NumPhases:"); Serial.println (NumPhases, DEC); 
        Serial.print ("'f#' fastR:"); Serial.println (fastR, DEC); 
        Serial.print ("'K1/K0' KohinoorNLSIM:"); Serial.println (KohinoorNLSIM, DEC); 
        Serial.print ("'P1/P0' KSwitch405:"); Serial.println (KSwitch405, DEC); 
        Serial.print ("'N1/N0' NLSIM:"); Serial.println (NLSIM, DEC); 
        Serial.print ("'C#' NLcycle:"); Serial.println (NLcycle, DEC); 
        Serial.print ("'S1/S0' NLSwitch:"); Serial.println (NLSwitch, DEC); 
        //        Serial.print("'k1/k0' KNLSwitch:"); Serial.println(KNLSwitch,DEC); 
        Serial.print ("'t#' Shot:"); Serial.println (Shot, DEC); 
        Serial.print ("'u#' captures:"); Serial.println (captures, DEC); 
        Serial.print ("'e#' Clear405:"); Serial.println (Clear405, DEC); 
        Serial.print ("'z1/z0' DoZstack:"); Serial.println (DoZstack, DEC); 
        Serial.print ("'s#' NumSlices:"); Serial.println (NumSlices, DEC C); 
        Serial.print ("'A' 405 nm laser ON;'a' 405 nm laser OFF "); 
        Serial.print ("'G' 532 nm laser ON;'g' 532 nm laser OFF "); 
        Serial.print ("'l1/l0' DoLASER:"); Serial.println (DoLASER, DEC); 
        //        Serial.print("'w2/w1/w0' LSIMwith405:"); Serial.println(LSIMwith405,DEC); 
        break; 
 
      case 'H': 
        Serial.print ("(countinue 488 nm illumination)'c1/c0' conIllu:"); Serial.print ('\n'); 
        Serial.print (" (longer exposure time, r=3, 5, 10, 15, 20)'r#' rep: ");  Serial.print  
  ('\n'); 
        Serial.print (" (number of grating orientation)'o#' NumDirs:"); Serial.print ('\n'); 
        Serial.print (" (number of grating phase shift)'p#' NumPhases:"); Serial.print ('\n'); 
        //        Serial.print("(Liyan's project)'f#' fastR:"); Serial.print('\n'); 
        Serial.print (" (Do Kohinoor LSIM with 405 nm laser on all the time)'K1/K0'  
  KohinoorNLSIM:");  
        Serial.print ('\n'); 
        Serial.print (" (Do NLSIM with rsEGFP or mIrisGFP)'N1/N0' NLSIM:"); Serial.print 
  ('\n'); 
        Serial.print ("(Do NLSIM with rsEGFP or mIrisGFP, #=Deact+Measure+Clear)'C#' 
  NLcycle:");  
        Serial.print ('\n'); 
        Serial.print ("(Do photoswitching experiment)'S1/S0' NLSwitch:"); Serial.print ('\n'); 
        Serial.print (" (# of 405 nm shot for doing photoswitching experiment)'t#' Shot:");  



 

138 
 

        Serial.print ('\n'); 
        Serial.print (" (# of 488 nm shot for doing photoswitching experiment)'u#'  
  captures:");  
        Serial.print ('\n'); 
        Serial.print (" (# of 405 nm shot for doing Kohinoor photoswitching)'e#'  
  Clear405:");  
        Serial.print ('\n'); 
        Serial.print (" (Do z-scanning)'z1/z0' DoZstack:"); Serial.print ('\n'); 
        Serial.print (" (# of slice of doing z-scanning, should be the same as ");  
        Serial.print (" in z-scanning Arduino code.)'s#' NumSlices:");  
        Serial.print ('\n'); 
        Serial.print ("'A' 405 nm laser ON;'a' 405 nm laser OFF "); 
        Serial.print ("'G' 532 nm laser ON;'g' 532 nm laser OFF "); 
        Serial.print (" (l0: no 488 nm, l1: 488 nm on with + SLM image, ");  
        Serial.print ("l2: 488 nm on with both +- SLM images)DoLASER:");  
        Serial.print ('\n'); 
        //        Serial.print("'w2/w1/w0' LSIMwith405:");Serial.print('\n'); 
        break; 
    } 
    //D(Serial.println("maybe new input")); 
    Serial.println (); 
    Serial.print ("maybe new input, eg. 'r1'. Or enter 'h' to see all the current paremeters. 
  "); 
    Serial.print ('\n'); 
    Serial.print ("Or enter 'H' to see introduction of all paremeters."); 
    Serial.print ("*********************************************************"); 
  } 
 
  if (conIllu) { 
    digitalWrite(laser_enable, HIGH); 
  } 
  else if (NLSwitch) { 
    int camwaitcount = 0; 
    int wasreset; 
    int i; 
    int j; 
    int t; 
 
    if (TriggerR) { 
      while (digitalRead (cam_out_R) == LOW) { 
        camwaitcount++; 
        if (camwaitcount == 10000) { 
          goto checkinput; 
        } 
      } 
      TriggerR = 0; 
    } 
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    digitalWrite (DoActLaseer, HIGH); 
    while (digitalRead (cam_out_R) == HIGH) { 
    } 
    digitalWrite (DoActLaseer, LOW); 
    wasreset = 0; 
 
    cli();   // disable global interrupts for the time that pricise timing is needed 
    for (i = 0; i < Shot; i++) { 
      for (j = 0; j < captures; j++) { 
        if (!wasreset) { 
          int countb = 0; 
          while (!wasreset && digitalRead (cam_out_G) == LOW) { 
            for (int i = 0; i < 200; i++) { 
              asm (""); 
            } 
            countb ++; 
            if (countb > 14341) { 
              wasreset = 1; 
              TriggerR = 1; 
            } 
          } 
        } 
        digitalWrite (slm_trigger, HIGH); 
        SLMCycle(DoLASER); 
        digitalWrite (slm_trigger, LOW); 
        if (wasreset) { 
          for (int i = 0; i < 3275; i++) { 
            asm (""); 
          } 
        } 
        while (digitalRead (cam_out_G) == HIGH) { 
        } 
        if (!wasreset) { 
          for (int i = 0; i < 3275; i++) { 
            asm (""); 
          } 
        } 
      } 
      if (!wasreset) { 
        digitalWrite (DoActLaseer, HIGH); 
        for (int i = 0; i < 20000; i++) { 
          asm (""); 
        } 
        for (t = 0; t < Clear405 - 2; t++) { 
          while (digitalRead (cam_out_G) == HIGH) { 
          } 
          while (digitalRead (cam_out_G) == LOW) { 



 

140 
 

          } 
        } 
        while (digitalRead (cam_out_G) == HIGH) { 
        } 
        digitalWrite (DoActLaseer, LOW); 
      } 
    } 
    if (wasreset) { 
      for (int i = 0; i < 3275; i++) { 
        asm (""); 
      } 
    } 
    sei();   // enable global interrupts 
  } 
 
  else if (KNLSwitch) { 
    int camwaitcount = 0; 
    int wasreset; 
    int i; 
    int j; 
 
    if (TriggerR) { 
      while (digitalRead (cam_out_R) == LOW) { 
        camwaitcount++; 
        if (camwaitcount == 10000) { 
          goto checkinput; 
        } 
      } 
      TriggerR = 0; 
    } 
    wasreset = 0; 
 
    cli();    
    for (i = 0; i < Shot; i++) { 
      for (j = 0; j < captures; j++) { 
        if (!wasreset) { 
          int countb = 0; 
          while (!wasreset && digitalRead (cam_out_G) == LOW) { 
            for (int i = 0; i < 200; i++) { 
              asm (""); 
            } 
            countb ++; 
            if (countb > 14341) { 
              wasreset = 1; 
              TriggerR = 1; 
            } 
          } 
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        } 
        digitalWrite (DoActLaseer, HIGH); 
        while (digitalRead (cam_out_G) == HIGH) { 
        } 
        digitalWrite (DoActLaseer, LOW); 
      } 
      if (!wasreset) { 
        int countb = 0; 
        for (int i = 0; i < 20000; i++) { 
          asm (""); 
        } 
        while (!wasreset && digitalRead (cam_out_G) == LOW) { 
          for (int i = 0; i < 200; i++) { 
            asm (""); 
          } 
          countb ++; 
          if (countb > 14341) { 
            wasreset = 1; 
            TriggerR = 1; 
          } 
        } 
        digitalWrite (slm_trigger, HIGH); 
        SLMCycle(DoLASER); 
        digitalWrite (slm_trigger, LOW); 
        if (wasreset) { 
          for (int i = 0; i < 3275; i++) { 
            asm (""); 
          } 
        } 
        while (digitalRead (cam_out_G) == HIGH) { 
        } 
      } 
    } 
    if (wasreset) { 
      for (int i = 0; i < 3275; i++) { 
        asm (""); 
      } 
    } 
    sei();    
  } 
 
  else if (KSwitch405) { 
    int camwaitcount = 0; 
    int wasreset; 
    int i; 
    int j; 
    int t; 
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    if (TriggerR) { 
      while (digitalRead (cam_out_R) == LOW) { 
        camwaitcount++; 
        if (camwaitcount == 10000) { 
          goto checkinput; 
        } 
      } 
      TriggerR = 0; 
    } 
    digitalWrite (DoActLaseer, HIGH); 
    while (digitalRead (cam_out_R) == HIGH) { 
    } 
    digitalWrite (DoActLaseer, LOW); 
    wasreset = 0; 
    cli();    
    for (i = 0; i < Shot; i++) { 
      for (j = 0; j < captures; j++) { 
        if (!wasreset) { 
          int countb = 0; 
          while (!wasreset && digitalRead (cam_out_G) == LOW) { 
            for (int i = 0; i < 200; i++) { 
              asm (""); 
            } 
            countb ++; 
            if (countb > 14341) { 
              wasreset = 1; 
              TriggerR = 1; 
            } 
          } 
        } 
        digitalWrite (slm_trigger, HIGH); 
        SLMCycle(DoLASER); 
        digitalWrite (slm_trigger, LOW); 
        if (wasreset) { 
          for (int i = 0; i < 3275; i++) { 
            asm (""); 
          } 
        } 
        while (digitalRead (cam_out_G) == HIGH) { 
        } 
        if (!wasreset) { 
          for (int i = 0; i < 3275; i++) { 
            asm (""); 
          } 
        } 
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      } 
      unsigned int odd = 0; 
      odd = i % 2; 
      if (!wasreset && !odd) { 
        digitalWrite (DoActLaseer, HIGH); 
        for (int i = 0; i < 200; i++) { 
          asm (""); 
        } 
      } 
      else { 
        digitalWrite (DoActLaseer, LOW); 
        for (int i = 0; i < 200; i++) { 
          asm (""); 
        } 
      } 
    } 
    if (wasreset) { 
      for (int i = 0; i < 3275; i++) { 
        asm (""); 
      } 
    } 
    sei();    
  } 
  else if (!NLSIM) { 
    int wasreset; 
    digitalWrite (slm_trigger, LOW); 
    digitalWrite (laser_enable, LOW); 
    if (DoZstack) { 
      digitalWrite (zstackarduino, LOW); 
    } 
    int camwaitcount = 0; 
    if (TriggerR) { 
      while (digitalRead (cam_out_R) == LOW) { 
        camwaitcount++; 
        if (camwaitcount == 10000) { 
          goto checkinput; 
        } 
      } 
      TriggerR = 0; 
      if (DoZstack) { 
        digitalWrite (zstackarduino, HIGH); 
      } 
    } 
    if (fastR) { 
      while (digitalRead (cam_out_R) == HIGH) { 
      } 
      digitalWrite (slm_trigger, HIGH); 



 

144 
 

      cli(); 
      for (int d = 0; d < 14; d++) { 
        fastRSLMCycle(); 
        digitalWrite (slm_trigger, LOW); 
      } 
      TriggerR = 1; 
      sei(); 
    } 
    if (!fastR) { 
      wasreset = 0; 
      if (DoZstack) { 
        NumSlices = NumSlices; 
      } 
      if (!DoZstack) { 
        NumSlices = 1; 
      } 
      cli();    
      for (Slice = 0; Slice < NumSlices; Slice++) { 
        for (int d = 0; d < NumDirs; d++) { 
          for (int p = 0; p < NumPhases; p++) { 
            if (!wasreset && LSIMwith405 > 0) { 
              digitalWrite (DoActLaseer, HIGH); 
            } 
            if (!wasreset && KohinoorNLSIM == 1) { 
              digitalWrite (DoActLaseer, HIGH); 
            } 
            if (!wasreset) { 
              int countb = 0; 
              while (!wasreset && digitalRead (cam_out_G) == LOW) { 
                for (int i = 0; i < 200; i++) { 
                  asm (""); 
                } 
                countb ++; 
                if (countb > 14341) { 
                  wasreset = 1; 
                  TriggerR = 1; 
                } 
              } 
            } 
            if (LSIMwith405 > 1) { 
              digitalWrite (DoActLaseer, LOW); 
            } 
            digitalWrite (slm_trigger, HIGH); 
            if (DoZstack) { 
              digitalWrite (zstackarduino, LOW); 
            } 
            for (int i = 0; i < rep; i++) { 
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              SLMCycle(DoLASER); 
              digitalWrite (slm_trigger, LOW); 
            } 
            if (wasreset) { 
              for (int i = 0; i < 3275; i++) { 
                asm (""); 
              } 
              digitalWrite (DoActLaseer, LOW); 
            } 
            while (digitalRead (cam_out_G) == HIGH) { 
            } 
          } 
        } 
        if (wasreset && KohinoorNLSIM == 1) { 
          digitalWrite (DoActLaseer, LOW); 
        } 
        if (!wasreset && DoZstack) { 
          digitalWrite (zstackarduino, HIGH); 
          for (int i = 0; i < 29500; i++) { //wait for the stage reaches the given position 
            asm (""); 
          } 
        } 
        digitalWrite (zstackarduino, LOW); 
        while (digitalRead (cam_out_G) == HIGH) { 
        } 
      } 
      sei();    
    } 
  } 
 
  else if (NLSIM) { 
    int wasreset; 
    digitalWrite (slm_trigger, LOW); 
    digitalWrite (laser_enable, LOW); 
    digitalWrite (DoActLaseer, LOW); 
    if (DoZstack) { 
      digitalWrite (zstackarduino, LOW); 
    } 
    int camwaitcount = 0; 
    if (TriggerR) { 
      while (digitalRead (cam_out_R) == LOW) { 
        camwaitcount++; 
        if (camwaitcount == 10000) { 
          goto checkinput; 
        } 
      } 
      TriggerR = 0; 
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      if (DoZstack) { 
        digitalWrite (zstackarduino, HIGH); 
      } 
    } 
    wasreset = 0; 
    if (DoZstack) { 
      NumSlices = NumSlices; 
    } 
    if (!DoZstack) { 
      NumSlices = 1; 
    } 
 
    cli();   
 
    for (Slice = 0; Slice < NumSlices; Slice++) { 
      for (int d = 0; d < NumDirs; d++) { 
        for (int p = 0; p < NumPhases; p++) { 
          for (int v = 0; v < NLcycle; v++) {  
            if (!wasreset) { 
              int countb = 0; 
              while (!wasreset && digitalRead (cam_out_G) == LOW) { 
                for (int i = 0; i < 200; i++) { 
                  asm (""); 
                } 
                countb ++; 
                if (countb > 14341) { 
                  wasreset = 1; 
                  TriggerR = 1; 
                } 
              } 
            } 
            if (DoZstack) { 
              digitalWrite (zstackarduino, LOW); 
            } 
            if (v < 1) { 
              digitalWrite (DoActLaseer, HIGH); 
              while (!wasreset && digitalRead (cam_out_G) == HIGH) { 
              } 
              digitalWrite (DoActLaseer, LOW); 
              while (!wasreset && digitalRead (cam_out_G) == LOW) { 
              } 
            } 
            digitalWrite (slm_trigger, HIGH); 
            SLMCycle(DoLASER); 
            digitalWrite (slm_trigger, LOW); 
 
            if (wasreset) { 
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              for (int i = 0; i < 3275; i++) { 
                asm (""); 
              } 
            } 
            while (digitalRead (cam_out_G) == HIGH) { 
            } 
          } 
        } 
      } 
      if (!wasreset && DoZstack) { 
        digitalWrite (zstackarduino, HIGH); 
        for (int i = 0; i < 29500; i++) {  
          asm (""); 
        } 
      } 
      digitalWrite (zstackarduino, LOW); 
      while (digitalRead (cam_out_G) == HIGH) { 
      } 
    } 
    sei();    
  } 
} 
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B.2 Arduino_Code: fastSIM_ Zstage_ArduinoProgram 

/***********************************/ 
/* !!!Define the correct Board!!!! */ 
/*Arduino Maga 2560 or Maga ADK*/ 
/***********************************/ 
 
// variables needed to be defined depends on cases 
int Dofocus=1; 
int DoZstack=0; //"1" enable Z scanning; "0" disable 
int NumSlices=15; 
unsigned int IntervalBit=72;  // 36 Bit corresponds to ~110 nm in z direction 
enum {MAX=65500};  // 16 Bit=65535, 0 to 200 µm in Z direction; 1 bit = 3.053 nm;  
                                      // 36 bit = 110 nm 
//unsigned int givenpos=32750;  //Midpos=MAX/2=32750; when you disable DoZstack "0" 
//int Midpos=32750; 
/* Include headers */ 
 
/***********************************/ 
/* Define constants in the program */ 
/***********************************/ 
// define pins 
int main_Ardu=21; 
int z_Ardu_DAC=13; 
 
/***********************************/ 
/* Define variables in the program */ 
/***********************************/ 
 
// Immediate Z position 
//volatile unsigned char stop=1; 
unsigned int Zpos=0; 
unsigned int HZpos=0; 
unsigned int Midpos=32750; 
unsigned int odd=0; 
int Slice=0; 
 
void setup(){ 
  Serial.begin(9600);  // opens serial port, sets data rate to 9600 bps 
  Serial.println ("waiting for input. Press 'h' to see all the current paremeters."); 
  Serial.print('\n'); 
  Serial.println ("small f: more into sample"); 
  Serial.println ("Current Midpos is 32750 for 63X Objective and 54800 for 40X Objective."); 
  Serial.println ("If you use life cell chamber, you have to use a smaller Midpos."); 
  Serial.println (" i.g. 64800~65150"); 
  
Serial.println("******************************************************************
" ); 
  pinMode(main_Ardu, INPUT);   // pin 21, from main arduino board 
  pinMode(z_Ardu_DAC, OUTPUT); // pin 13, to DAC   
  ioinit();  //initialize I/O 
} 
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void ioinit (void) 
{ 
  /************************************/ 
  /* Define 16-bit data port for DACs */ 
  /************************************/ 
  PORTA = B00000000;   // lower byte LSB(PA0, digital pin 22),MSB(PA7, digital pin 29) 
  DDRA = B11111111;    // data direction register A 
  PORTC = B00000000;   // upper byte LSB(PC0, digital pin 37),MSB(PC7, digital pin 30) 
  DDRC = B11111111;    // data direction register C 
  DDRL = B11111111;    // data direction register L 
  PORTL = B11111111;   // LDAC (PL0, digital pin 49), CS(PL7,digital pin 42) 
} 
 
void movZ(unsigned int pos) 
{ 
  PORTA=lowByte(pos); 
  PORTC=highByte(pos); 
  PORTL=B11001111;        // CS = 1  and LDAC = 1 and A0,A1,A2 = 100  W26.1 
  PORTL=B01001111;        // CS = 0  and LDAC = 1 and A0,A1,A2 = 100  W26.1 
  PORTL=B11111110;        // CS = 1  and LDAC = 0 and A0,A1,A2 = 111  W26.1 
  PORTL=B11111111;        // CS = 1  and LDAC = 1 and A0,A1,A2 = 111  W26.1 
} 
 
void loop(){ 
  checkinput: 
  while(Serial.available()>0){ 
    switch(Serial.read()){ 
      case 'f': { DoZstack=0; Midpos=Serial.parseInt(); Serial.print("'f#' DofocusAt:");  
                  Serial.println(Midpos, DEC);movZ(Midpos);break;} 
//      case 'f':{  DoZstack=0; movZ(Midpos); Serial.print ("'f' Dofocus:");  
//                  Serial.print("'z#' DoZstack:"); Serial.println(DoZstack, DEC);break;} 
      case 'z': { DoZstack= Serial.parseInt (); Serial.print("'z1/z0' DoZstack:");  
                  Serial.println(DoZstack, DEC);break;} 
      case 's': { NumSlices=Serial.parseInt(); Serial.print("'s#' NumSlices:");  
                  Serial.println(NumSlices, DEC);break;} 
      case 'h':   
        Serial.print("'z1/z0' DoZstack:"); Serial.println (DoZstack, DEC); 
        Serial.print ("'s#' NumSlices:"); Serial.println (NumSlices,DEC); 
        Serial.print ("'f#' DofocusAt:");Serial.println(Midpos,DEC); 
      break;            
     } 
     Serial.println ("maybe new input, eg. 'f0'. Or enter 'h' to see all the current paremeters." );  
     Serial.println ("small f: more into sample"); 
     Serial.println ("Current Midpos is 32750 for 63X Objective and 54800 for 40X Objective."); 
     Serial.println ("If you use life cell chamber, you have to use a smaller Midpos."); 
     Serial.println (" i.g. 60000~65150");           
     Serial.println 
("**************************************************************************" ); 
   }    
   
 if (DoZstack){ 
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   odd = NumSlices % 2;  
   if (digitalRead(main_Ardu)==LOW){ 
      goto checkinput; 
   } 
               
   if (!odd){ 
     HZpos=Midpos+((NumSlices)*(IntervalBit/2)); // 36 bit correspondng to 108 nm;  
                                                                                       // (NumSlices/2)*36= NumSlices*18 
     Zpos=Midpos-((NumSlices)*(IntervalBit/2));  // Lowest position of z-stage for z direction  
                                                                                     // scanning 
     cli();         
          for(Slice=0; Slice<(NumSlices+1); Slice++) { 
             while(digitalRead(main_Ardu)==LOW){ 
                for(int i=0;i<100;i++) { // wait 72 us 
                   asm(""); 
                 } 
              } 
             movZ(Zpos); 
             while(digitalRead(main_Ardu)==HIGH){  // 512*512 takes 5,12 ms 
                for(int i=0;i<100;i++) {           // wait 72 us 
               asm(""); 
                 } 
              } 
              if(Slice<(NumSlices)){ 
                   Zpos=Zpos+IntervalBit;  
              } 
              else break;                 
          } 
          Zpos=Midpos; 
          movZ(Midpos); 
          DoZstack=0;   
     sei(); 
   } 
    
  if (odd){   
     HZpos=Midpos+((NumSlices-1)*(IntervalBit/2)); 
     Zpos=Midpos-((NumSlices-1)*(IntervalBit/2)); //Lowest position of z-stage for z direction 
        // scanning 
 
     cli();             
          for(Slice=0; Slice<(NumSlices+1); Slice++) { 
             while(digitalRead (main_Ardu)==LOW){ 
                 for(int i=0;i<100;i++) { // wait 72 us 
                 asm(""); 
                   } 
              }    
            movZ(Zpos); 
            while(digitalRead (main_Ardu)==HIGH){ 
               for(int i=0;i<100;i++) { // wait 72 us 
                 asm(""); 
                   } 
              } 
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               if(Slice<(NumSlices)){ 
                   Zpos=Zpos+IntervalBit;  
               } 
               else break;  
         } 
         Zpos=Midpos; 
         movZ(Midpos); 
         DoZstack=0; 
     sei(); 
  } 
 Serial.println("****************************************************************");  
   goto checkinput; 
 } 
} 
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