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Abstract

Significance Scattering is one of the main limitations in achieving microscopic imag-
ing deep inside tissue. Solving this would enable the research of biological phenomena
on a larger scale. A technique to overcome the scattering of tissue is wavefront shaping.
Wavefront shaping was conceived 16 years ago by Vellekoop and Mosk, and the field has
developed significantly since then.

Aim This thesis works towards a practical application of these developed techniques.
Wavefront shaping is a swiftly developing field in which user-friendliness, developer-
friendliness, and the ability to share work through the scientific community are vital. The
current implementation is not satisfactory in any of these requirements. The aim of this
thesis is to create a developer-friendly system which can be used with the press of a button.

Approach A novel code-based platform, OpenWFS, was designed that allows for the
development of wavefront shaping algorithms in Python. Additionally, this platform fa-
cilitates executing the code for wavefront shaping at the push of a button from a widely
used open-source microscope controlling software called µManager. Using this software,
a state-of-the-art wavefront shaping algorithm was expanded to simplify and generalise
its use for the end user.

Results OpenWFS is able to integrate Python code into µManager microscope control
software using a custom plugin that reads Python code and interfaces it with µManager.
A large portion of the existing wavefront shaping code was restructured, clarified and
adopted into this new platform. The µManager plugin was well received by the leading
µManager developers and we are in the process of adopting it into the distribution of the
software. The expansion upon the state-of-the-art wavefront shaping algorithm was done
by considering that significantly contributing modes are spatially coherent, thus creating
an algorithm that determines and refines its measurement protocol during measurement.
It was determined that the wavefront shaping effectiveness can be successfully projected
during the execution of the algorithm, allowing for further user-oriented development.

Conclusion OpenWFS successfully achieved the requirements of both users and devel-
opers, enabling the integration of Python code with the widely-used µManager micro-
scope control software through a custom plugin. A substantial portion of the pre-existing
wavefront shaping infrastructure was incorporated into OpenWFS, with the µManager
plugin currently undergoing integration into the software’s general distribution. The
refinement of the state-of-the-art wavefront shaping algorithm has also been realised,
demonstrating comparable or improved efficiency compared with the current golden stan-
dard, meaning a more user-friendly and robust implementation. The innovations pre-
sented serve as a foundation for further advancements in the field, facilitating more coop-
erative, accessible and versatile applications of wavefront shaping techniques.
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Chapter 1

Introduction

`It is very easy to answer many of these fundamental biological questions; you just look at the
thing!' - Richard Feynman

To see is to know. The incredible developments in the �elds of biology and medicine were
nigh impossible without the advancements made in technology that visualise the micro-
scopic processes that underlie our biological machinery.
Scientists in the �eld of biomedical imaging work on the limitations of imaging technol-
ogy to enable colleagues in biology. Dutch scientists have a long history in this �eld, e.g.
Van Leeuwenhoek, Huyghens and Zernike, to name a few. The latter, Frits Zernike, was
awarded the Nobel prize for his work on the phase contrast microscope, which is a solu-
tion for the limitation of the low contrast of cells, using the difference in refractive index
of cells. This happens to intersect with my personal history, as my great-grandfather was
his gardener.

On a larger scale, the refractive index mismatch of cells causes a different limitation: scat-
tering. Scattering causes a loss in resolution as dispersed light cannot be distinguished
from other light, causing a blurring of the image. The resolution is, fortunately, not irre-
trievably lost. In 2007, Vellekoop and Mosk showed that by using a Spatial Light Modula-
tor (SLM) [1], light can be retrieved by sending in a tailored wavefront such that a focus is
created despite scattering. This technique has since been coined `Wavefront shaping'.

1.1 Wavefront shaping

In �gure 1.1, we show the principle of wavefront shaping as presented in work from
Vellekoop [1]. In 1.1a, a plane wave interacts with a strongly scattering material, resulting
in a random speckle of diffused light. Although this seems like a random process, it is
actually deterministic; with a static medium, the random speckle is reproducible. Due to
the random scattering, some light reaches our desired focus location. As seen in �gure
1.1b, by changing the wavefront of incoming light using a spatial light modulator (SLM),
these random interactions can result in a constructively interfering focus. The challenge of
wavefront shaping is �nding the wavefront that does this.
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FIGURE 1.1: The principle of wavefront shaping from [1]. (a): The effect of
a strongly scattering sample on a plane wave. Due to the scattering interac-
tions, the light is spread out into a random speckle pattern. (b): The effect of
a shaped wave, by shaping the wave in a particular manner, the scattering

interactions result in a constructively interfering focus.

As generalised in [2], a wavefront can be optimised for any output mode, such as a focus,
a plane wave or any other �eld pattern. Optimising a wavefront for a desired output is
relatively simple once we know the transmission matrix of our scattering sample. In or-
der to �nd this sample-speci�c transmission matrix, techniques and algorithms have been
developed, which can be roughly separated into model-based, feedback-based and phase
conjugation approaches.

The feedback-based approach works by measuring the elements of the transmission ma-
trix individually. The most simple implementation of this is selecting a small region of the
incoming light, changing the phase of this light, and measuring the response. Doing this
for many regions allows you to build up the transmission matrix of the whole scattering
object. This is called the s̀tepwise sequential algorithm(SSA)'. There are more techniques to
do this, such as Hadamard- or Fourier-based methods [3], but both are still techniques to
measure the transmission matrix of a scattering sample. Typically, this approach requires a
signi�cant number of measurements and therefore takes much time. Deciding how many
measurements need to be done is a trade-off; measure too little, and the enhancement is
low, measure too much, and the procedure takes long without much additional bene�t.

The model-based approach treats the scattering sample not as a single transmission ma-
trix, but characterises the optical behaviour of a sample by simulation [4]. Using wave
propagation simulations, such as WaveSim [5], the propagation of light in a scattering
sample can be estimated. Because scattering is a reversible phenomenon, one can model
the propagation of light from the desired focus location and derive the required �eld of
the incoming wave. Although it requires signi�cant effort to build up such a simulation,
using a model-based can be signi�cantly faster than feedback-based methods.

The phase-conjugation approach involves measuring the �eld of the light coming out of
the sample [6] [7]. The phase of this �eld is then sign-changed and used as the corrective
illumination �eld. This is both fast and requires no prior knowledge, but a requirement
is that the measured light all comes from the same spot, and we can only optimise the
wavefront for that spot.

In this thesis, the groundbreaking work achieved in these efforts will be used towards
making a platform and algorithms that are tailored for the use of the end user. The main
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contribution is designing a robust open-source platform for wavefront shaping called
`OpenWFS' that enables both development and use. Additionally, the state-of-the-art al-
gorithm developed by Mastiani and Vellekoop is developed further towards application.
This was done using the setup speci�cally designed for deep-tissue microscopy: the two-
photon wavefront shaping microscope.

1.2 Two-Photon microscopy

Two-photon microscopy is a laser-scanning �uorescence microscopy technique that uses
non-linear optical effects to excite �uorophores at a speci�c focal spot selectively. This fo-
cal spot is then scanned through a sample, allowing the detection of the signal to be traced
back to that one focal spot. Combining the scanned spots, an image is created.

Regular linear �uorescence requires the uptake of a photon with characteristic energy by
the �uorophore. The excited �uorophore, after some internal relaxation, will then emit a
Stokes-shifted photon. In multiple-photon microscopy, the same excited state is reached
with multiple photons, which together have the characteristic excitation energy of the �u-
orophore [8]. This does, however, have a strong requirement that the photons arrive at
the �uorophore at the `same time'. This is the case when the arrival time is within 10 � 18

seconds. This is a statistical process, which depends on the laser power, as more incom-
ing photons increase the chance of them arriving together. In conventional setups, this is
achieved by using a pulsed laser source. The pulses of the laser are very short, packing
the power of the laser into a very con�ned region. This prevents the use of a high-power
continuous laser source, which would be problematic in many aspects.

FIGURE 1.2: The difference between conventional and multiple photon ex-
citation. Left: excitation by linear and non-linear methods [9]. Note that the
green colour signi�es the excitation area. Right: Jablonski diagram of one-

and two-photon excitation and emission [8].

One of the key advantages of two-photon microscopy is its ability to image deep tissue
structures [9]. This is in part due to the fact that longer wavelengths experience less scat-
tering, allowing for more effective penetration into tissue [8]. In addition, due to the non-
linear effect of two-photon excitation, only �uorophores in the focus are excited. This
gives two-photon excitation much better spatial resolution compared to single-photon ex-
citation.

Another advantage of two-photon microscopy is its ability to reduce photodamage to the
sample being imaged. As can be seen in �gure 1.2, traditional one-photon microscopy has
a large area where photodamaging effects can occur. Due to two-photon excitation only



4 Chapter 1. Introduction

happening at the focus, photodamaging effects are only at the spot that is being measured.
this allows for longer imaging times of biological samples.

Two-photon microscopy has been widely used in a variety of research areas [8], including
neuroscience and cell biology. The ability to perform deep-tissue imaging is especially
suitable for neural imaging, and this has been used to study the activity of neurons in the
brains of mice [10] [11]. In cell biology, it has been used to study the dynamics of intracel-
lular processes, such as vesicle traf�cking [12] and cell division [13].

Expanding the use of two-photon microscopy with wavefront shaping has potential. As
both techniques work towards deep-tissue imaging, the techniques can be used to enhance
each other. Applying wavefront shaping for biology research, however, is not straightfor-
ward. The current state of the technology is not suited for end users, and that is a problem.

1.3 Problem statement

The current control software that is used for the two-photon microscope and wavefront
shaping algorithm is complex to use, for both the end user and the algorithm developer.
Especially for the end user, wavefront shaping is too complex to apply to their research
without extensive aid from experts. Additionally, sharing work with scientists working
on wavefront shaping outside the University of Twente is cumbersome, as they typically
use different hardware.

As for the algorithms themselves, the feedback-based wavefront shaping approach is an
effective method for wavefront shaping, but selecting which and how many measure-
ments need to be done is complex. After a procedure, we can precisely tell which mea-
surements were the most signi�cant for the enhancement, but by then, much time has
already been spent taking these measurements.
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1.4 Project goals

The goal of the project is to develop wavefront shaping, from an experimental technology
to a functional tool for biologists.

In the last 16 years, many developments have followed the initial results shown by Vellekoop
and Mosk [1]. More ef�cient [3] and faster methods [4] [14] [7] for wavefront shaping have
been developed.

This project can described by a number of system engineering goals and wavefront-shaping
research questions. System engineering goals are:

1. Simplify the development of future wavefront shaping algorithms for the scienti�c
community.

2. Simplify the use of currently existing wavefront shaping algorithms for the end user.

The design considerations will be discussed in Chapter 2. The product of this develop-
ment is a code library written in Python, which we coined OpenWFS. It will be presented
in Chapter 3. The last design requirement leads to our �nal chapter, Chapter 4. This is the
research part of the project, where it is explored how the wavefront shaping algorithm can
be expanded.

As mentioned in the problem statement, the use of the current feedback-based algorithm
requires manual input for the number and type of measurements that are performed. In
order to simplify its use, the following research questions emerge.

1. Can the number of input parameters of golden standard wavefront shaping algo-
rithms be reduced?

2. Can we build a more ef�cient wavefront shaping algorithm?

3. How can we make the wavefront shaping algorithms robust for more sample types?

4. Can the potential of the wavefront shaping procedure be gauged before or during
measurement?
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Chapter 2

Design methodology

In this chapter, we analyse the requirements for the design of our new code for wave-
front shaping. We do this by de�ning requirements and additionally useful features by
performing a stakeholder analysis. A vital decision for this design is which microscopy
control software is used, as this determines both the end-user experience and the ease of
development. This decision was made by ranking and weighing the essential aspects of
the available options.

Before commencing with the implementation, a developmental plan was conceived. This
is shown in �gure 2.1. Following that plan, Requirements were selected and rated with
the current users, as shown in Section 2.1. Then, we investigated the potential microscope
control software packages; these are described in Section 2.2. This chapter ends with the
�nal selection of the platform, which is the �nal step in planning the development as de-
scribed by �gure 2.1.

In chapter 2.2 two viable choices were considered. From a planning perspective, this could
be condensed to either improving the existing infrastructure or to replace the current one
and build new functionality. Improving existing infrastructure would most likely mean
that there is more time for individual features, and would result in a circular development
process. Replacing the entire infrastructure on the other hand, is more likely to result in a
linear development process.
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2.1 Requirements

As stated in Chapter 1, the goals for the wavefront shaping software are:

1. Simplify the development of future wavefront shaping algorithms for the scienti�c
community.

2. Simplify the use of currently existing wavefront shaping algorithms for the end user.

In order to meet these goals, requirements were set up. For orientation, the current users of
the system were asked to rate and add to a list of potential requirements. This is shown in
Appendix B. However, the current users are all wavefront shaping developing physicists
and, therefore, not representative of our full target audience. Even though we cannot
directly select the platform based on the requirements of the current users, this allowed us
to create distinct requirements that are important for the achievement of our goals:

1. The system needs to be easy to implement.

2. The system needs to be easy to use.

3. The system needs to allow easy wavefront shaping algorithm development.

4. The system needs to be open-source.

5. The programming language needs to be accessible and widely used.

We will use these requirements to make our �nal choice. Before that, however, we need to
know what we can choose from.
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2.2 Available software

In order to make an informed decision, we considered the characteristics of the available
software packages. The software packages considered are microscope control software
packages. Because a end-user requires an interface to interact with, these software pack-
ages all have an graphical user interface (GUI). Information herein was primarily gathered
from users in the �eld, mostly in the form of correspondence with these experts and users.

2.2.1 Current implementation: ScanImage ®

ScanImage is software for laser scanning microscopes with a GUI. It is a M ATLAB -based
program that allows a developer to control a custom build laser-scanning microscope. It
was developed on an NIH grant, which allowed the project to be open-source [15]. After
the lapse of this grant in 2019, the project moved to a licensed and commercialized project
supported by MBF Bioscience [16]. There are efforts to secure another grant, which would
allow the project to return to an open-source state, but there is no guarantee that this will
be achieved.

The software currently installed in the 2-photon setup is the open-source unsupported
version of ScanImage. Its GUI is editable using the Matlab GUIDE toolbox. This toolbox
will be discontinued in future Matlab versions, which would make future customization
and development unsustainable.

The licensed ScanImage has two versions: a basic version and a premium version. In both
cases, the license will be provided by MBF Bioscience. This licence allows for source access
to the ScanImage codes. Especially with the help of ScanImage support, changing internal
scanner properties should be possible.

Advantages ScanImage is currently implemented already, which allows for much time
for development in improving the user experience. ScanImage is speci�cally built for
laser-scanning microscopes, so it has many features that aid with its control.

Disadvantages The support of the open-source distribution of ScanImage is very limited,
and the complex M ATLAB code makes further development hard. As the tool for expand-
ing its GUI will be unsupported by the M ATLAB developers, building and maintaining a
wavefront shaping GUI will not be easy.

2.2.2 SciScan

Another commonly used laser-scanning software package is SciScan [17]. This is an open-
source software package based in LabView. Though developed by Scienti�ca, it can also
be used for non-Scienti�ca-based applications. LabView is not necessarily a convenient
programming language to work in for several reasons; therefore, many of the potential
users strongly oppose its adoption. Moreover, the site of Scienti�ca no longer provides
any direct links to SciScan but provides links to ScanImage instead [18].

2.2.3 µManager

µManager is a widely used and adapted open-source platform for microscope control. It
has been installed on 10.000+ systems [19] and has built-in support for many hardware de-
vices, including commercial ones. Its robust implementation yet extensive customizability
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lets it surpass any commercially available software. Pycromanager is the Python package
that interfaces with µManager.

However, µManager is missing support for laser-scanning devices, a requirement for 2-
photon imaging. Therefore the only labs that have implemented µManager for their 2-
photon setups have highly speci�c and custom-built packages interfacing and controlling
the laser-scanning setup with µManager.

Because µManager is not built for laser-scanning microscopes, an addition must be added
to the package to create a functional platform. This adds a device adapter that performs
the scanning and behaves as if it was a camera, thus providing images to µManager. A
open-source general-use software for this exists: OpenScan. However, it still being devel-
oped, and the software's author, Mark Tsuchida, has speci�ed that if this option was going
to be used in our implementation, at least to some degree we will have to do some low-
level programming, enough to be considered contributors to the project. Other groups,
like the Krummel Lab from the University of California were contacted, but also used cus-
tom software tailored for their speci�c hardware, thus not useful for our project.

Advantages µManager is software designed for easy use by developers and end-users.
The API is very helpful, and support by the developers and community is great. The GUI
is commonly used for many different microscope setups.

Disadvantages µManager has no support for laser-scanning software. Extending the
software to support laser-scanning software would require extensive effort. Additionally,
micromanager is written in C++, so we either need to bridge this software with another
language or write all our wavefront shaping algorithms in C++.

2.3 Final selection

If we ignore the project-planning requirements, we see that µManager would provide a
much better system. Considering that the support and longevity of µManager are pro-
jected to go up, whereas the support and longevity of ScanImage are expected to go down,
choosing µManager is a more future-proof solution. Because the table in Appendix I fails
to weigh these considerations, we present a more general matrix in Table 2.1.

Ease of implementation:
ScanImage is already implemented. Therefore little work is necessary to commence fur-
ther development. On the other hand, µManager will require extensive effort to imple-
ment. Other groups have working versions for their speci�c hardware, but no general
implementation for laser scanning microscopy are available. This means much low-level
development has to be done. This does provide the opportunity to shape the platform
exactly to our needs, but might signi�cantly decrease time for expanding on the current
functionality of the wavefront shaping algorithms.

Ease of use:
The ease of use is very dependent on the degree of development of the platform and on the
users themselves. Nevertheless, having brie�y used both systems, the authors consider
neither superior in ease of use. µManager is more intuitive and visually more pleasing,
but ScanImage is more extensively developed. Furthermore, the structure ScanImage uses
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with the SI handle is suited for expansion and relatively easy to work with. All things
considered, µManager gets 7 out of 10 points. ScanImage currently has more features than
µManager but as it is less supported, it gets a 7 out 10.

Ease of development:
In order to judge the difference between the ease of developing a feature in both ScanIm-
age and µManager, a certain feature was implemented in both packages: a GUI to control
the gain. Because µManager does not have a working laser-scanning setup, as mentioned
before, we implemented this feature in µManager using a conventional camera. Both pack-
ages have a laser-power plugin controlled through a NI data acquisition card. The result-
ing interfaces are shown in �gure 2.2.

FIGURE 2.2: The implemented functional GUIs for both µManager (left) and
ScanImage (right)

Both were connected with NI boards, and functionality was checked with oscilloscopes.
The ease of implementation for µManager was better, as more online information was
available, and the platform of µManager was deemed more convenient. That is not to say
that the ease of implementation in ScanImage was complex, nevertheless. µManager &
ScanImage both immediately put the values of the new GUI into the metadata. Because
of the available information, µManager was deemed more capable for development than
ScanImage. Note that this is not a fully independent judgement, as ScanImage was imple-
mented �rst. The knowledge gained implementing a gain feature in ScanImage aided the
development of the feature in µManager.

Developing features and functionalities is dependent on the available information and the
robustness of the platform. µManager was speci�cally build to be developer friendly, and
supports a plethora of microscope setups. The API is actively curated and community
support is high. ScanImage also has an API, but the support of the open-source versions
is non-existent, and community support is meagre.

Open source:
Both options are open source. The open source version of ScanImage, however, is no
longer supported by the original creators. Because the open source version of ScanImage
has to potential to become obsolete because of this reason, it does get 6 out of 10 points, as
at some point, moving to the licensed option might be required.
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Programming language:
Both MATLAB and Python are commonly used by scienti�c users. However, most users
are more familiar with MatLab, but potential developers usually use Python. When ask-
ing the relevant stakeholders, and considering that the staff of the University of Twente
is starting to replace its MATLAB programs with Python, we give Python 8 points and
Matlab 7.

We ranked the properties on importance in accordance to users and assigned weights of
10, 15, 20, 25 and 30, respectively. Filling this into the WDM scheme results in Table 2.1.

TABLE 2.1: Weighted aspects of the platforms ScanImage and µManager.

Property Weight ScanImage µManager

Ease of implementation 15 10 4
Ease of use 25 7 7
Ease of development 30 6 8
Open source 20 6 10
Programming language 10 7 8

Weighed average: 6.95 7.55

This results in a choice for µManager. The main differences are in the ease of implementa-
tion, ease of development and open-source categories. In short, µManager will be harder
to implement but more worthwhile to implement. As mentioned, µManager is also the
more future-proof choice, with constantly improving open-source developments on the
platform. It is of key importance to get the structure of the integration with µManager to
utilise most of the platform.
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Chapter 3

OpenWFS: Open-source software for
Python-based wavefront shaping

In this Chapter, we present the design of OpenWFS. We wrote this chapter in the form of
a whitepaper that will be submitted. It has been written to concisely show and clarify the
capabilities of the platform. After interaction with the scienti�c �eld, the �eld has reacted
enthusiastically to our efforts, and the PyDevice µManager connection will most likely be
integrated into the main version of µManager. In this thesis, it will also serve the purpose
of clarifying and demonstrating the functionalities of OpenWFS. The co-authors of this
paper are all people who worked in the development of the M ATLAB code.
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