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A B S T R A C T

The microscope is one of the most influential scientific instruments
developed to date. Since the invention of the device around 1600 by
among others Dutch amateur optician Antoni van Leeuwenhoek, its
impact on research over a great variety of academic disciplines has
been second to none. The essential idea behind the microscope remains
virtually unchanged over the past 400 years: one or more lenses are
employed in order to project an enlarged image of the specimen of
interest onto a detector. Traditionally this detector was the eye of the
observer, but nowadays a camera has become the standard. Apart
from a steady improvement in lens quality and the use of cameras
rather than direct observation by the eye, we still use the microscope
as it was invented four centuries ago. One of the many virtues of a
microscope is that it does not presume many stringent properties of
the specimen under observation. It can be any color, composition or
form – but it must be thin and it must have contrast. A slice, rather
than a chunk.

So even this hugely popular device has its drawbacks. The first
has to do with the nature of many biological samples: in sliced form
they are more or less transparent, and do not produce a useful pic-
ture. There are two ways to overcome this problem. The traditional
way is staining the specimen with contrasting liquid. There are well
known limitations and drawbacks to this system however. A more re-
cent method is to base the image on the phase of the light exiting the
sample, rather than the intensity. Obtaining quantitative phase infor-
mation can be challenging however, and requires an expensive setup.
Another limitation is the requirement that the focal plane should be
decided upon before imaging. There is no way the focal plane can be
changed or adapted once the image has been obtained, unless quanti-
tative phase measurements have been obtained.

First part of the thesis: lensless imaging

In the first part of this thesis, we will explore two setups as an alterna-
tive to the traditional microscopy described above. These alternatives
provide specific advantages as well as new limitations when compared
to regular microscopy. The common ground of both approaches is that
no lenses are involved. Using different wavelengths The first setup
makes use of illuminating a sample at three different wavelengths with
three different lasers. The diffracted light is captured on a camera chip,
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without any intermediate lenses involved. From the three images, a
picture of the object is reconstructed using a computer algorithm. This
enables an extremely simple, low-cost and portable microscope. As
the focusing distance is simply a parameter of the reconstruction al-
gorithm, it can be chosen afterwards. We have shown that we can
produce live images of a biological specimen with a resolution of up
to two micrometers.

A limitation in this setup is that it requires achromatic samples -
samples that appear the same for all wavelengths. Therefore, a thin
slice of a plant root or a young nematode can be reconstructed, but
an older nematode or a flower with lots of brilliant colours will not
work. In the next chapter we discuss and show a different setup, which
does not rely on illuminating with multiple wavelengths. In this case,
a grating is employed to project a series of stripes across the object.
The relative position of the stripes and the orientation of the stripes
is changed, and a number of acquisitions are obtained. Once more,
these individual images hardly resemble the object, and we developed
a computer algorithm to reconstruct these measurements into a single
object estimate. Once more, we show a setup capable of reaching a
resolution of around two micrometer. However, this technique is rather
slow to implement and as such it should mainly be seen as a proof that
illuminating with an interference pattern is sufficient to reconstruct a
large and extended object.

Multimode fiber endoscopy

The second part of this thesis is devoted to exploring the practical use
of lensless imaging by applying the principle to minimally invasive
imaging in the form of endoscopy. A classical microscope can probe
the surface of a sample, but probing inside samples forms a challenge.
The light reflected from deeper layers of the sample is scattered by
the upper layers that it has to travel through on its way to the lens of
the microscope. Although various techniques have been developed to
increase the depth of field and to compensate for scattering induced
by the top layers of the sample, the imaging depth with a traditional
microscope is still limited to at most a few centimeters.

To image deep inside sensitive but remote areas, such as the brain
or the heart, an endoscope is inserted. Here the challenge is to min-
imize the damage induced by this probe, by making it very small in
diameter. Most modern endoscopes consist of a miniaturized version
of a microscope, where a tiny lens and a tiny imaging chip are placed
on the distal end of the endoscope. The resulting image is then elec-
tronically transmitted to a screen, to be viewed by the operator. The
lens and imaging chip can not be miniaturized further than roughly a
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millimeter however. There is no conceivable way at present to further
decrease the footprint of an endoscope – unless the lens and imaging
chip are left out.

As a radically new design, we explored employing a multimode op-
tical fiber as a very thin endoscope. A multimode optical fiber is able
to guide light to the area of interest, and to guide the captured light
back to the optical setup, which can then be placed outside the body.
Provided that the exact optical characteristics of the fiber are known,
imaging at the distal end can be performed in various ways.

When an image is projected onto one end of the fiber, it will come
out distorted even after a few millimeters of propagation. A crude way
of understanding this behavior is that a standard fiber (a step-index
fiber) relies on total internal reflection. Light rays entering the fiber
reflect from the boundaries of the fiber and end up with the same
angle as they entered but in a randomized position and orientation.
All of these rays interfere, creating a complicated pattern that we call a
speckle pattern. Reconstructing an image purely based on the speckle
pattern is a challenge. Careful calibration does not solve the bending
problem In order to perform an imaging experiment through such a
device, the optical behavior of the fiber could be carefully calibrated,
using a setup on the distal end of the fiber. As soon as the optical
behavior of the device is accurately known, imaging can be performed
in a number of ways. However, the exact optical properties depend
strongly on the exact way in which the fiber is bent and twisted (the
so called contortion of the fiber). Therefore, problems tend to arise in
a practical setting, because the way that the fiber is bent is not known
before it is inserted into the body. The case for parabolic refractive
index profile fibers Trying to overcome this issue, we used multimode
optical fibers which are designed in a different way. We found that a
particular class of fibers, called parabolic refractive index profile fibers,
are almost immune to bending.

Therefore, it should be possible to calibrate a straight piece of fiber
and then bend the fiber without affecting the imaging performance. In
practice however, the refractive index profile of these fibers turned out
to be of insufficient quality to verify our predictions in a quantitative
way. However, we were able to analyze a rigid rod with an accurate
refractive index profile which confirmed the theory really well.

Future developments

The techniques employed in the first part of this work could eventually
be combined with the results about bending properties as described
and analyzed in the second part. This, however, will be a topic for
further research.
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