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ABSTRACT: We demonstrate a fully flexible, artifact-free, and lensless fiber-based imaging system. For the first time, this
system combines image reconstruction by a trained deep neural network with low-loss image transmission through disordered
glass-air Anderson localized optical fiber. We experimentally demonstrate transmission of intensity images through meter-long
disordered fiber with and without fiber bending. The system provides the unique property that the training performed within a
straight fiber setup can be utilized for high fidelity reconstruction of images that are transported through either straight or bent
fiber making retraining for different bending situations unnecessary. In addition, high quality image transport and reconstruction
is demonstrated for objects that are several millimeters away from the fiber input facet eliminating the need for additional
optical elements at the distal end of the fiber. This novel imaging system shows great potential for practical applications in
endoscopy including studies on freely behaving subjects.

KEYWORDS: transverse Anderson localization, microstructured optical fiber, fiber imaging, lensless imaging,
convolutional neural network

Fiber optical endoscopes (FOEs) are very important and
widely used tools in biomedical research, clinical

diagnostics and surgical operations.1,2 They enable imaging
under conditions in which conventional microscopy cannot
work well. For example, FOE-based optical imaging can be
performed for cells reside within hollow tissue tracts or deep
within organs in a minimally invasive way, while those
locations are inaccessible for conventional microscopy.2,3

Furthermore, FOEs can be implanted within freely behaving
subjects, such as mice, for long-term imaging research.4,5 This
ability can benefit several areas, such as fundamental biological
research and application research in developing in vivo
methods for drug testing. Different types of fibers have been
proposed for FOEs.1 However, current solutions suffer from
several limitations regarding system complexity and size, image
quality and bending sensitivity. For example, single mode fibers
can be used as the smallest imaging acquisition unit, but a
mechanical scanning head or a spectral encoding device is
often installed at the distal end of the fiber to deliver 2D
imaging information, which makes the system bulky and

complex.1,6,7 Alternatively, commercially available fiber bundles
are able to transport 2D imaging information directly through
FOEs. However, pixelation artifacts dictated by the individual
cores fundamentally limit the transported image quality. In
addition, any crosstalk between fiber cores in the bundle blurs
the transmitted images8 and the cost of materials and
fabrication of fiber bundles is rather high.9 Instead of utilizing
thousands of fiber cores, the thousands of different spatial
modes in multimode fiber (MMF) can also be used to transmit
2D imaging information. Current MMF based FOEs mainly
rely on compensating randomized phases by wavefront shaping
after calibrating the transmission matrix (TM) of the
fiber.5,10−14 This method suffers from several limitations. The
most critical one is its intolerance to fiber movement. Any tiny
movement or bending of the MMF will change the TM
resulting in impaired imaging unless recalibration is performed,
or very precise knowledge of the bending and its shape is
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available.14 TM recalibration requires open optical access to
the distal end of the MMF and is fairly time-consuming.
Recent progress in light transmission through disordered

optical fibers mediated by transverse Anderson localization
opens a new avenue for improving the performance of
FOEs.15−22 The glass-air Anderson localized optical fiber
(GALOF) was predicted to be an ideal candidate for imaging
purposes.17,18 The GALOF can support thousands of modes in
its random structure, and unlike MMF, most of these modes
show bending-independent single mode properties.19 In fact,
each mode embedded in the disordered optical fiber
corresponds to a beam transmission channel formed by a
multiple scattering process.18,19 Due to its intriguing proper-
ties, the GALOF demonstrates several advantages over
conventional fiber. First, bending-independent imaging can
be performed without any extra lens or mechanical parts if the
object is positioned adjacent to the input facet of the
GALOF.17,21,22 Second, GALOF can also directly transport
high quality intensity images, and recent progress has
confirmed that the image quality obtained after transport
through meter-long GALOFs can be comparable to or better
than that of images transmitted through some of the best
commercial fiber bundles.22 Moreover, meter-long imaging
transmission distance can be achieved by GALOF due to its
low attenuation below 1 dB per meter for visible wavelengths.
Besides the superior imaging performance, required materials
and fabrication processes of GALOFs promise potentially low
cost.
The current GALOF-based FOEs still face a number of

challenges to become preeminent FOEs that are fully flexible,
artifact-free, and lensless. The structural parameters of current
GALOFs determined by the applied fabrication process are still
less than perfect, which limits the image quality. Moreover, to
achieve a decent transferred image quality, the image plane
needs to be located in the direct vicinity of the GALOF’s input
facet. Thanks to the recently burgeoning deep learning
technology,23 it is possible to address these challenges and
create a fully flexible and lensless FOEs that delivers artifact-
free, high quality images by combining GALOFs with deep
learning algorithms. Deep learning is a recent rapidly growing
research field that has already being applied to solve numerous
imaging-related problems.23−28 Contrary to conventional
methods of solving the imaging optimization problem, the
CNN can learn the forward operator and the regularizer
implicitly through a training process without requiring prior
knowledge of them. For example, to describe the image
reconstruction process, we could assume that the object
intensity image Iobj, and the fiber-transported raw intensity
image Iraw are related by Iraw = HIobj, where H denotes the
forward operator connecting the input object image and the
measured raw image. To reconstruct the object Irec, one way is
to solve an optimization problem of the form:

I HI I Iarg min ( )
I

rec rec raw
2

rec
rec

γφ̃ = || − || +
(1)

where φ is the regularizer encoding the prior knowledge of the
object, and γ is the regularization parameter that adjusts the
relative strength of the two terms in the optimization
process.29,30 The problem of this method is that it requires
precise knowledge of H and proper selection of φ. For the
transmission through our complex disordered imaging fiber, it
is very difficult to develop an accurate physics model of this
type, and the simulation process requires huge computational

power.31 And deep learning demonstrates its superiority since
it does not require prior knowledge and just needs the
computational power of a PC for this work.
Here, we apply a particular type of deep neural network,

called a convolutional neural network (CNN), to address the
challenges facing GALOF-based FOEs. We demonstrate that
an imaging system combining a CNN and a GALOF does not
need any distal optics to transport 2D imaging information at
various working distances. Therefore, the diameter of the
FOEs could be reduced to the diameter of the fiber itself.
Besides that, the imaging quality is improved by the CNN to
the artifact-free level. Moreover, by combing the bending-
independent properties of the GALOF with CNN based
reconstruction, meter-long distance fully flexible imaging
transportation is achieved.
The experimental setup is shown in Figure 1. The GALOF

used here was fabricated at CREOL using fused-silica tubes

and the stack-and-draw fabrication method.22 The diameter of
the random structure is about 278 μm, and the air-hole-filling
fraction in the random structure is approximately 28.5%. The
total length of the GALOF is 90 cm, and the spatial resolution
provided by this sample is about 14 μm, see section 1 in
Supporting Information. Using a shorter 4.5 cm long sample,
the resolution can be improved to about 8 μm.
For our object generation we use 405 nm laser light that is

delivered by a single mode fiber and collimated by a lens (50
mm focal length). A spatial light modulator (SLM) is located
in between two linear polarizers to create an intensity object
using its individual pixels. The light goes through the first
polarizer oriented at 45° with respect to the extraordinary axis
of the SLM. After reflection from SLM, the beam transmits
through the second polarizer with the same polarization
orientation as the first one. The SLM pixel size is 9.2 × 9.2
μm2, and the number of pixels is 1920 × 1152. The SLM is
modulated by 8-bit grayscale input images obtained from the
Modified National Institute of Standards and Technology
(MNIST) database of handwritten digits. The images created
with the SLM were resized to a matrix of 56 × 56 pixels.
Subsequently, the SLM images were demagnified by a factor of
4 and projected onto the GALOF input facet by the
combination of a tube lens and a 4× objective. At the output
end of the GALOF the fiber facet is projected onto a CCD
camera (Manta G-145B) by a 20× objective. The CCD pixel
size is 6.45 × 6.45 μm2, and the number of pixels is 1388 ×
1038. We crop the collected raw images to an 896 × 896
square for processing.

Figure 1. Schematic of the experimental setup.
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The CNN requires a training process to generate a
computational architecture that accurately maps the images
transported by the optical fiber to its original objects. Training
of the CNN requires a large number of matched input (images
of original objects) and output (the transported raw images)
pairs to optimize the parameters of the neural network and
build a suitable computational architecture. In addition, a
separate set of image pairs serves as a test set to evaluate the
performance of the trained CNN. When collecting data, we
first send 4000 different images to the SLM and record the
corresponding raw intensity images with the CCD camera.
These 4000 image pairs, originally generated by the SLM and
their corresponding CCD-recorded raw images, are used as the
training set. Using the same setup, we collect another 500 pairs
of different images that serve as our test set for the image
reconstruction analysis.
The schematic of our CNN training and image reconstruc-

tion process is shown in Figure 2. Please see section 2 in

Supporting Information for the detailed architecture of our
CNN. In the training phase (with randomly initialized
parameters), a set of raw images are sent into the CNN to
obtain defective output images. The CNN is trained by
optimizing its parameters through minimizing the loss function
between these defective output images and their corresponding
input images. This training procedure takes about 38 min using
two GPUs (NVIDIA GeForce 1080Ti). After the training, the
parameters of our CNN are fixed, and the CNN is applied to
reconstruct new images from the raw images of our test set.
The bottom part of Figure 2 demonstrates that the trained

CNN can be used to obtained high quality artifact-free
reconstructed images from our test set raw images. The
reconstruction time is only 4 ms for each test image. This
shows the potential to perform in vivo video-rate real-time
reconstruction of moving samples such as cells or neurons. To
quantify the performance of the CNN, we compare the
reconstructed images with the corresponding input images by
the mean absolute error (MAE) method. The MAE is defined
as |Ir̃ec − Iobj|/(wh), where w and h are the width and height of
the image.
As a next step, we investigate how bending of the fiber

influences our image reconstruction ability. As shown in the
bottom part of Figure 2, and later in more detail in Figure 4,
the same CNN, trained using straight GALOF, can be applied
to reconstruct images transferred through both straight
GALOF and GALOF with a 90° bend with high fidelity.
This is in striking contrasts to image reconstruction using the
TM method after transmission through MMF. As stated
earlier, any slight movement or bending of the MMF requires
recalibration of the TM. In addition, any recalibration requires
access to the distal end of the fiber prohibiting monitoring of
freely behaving subjects using the TM method and MMF for
image transfer. In our approach, a trained CNN can be applied
to reconstruct high quality images from raw images after
transfer through bent GALOF in real time and without any
retraining or any knowledge about the bending shape even for
very large fiber bending angles.
Examples of reconstruction results from raw images

measured after transport through straight GALOF are shown
in Figure 3. The data shown in Figure 3a−c are collected at
different imaging depths, that is, at different distances between
the GALOF input facet and the imaging plane, ranging from 0
to 4 mm. The general CNN architecture used for
reconstruction at the three different depths is the same.
However, the CNNs are trained for each depth individually
resulting in depth specific CNN parameters. Comparing input
images and the corresponding reconstructed images, it is
apparent that our trained CNNs are able to recover the true
images remarkably well. Moreover, the imaging plane of our
system is not limited to a specific depth. Without extra distal
end optics, for objects located between 0 and 4 mm from the
fiber facet, our system can perform high quality image
transportation and reconstruction. We also demonstrate
reconstruction results of ten different writing styles of the
same number at three different depths, see section 4 in
Supporting Information. Although the objects from the
MNIST database used in Figure 3 and Figures S5−S7 are
relatively simple, there should be no limitations on the
complexity of the objects for the imaging system to perform
well. Imaging of more complex objects, such as biological
tissue, is part of ongoing research but is beyond the scope of
this proof-of-concept work. An object distance of 4 mm
represents an order of magnitude improvement compared to
recently reported MMF-based imaging.5 Being able to “see”
objects at considerable distance from the fiber facet without
any imaging elements will reduce the size of the imaging device
to the diameter of the fiber itself. Therefore, endoscopes based
on our system can be operated in a minimally invasive manner
dramatically decreasing the risk of damage, for instance, to
human organs. This is also important in in vivo studies of
neural activity since there is a good chance to damage the
neurons close to the fiber tip.

Figure 2. Schematic of the training and reconstruction process using a
deep convolutional neural network.
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We also explore the possibility of predicting the depth of an
object using the GALOF-transported raw images. For this
purpose, we introduce a CNN classification model, see section
3 in Supporting Information for more technical details. After
finishing the training process, this CNN is able to predict the
image depth within a particular depth set, here 0, 2, or 4 mm.
Although the input images corresponding to different depth
are randomly mixed, the trained CNN is able to predict the
depth of the images with remarkable accuracy, close to 100%,
see Figure 3e. We study the depth prediction capability of our
system in more detail using a separate 4.5 cm long GALOF
sample, see section 3 in Supporting Information, where we

report the sorting of images into six depth categories ranging
from 0 to 10 mm. The averaged probability of accurately
predicting the depth is 86.29% for this short GALOF sample.
Beyond the demonstrated ability of obtaining good images of
objects that are several millimeters away from the fiber facet,
the depth prediction capability provides a first step toward the
reconstruction of images with a remarkable depth resolution.
As indicated in Figure 2, the CNN trained to reconstruct

images from straight fiber can be used directly to perform
reconstruction for bent GALOF. As is demonstrated in Figure
4, this bending independence of the GALOF/CNN imaging
system also applies to large imaging depths. Since the bending
independence is mainly due to the single-mode properties of
the transmission channels embedded in the GALOF, the
transmission should stay the same for arbitrary bent states.
Without losing of generality, we bend the GALOF by 90° and
collect the test raw imaging data for object depths of 0, 2, and
4 mm, respectively. As illustrated in Figure 4a−c, high quality
images can be recovered by feeding raw test images of low
quality into the CNN model. Please note that these raw test
images of different depth are obtained after transport through

Figure 3. (a1), (b1), and (c1) are input object images from the
MNIST database; (a2), (b2), and (c2) are the corresponding raw
intensity images transmitted through a 90 cm long straight GALOF
segment; (a3), (b3), and (c3) are reconstructed images from the raw
images. As illustrated in (d), (a1)−(a3) are obtained when the imaging
depth (the distance between the image plane and the GALOF input
facet) is 0 mm; (b1)−(b3) are obtained for 2 mm depth; (c1)−(c3) are
obtained for 4 mm depth. (e) Probability that the deep neural
network model can recognize correctly the imaging depth of the
object from the measured raw image. These are statistical data
obtained from the sets of 500 test samples used for the respective
distances.

Figure 4. (a)−(c) Imaging reconstruction results for the same 90 cm
GALOF segment bent by 90°. (a), (b), and (c) correspond to
different image depths of 0, 2, and 4 mm, respectively. The input
images are not shown here, but they are the same as those displayed
inFigure 3. (a1), (b1), and (c1) are three raw images collected after the
GALOF. (a2), (b2), and (c2) are the corresponding reconstructed
images. (d) Error analysis for both straight GALOF and bent GALOF.
Yellow and green bars correspond to the cases without and with
bending, respectively.
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bent GALOF, while the CNN training was performed using
straight GALOF. For a quantitative analysis, bar graphs are
plotted in Figure 4d that show the MAE and its statistics for
test data sets of different depths transferred through straight
(yellow bars) and bent GALOF (green bars). The low test
errors for all cases suggest that our CNN has learned a model
of underlying physics of the imaging system and can generate
highly accurate results. The slightly higher test error for
bending fiber might be attributed to the experimental process
that requires movement and readjustment of the imaging setup
located at the output side of the GALOF. For MMF-based
fiber imaging, a few hundred micrometers perturbations are
already strong enough to impair the image quality. Compared
to that extreme bending-sensitivity of MMF, our system is
totally free from the impact of strong bending. This ability
would make our system an ideal candidate for a fully flexible
medical endoscope used in clinical diagnostics.
To demonstrate a broader imaging capability even for

objects belonging to different classes, we reconstruct English
letters using the same CNN model trained by a straight
GALOF and the MNIST database of handwritten digits, see
Figure 5. English letters are a member of a totally different

domain compared to the numbers in the MNIST data set. We
pick the letters UCF (short for “University of Central Florida”)
and CREOL (short for “College of Optics and Photonics”) as
the object. The image size of the object is 112 × 200 pixels.
Limited by the size of the GALOF diameter, we have to scan
the object and stitch the subsets together to obtain the
complete images shown in Figure 5a. The comparison between
the reference and the recovered image demonstrates that our
system is able to accurately reconstruct images belonging to a
very different class. This is further strong evidence that our
CNN is an accurate estimate of the physics model. Therefore,
the imaging capability of our system generalizes well through
objects of different classes.
In conclusion, we demonstrate a fully flexible and artifact-

free fiber-based imaging system with a meter-long GALOF at
multiple working distances up to several millimeters. There are

several fundamental aspects that set our system apart from
other approaches, most notably the bending independence of
the network training process and the large object depth that
have been achieved without the need for distal optical
elements. Our system’s tolerance to flexible bending and
long working distances will be of enormous benefit for both
basic research on biological and disease processes and practical
application in clinical diagnostics and surgical operations. As
the next step of demonstrating the potential of our imaging
system, we will replace SLM generated images with real
biological samples. Besides that, we believe that we can further
improve our deep neural network model. One future goal is to
develop an integrated model to perform depth prediction and
image reconstruction with a one-time trained network, which
would open the door for real-time image transmission and
reconstruction with depth resolution using GALOF/CNN
based imaging systems.

■ METHODS
GALOF Fabrication. The GALOF is fabricated by the well-

known stack and draw method.22 Thousands of silica capillary
tubes are fabricated with different outer diameter as well as
different ratio of inner diameter (ID) to outer diameter (OD).
The OD of the silica capillaries ranges from ∼100 to ∼180 μm
and the ID/OD ranges from 0.5 to 0.8. The capillaries are
mixed randomly and fed into a jacket to make the perform.
Once the preform is completed, it is drawn to canes with
around 3 mm outer diameter. Subsequently, the cane is drawn
to the desired fiber size. The air-hole areas in the GALOF
range from 0.64 μm2 to over 100 μm2. Statistically, areas of
approximately 2.5 μm2 cover the largest area of the randomly
disordered region of GALOF.22 The measured attenuation at
visible wavelengths is below 1 dB per meter.
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Section 1: Resolution measurement. Section 2: CNN
architecture for reconstruction. Section 3: CNN
Architecture for depth prediction. Section 4: Recon-
struction results at different imaging depths (PDF).
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