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Abstract
Multimode optical fibers support the dense, low-loss transmission of many spatial modes, making
them attractive for technologies such as communications and imaging. However, information
propagating through multimode fibers is scrambled, due to modal dispersion and mode mixing.
This is usually rectified using wavefront shaping techniques with devices such as spatial light
modulators. Recently, we demonstrated an all-fiber system for controlling light propagation inside
multimode fibers using mechanical perturbations, called the fiber piano. In this tutorial we explain
the design considerations and experimental methods needed to build a fiber piano, and review
applications where fiber pianos have been used.

1. Introduction

In the past several decades, there has been an ongoing effort to utilize multimode optical fibers (MMFs) in
photonic applications such as space-division multiplexing for optical fiber communication [1–4], nonlinear
optics [5–12] and imaging [13–21]. More recently, applications for MMFs have expanded to quantum optics
[22–26] and fiber lasers [27–31]. These numerous applications enjoy the ability of MMFs to transport many
spatial modes with low loss, while having a low cost and a small footprint.

The main challenge of MMF-based technologies is that the information propagating through an MMF is
distorted by inter-modal interference, modal dispersion, and mode coupling. The information delivered by
an MMF is therefore often scrambled, yielding at its output complex spatiotemporal speckle patterns.

One of the most promising approaches for unscrambling the information transmitted by MMFs is by
shaping the optical wavefront at the proximal end of the fiber, to get a desired output at its distal end.
Demonstrations include compensation of modal dispersion [32–34], spatial focusing at the distal end
[35–39], and delivering images [13, 14, 40] or an orthogonal set of modes [41, 42] through the fiber. In
wavefront shaping, this is typically done by controlling the incident wavefront using spatial light modulators
(SLMs) or digital micromirror devices (DMDs).

Recently, we demonstrated a new method for controlling light at the output of MMFs, which does not
rely on shaping the incident light, but rather on inducing mechanical perturbations along the fiber. Such
precisely controlled bends of the fiber, which are routinely used for polarization control in fibers [43], have
only recently been proposed for controlling light in MMFs [44, 45]. Inspired by these works, we apply
computer-controlled bends at multiple positions along the fiber, in a configuration we call the fiber piano
[46–49].

The bends we generate change the local propagation constants of the fiber’s guided modes and induce
mode coupling [50], thus changing the fiber’s transmission matrix (TM). Specifically, as shown in figure 1,
different bend configurations yield different spatial speckle patterns at the distal end of the fiber.
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Figure 1. The working concept of the fiber piano. Mechanical bends are applied along the multimode fiber. Different bends
(depicted by red, blue, and green conformations of the fiber), yield different output patterns at the distal end of the fiber. To
obtain a desired pattern, an optimization algorithm is employed to find the configuration of bends that optimizes a cost function
of the output field.

We can therefore employ an optimization algorithm to search the space of bend configurations, to obtain
a desired field distribution at the output of the fiber, without modifying the incident wavefront. Since in this
approach the input field is fixed, it does not require an SLM or any other free-space component. In addition,
in this approach, we shape the TM of the MMF, not the incident wavefront. Since the TM of a fiber that
supports N guided modes is determined by≈N2 complex parameters, the fiber piano provides access to
many more degrees of control compared to when shaping the incident wavefront.

In this tutorial, we provide in detail our experimental methods applied for building and using a fiber
piano. In particular, we provide details on the actuators we use and how we place them along the fiber, as well
as considerations in estimating the needed number of actuators. We then discuss considerations in choosing
a suitable fiber and optimization algorithm. We also discuss several ways in which one may simulate a fiber
piano. We end this technical section with details on how we define the enhancement in different applications.
Finally, we briefly survey the different applications to which the fiber piano has been applied. In [51] we
provide an example for how to simulate a fiber piano, and also provide raw data from several experiments.

2. Experimental methods

2.1. The actuators
To apply the macro bends along the fiber we use an array of piezoelectric actuators. Here, we discuss the
design considerations of the fiber piano and its alignment, while detailed specifications of our actuators are
given in the supplementary information.

2.1.1. Placement of actuators
In order for the spatial field distribution to significantly change upon propagation between two adjacent
actuators, the distance between them must be larger than d2/λ, for d the core’s diameter and λ the
wavelength. After this propagation length modes with two adjacent propagation constants will accumulate a
relative phase of≈2π. In our case, the actuators were set 1.5–3 cm apart (see figure 2(a)).

The height of each actuator above the fiber is fixed such that when no bend was applied, the two small
rods attached to the actuator (see figure 2(b)) merely touch the fiber. To find this height and to estimate the
voltage range to apply on the actuators, we send a laser through the fiber and output it to a camera. When no
voltage is applied, we acquire an initial speckle pattern. We then scan the voltage on a single actuator, going
from the smallest to the largest bend on the fiber, and back, recording the speckle patterns during the scan.
We calculate the Pearson correlation (PCC) between these output speckles and the initial pattern, and choose
the maximal voltage such that the correlation decreases to≈80% at the maximal bend, and returns to≈1
when removing the bend. This corresponds to curvatures with radii of a few cm. The initial height,
corresponding to the point of contact with the fiber, is found by making sure that a small voltage does induce
some change in the PCC. The choice of a maximal decorrelation down to≈80% is chosen empirically; a
bend too strong would increase the loss [50, 52], which for the maximal deformation typically induces a few
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Figure 2. (a) A group of piezoelectric actuators used in the fiber piano. The black dashed square shows the mechanics used to
align the initial height of the actuator above the fiber. (b) Zoom-in on a single actuator. The actuator moves up and down,
generating a three-point bend of the fiber. The distance between the two rods of the actuator is≈5mm, and the actuator has a
maximal travel of a few hundreds of microns, inducing curvatures of a few cm. For better visibility, we highlight the fiber by a
white tracing. (c) A sample measurement of the effect of a single actuator, used to calibrate the height of an actuator above the
fiber. Note that in our actuators the maximum voltage induces the smallest bend to the fiber, as our actuators bend upwards. See
further in the supplementary information.

percent intensity attenuation per actuator. When the total power is very low, scanning the voltage and
recording the speckle patterns could be very slow. In this case we merely switch the voltage between minimal
and maximal bends and aim for a significant decrease in the PCC.

This process is repeated for each of the actuators. An example of such a measurement is depicted in
figure 2(c). Note that the correlation between patterns recorded when the same voltage is applied to the
actuator is not perfect and shows some hysteresis. This is further discussed in the supplementary
information.

2.1.2. Number of actuators
In our experiments, we typically use a few tens of actuators. However, the number of actuators required for a
fiber piano depends on the application for which it is used. We first consider the task of spatial focusing at
the distal end of the fiber. In the regime where the number of modes excited in the fiberNmodes is much larger
than the number of actuators Nact it has been shown both in simulation and experimentally [46], that the
enhancement of the focus increases linearly with the number of actuators, with a slope of α≈ 0.7. An
optimal enhancement may be achieved whenNact ≈ Nmodes, therefore for a task such as focusing, there would
be redundancy in the effect of the actuators if using more actuators. In fact, adding additional actuators
might deteriorate performance due to the additional losses.

To take both effects into account, we can multiply the empirically found enhancement of α ·Nact + 1 by a
factor of tNact , where α is the enhancement linear pre-factor, t< 1 is the transmission of a single actuator, and
the+1 accounts for the unity enhancement when no actuators are used. With this model the ideal value for
Nact is Nact = 1/ ln 1

t − 1/α. For t= 0.97 (0.98) we get an optimal Nact ≈ 31 (48). Note that the parameters t
and αmay be controlled to some extent by different choices of the amount of travel of the actuators, or by
other actuator designs.

For applications that require shaping of multiple incident wavefronts simultaneously, having
Nact > Nmodes may be required. Unlike shaping using an SLM, where the shaping is performed on the light
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incident on the MMF, the fiber piano allows tayloring the transmission matrix of the MMF itself. Thus, while
the degrees of control available using an SLM are the N complex amplitudes of the input modes, with the
fiber piano one may control the≈N2 amplitudes of the transmission matrix of the MMF. This higher degree
of control conceptually allows one to perform more demanding tasks, such as implementing arbitrary
unitary transformations between the input and output modes of the MMF. This is similar to the freedom
given by methods such as multi-plane light conversion (MPLC) [53, 54], where it has been shown that N2

phase shifters may be programmed to perform arbitrary transformations, even when they are not
independent [55, 56].

Performing such tasks with the fiber piano is currently challenging, however, since the optimal
configuration of the actuators is currently reached by a ‘blind’ optimization algorithm, which may take very
long to converge. This is compared to the more sophisticated methods applied in MPLC, such as the phase
matching algorithm [57]. In order to apply such algorithms to the fiber piano, we first must attain a more
accurate model of the perturbations it induces. This can be achieved by precise measurements of the changes
each actuator induces on the transmission matrix [58].

A second, conceptual, challenge is to identify the effective amount of degrees of control provided by a
single actuator. While for phase modulation the maximum effect per pixel is applying a 2π modulation, in
our case the effect is not limited. Supposing that a bend induces some mode coupling between nearest
neighbors, applying a further bend will further propagate the mode coupling to next-nearest neighbors. The
effective amount of control should thus be connected to the decorrelation induced by its maximal voltage, or
to α the enhancement parameter discussed above.

2.2. The fiber
Choosing a suitable fiber may prove critical for specific applications, and several trade-offs must be
considered. A simple example is the core size: while a larger core allows easier coupling into the fiber, it will
support more modes, which could require more actuators and a longer optimization.

Another trade-off has to do with the fiber type, e.g. a step-index (SI) or a graded index (GRIN) fiber. The
modes of SI fibers have larger modal areas and more closely spaced propagation constants for the same
numerical aperture, which leads to increased mode coupling and higher sensitivity to bending [39, 59]. Thus,
using an SI fiber allows more control per actuator, which may decrease the required amount of actuators.
However, SI fibers have a much smaller spectral correlation width than GRIN fibers [60]. This makes spatial
shaping of a broadband signal impractical since different wavelengths will produce different speckle patterns
that will sum incoherently. In applications requiring a broadband operation, for example, shaping photons
generated via spontaneous parametric down conversion (SPDC) [49], we used an≈1.8 m long OM2 (GRIN)
fiber. The spectral correlation width of this fiber was≈2.8 nm, allowing us to use bandpass filters with a
full-width half max (FWHM) of 3 nm. In [47], we used a HeNe laser which has a very small linewidth,
allowing us to use an≈1.5m long SI fiber, even though it has a much smaller spectral correlation width [60].

While the length of the fiber does not directly affect the optimization process, using a long fiber will make
the spectral correlation width narrower, and may also degrade the general stability of the system.

A related issue is that of polarization. In many cases strong mixing occurs in the fiber, and different
polarizations exhibit different speckle patterns. Since the two polarizations sum incoherently, the output
non-polarized speckle will have a lower contrast than that of a polarized output. To solve this, we typically
separate the two polarizations using a polarizing beam splitter or a Wollaston prism.

2.3. Optimization algorithms
As described above, the fiber piano approach relies on solving optimization problems. These problems use a
feedback loop—at each iteration, the output field is recorded and evaluated according to some cost function.
This cost function is then given to the optimization algorithm, which tries to minimize it by changing the
configuration of bends that are applied to the fiber segments. Since the propagation of the light in each
curved segment depends on the deformations induced by all the actuators prior to it, the ideal way to deal
with such an optimization problem is using a nonlinear optimization algorithm.

In our works, we use a particle swarm optimization (PSO) algorithm [46, 49] or simulated annealing
[48]. We also found that a genetic algorithm (implemented in Matlab) provides performance comparable to
these two algorithms. We have also seen in simulations (unpublished) that hybridizing several algorithms
could be beneficial: we start the optimization with an algorithm known to converge quickly, and once it
begins to saturate, we switch to an algorithm that generally shows better enhancement.

The optimization algorithm we chose in [46, 49] is PSO, a genetic algorithm. It randomly initializes a
population of points (referred to as particles) in an Nact-dimensional search space, representing the voltages
that are assigned to the Nact actuators. These positions are iteratively improved according to their local and
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global memory from previous iterations. Its stochastic nature helps avoid local extrema in non-convex
problems.

The optimization algorithm we chose in [48] is the simulated annealing (SA) algorithm [61]. To decrease
the probability of converging to local minima at each iteration, we added with some probability p a weak
perturbation to the optimal configuration of actuators, and increased p as the temperature decreased.

In both cases, with a few tens of actuators, the optimization process typically took several hundred to a
few thousand iterations. This translated to a timescale of tens of minutes, due to slow control electronics.

All the algorithms mentioned above are ‘blind’, using no prior knowledge about the actual effect of the
piano perturbations. Measuring the exact effect of the actuators might help with performing the
optimization in a more efficient manner.

2.4. Simulation
Since our system is linear in the optical field, it is natural to describe it with a matrix formalism. It is
convenient to model the fiber with consecutive segments of straight and curved fibers. The curved segments
model the effect of actuators, where the curvature of the segment is proportional to the travel of the actuator.
The straight segments describe the propagation between the actuators. The transmission matrix (TM) for
curved and straight segments is estimated numerically, and the complete fiber TM is calculated by
multiplying the TMs of all segments. In each iteration of the optimization process, the algorithm chooses the
bend configuration to apply by selecting the set of corresponding TMs such that the cost function is
optimized.

Simulating a straight fiber is straightforward: First, we compute the mode profiles and propagation
constant of the ideal fiber. The TM in the fiber mode basis then corresponds to a diagonal matrix whose
elements represent the phase accumulations eiβmL, where L is the segment length and βm is the propagation
constant of themth mode. For the bent segment, there are several approaches to simulate the TM. The
simplest yet least accurate approach is to assume the bending induces mode mixing that can be represented
by a random unitary matrix. Different bends can then be simulated by taking different randommatrices. The
strength and nature of the mode mixing can be set by applying constraints to the unitary matrices. For
example, a block diagonal matrix can model strong mixing only within the degenerate mode groups in
graded index fibers, a band matrix can model nearest (or n-nearest) neighbor coupling between adjacent
modes.

A second approach to model the TM of a curved segment is to approximate the bends by a circular arc,
with a curvature defined by the travel of the actuator. Then, the guided modes and propagation constants
could be found using numerical modules such as [62] or [63], which solve the scalar Helmholtz equation
under the weakly guiding approximation [64]. Then, the maximal and minimal radii of curvatures applied in
the experiment should be estimated from the experimental system, and different curvatures could represent
different perturbations of an actuator. In [46] this approach was used, in combination with the first
approach: each actuator was modeled as a product of two matrices—one emulating a circular arc, and the
second a random block diagonal matrix, coupling the modes within the same degenerate mode space.
Without introducing the random coupling matrices we were unable to achieve focusing in the simulation.

A third approach for modeling the effect of a bent fiber, is to measure its TM. Doing this requires accurate
measurements of the TM in the fiber-mode basis, for each bending radius. Indeed, such measurements have
been made in [58]. The advantage of such a simulation is that it also captures polarization-dependent effects
and polarization mixing. In [51] we provide a simulation of the fiber piano based on this approach, and the
TM measurements performed in [58] for a slightly different type of mechanical perturbation.

2.5. Enhancement
In most applications, we use the fiber piano to optimize a cost function. In the context of focusing (see 3.1
below), it is convenient to set the cost function as the enhancement factor η, defined as the total power in
some region of interest (ROI), divided by the total power in the ROI before the optimization. Since the
intensity in the ROI before optimization is very sensitive to the actuators’ configuration, it is computed by
averaging the output intensity over random configurations of the actuators. Similarly, in the context of
spectral shaping (see 3.2 below), we define the enhancement by the peak-to-background ratio in the
measured spectra. In the spectral case there is no need for averaging over random actuator configurations
and measuring the intensity of the exact same wavelength, since there is no envelope over the field of view
that differentiates between different areas of the spectrum.

The enhancement is a good measure for applications in which the primary goal is to shape the spatial
distribution at the output of the fiber, where the total power transmitted through the fiber is a secondary
concern. However, in applications that require high transmittance through the fiber, one must consider the
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trade-off between the amount of loss the actuators induce and the enhancement they can achieve. In such a
case a better cost function would be the total power in the ROI, with no normalization.

3. Applications

The fiber piano has been used for several applications, which we briefly survey below.

3.1. Spatial shaping
Our first demonstration using the fiber piano to control light at the output of an MMF was focusing the light
at the output of the fiber to a single spot [46]. We excited a subset of the fiber modes by weakly focusing an
input HeNe laser on the proximal end of the fiber. Due to inter-modal interference and mode-mixing, at the
output of the fiber, the modes interfere in a random manner, exhibiting a fully developed speckle pattern.

We defined a small ROI surrounding a chosen position, roughly the size of a single speckle grain, and run
the PSO algorithm to maximize the total intensity in that area. Figure 3 depicts the output speckle pattern of
the horizontal polarization before (a) and after (b) the optimization, using 37 actuators. The enhanced
speckle grain is clearly visible, and has a much higher intensity than its surroundings, corresponding to an
enhancement of η≈ 18.

We have also shown in [46] that we can tailor the output patterns in a few-mode fiber, where the number
of fiber modes is comparable to the number of actuators. Specifically, we converted a superposition of guided
modes to one of the linearly polarized (LP) modes supported by the fiber. To this end, we utilized the PSO
optimization algorithm to find the configuration of actuators that maximizes the overlap between the output
intensity pattern and the desired LP mode, which were computed numerically. For example, we
demonstrated conversion of horizontally polarized LP11 mode to a superposition of a horizontally polarized
LP01 mode and a vertically polarized LP11 mode. The Pearson correlation between the target and final
patterns, in this example, was 0.93. Similar results were obtained when we ran the optimization using as few
as 12 actuators, with a reduction of only a few percent in the correlation between the target and the final
pattern. The performance deteriorates when using less than 12 actuators, as the number of actuators
becomes comparable with the number of guided modes.

3.1.1. Shaping quantum light
We have further shown that the fiber piano may also be used for spatial shaping of quantum light [49]. A
photon is a single excitation of an optical mode, and when it propagates through a multimode fiber, its
spatial distribution will be scrambled, similarly to a laser occupying the same mode. In [49], we used SPDC
to generate a heralded single photon and send it through an MMF. We used a single photon detector for
feedback, and performed an optimization process using the fiber piano to localize the spatial distribution of
the photon at the output of the fiber.

Next, we sent spatially entangled photons generated via SPDC [65] through the MMF. Similar to classical
light, which is scrambled in the fiber and exhibits a speckle pattern, the spatial correlations between the two
photons get scrambled, yielding a two-photon speckle [66]. We use the correlations between the two photons
for feedback, and perform an optimization process using the fiber piano to localize the spatial correlations.

We note that in this experiment, we used a GRIN fiber and not an SI, even though it is less sensitive to
mechanical perturbations. This is because a GRIN fiber has a much larger spectral correlation width [60],
and the SPDC signal can be tens of nm wide. Even using a graded index fiber, we needed to use narrow-band
spectral filters (3 nm FWHM), further reducing the inherently weak SPDC signal.

3.1.2. Coupling into a single mode fiber (SMF)
A simple application for the focusing experiments is to couple light entering an MMF into a SMF. In many
cases, it is desirable to use SMFs due to their lower dispersion and polarization mixing, easier integration
with detectors, and better components and infrastructure. However, in applications where the incoming light
is distorted, such as in free-space communications and imaging, coupling light directly into an SMF limits
the collection efficiency due to the need to map the distorted incoming wavefront to the single guided spatial
mode supported by the fiber.

In [49], we showed that we could use the MMF, together with a fiber piano, to efficiently funnel light into
an SMF, getting the best of both worlds. The collection from free space is done by the MMF, which, thanks to
its large core and multiple guided modes allows higher collection efficiencies than a SMF. Using the fiber
piano, the light is then coupled into the SMF. Comparing to traditional adaptive optics systems, we consider
a collection telescope for communication with a satellite. In such settings, it may be inconvenient to mount
on the telescope a bulky adaptive optics system. In our approach, however, we do not need to add
components on the telescope, and simply change the collecting fiber from an SMF to an MMF, with the fiber
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Figure 3. An example of focusing coherent light at the output of an MMF using the fiber piano, showing an enhancement of
η≈ 18. (a) The speckle pattern at the fiber output before the optimization process. (b) The speckle pattern at the fiber output
after the optimization process. The red square depicts the region of interest we defined, which in this case was slightly smaller
than the size of a speckle grain.

piano located in a more convenient position. We note that a possible disadvantage of adding an MMF to the
collection system in communications, is the fact that it may add non-negligible mode-dependent
polarization rotations, scrambling polarization-encoded information. Also, for information encoded in time,
such as in telecommunication applications, dispersion in the fiber may limit the link speed. However, using a
few-meter MMF should allow GHz rates of communication.

3.2. Spectral shaping
The speckle pattern at the output of an MMF is wavelength-dependent, where the sensitivity to the
wavelength grows with the length of the fiber. Using this feature, we utilized the fiber piano to realize a
reconfigurable spectral filter [48]. To this end, we coupled a broadband fiber-coupled LED source to an SMF,
yielding spatially coherent broadband light. We then spliced the SMF to a 1 m step-index MMF. A subsequent
splice to another SMF leads the light to a spectrometer. The SMF fiber acts as a spatial filter that selects one
speckle channel of the speckle pattern generated at the output of the MMF. This speckle changes when the
input wavelength changes, with a spectral decorrelation range inversely proportional to the dispersion.

Using the fiber piano and the simulated annealing optimization algorithm, we find a bending
configuration that maximizes the overlap between the output spectrum and a target spectrum. This is
equivalent to a focusing experiment at the chosen frequency range. Because the speckle spectrally
decorrelates, so does the focal spot [67], leading to a drastically lower transmission through the system for
wavelengths outside the target spectrum.

This system allows creating a versatile, tunable, spectral filter. For instance, we could optimize the piano
to enhance the transmitted intensity at an arbitrary wavelength. In this way, we could demonstrate a tunable
spectral filter (figure 4). Similarly, a dual-band filter can be obtained by enhancing the intensity at two
different wavelengths, simultaneously. The spectral resolution of the filters is determined by the resolution of
the spectrometer and the spectral correlation width of the MMF, scaling as 1/L for MMFs with weak
coupling between modes [68–70], where L is the length of the fiber.

To create very narrow filters, one can use a long MMF to reduce its spectral correlation width. The
resolution is then limited by the resolution of the spectrometer used in the optimization process. However, it
is possible to replace the spectrometer and perform the optimization using a narrowband tunable laser. We
used a tunable laser at telecom wavelengths that can tune the wavelength in the C-band with a spectral
resolution of 1 pm and a camera that images the MMF output. We then used the fiber piano to focus on a
single spot at a specific wavelength. After the optimization, we scanned the wavelength of the laser and
observed the transmitted spectrum at that spot.

The main advantage of using the fiber piano for spectral filtering is that its resolution is inversely
proportional to the fiber length [68, 71], allowing us to demonstrate filters with a 5 pm resolution using a
150m long fiber. Moreover, in contrast to grating-based reconfigurable filters, the resolution of the fiber
piano is not limited by the operating wavelength range, opening the door for realizing high-resolution
reconfigurable spectral filters operating over broad bandwidths.

Another advantage is that, unlike wavelength-selective technologies, the resolution of the filter does not
come at the cost of a large footprint. As we do not use a grating, we may coil a 100m fiber onto a 3 inch
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Figure 4. The measured transmission spectra at the output of a fiber piano spliced to a single mode fiber, exhibiting a tunable
bandpass filter. Each curve represents an average of 6 optimized spectra to maximize the enhancement at the desired wavelength.
We achieve a full-width-half-maximum of≈245 pm and enhancements in the range of 13–20.

spool, and, in principle, create a 1 pm resolution spectrometer at 1500 nm, surpassing even 1m-long
bench-top grating spectrometers [71].

The main drawback of this system is its relatively low efficiency, defined by the output-to-input intensity
ratio in the chosen spectral band, which was 0.06 in our experiments. This, however, can potentially be
improved by using more actuators to achieve better enhancements, and by designing better actuators that
have lower loss.

3.3. Control of nonlinear processes in multimode fibers
The complex spatiotemporal dynamics and inter-modal interactions inherent to multimode fibers open vast
possibilities in the realm of nonlinear wave propagation [10]. This field has fostered innovations in diverse
areas such as fiber lasers [26–28], frequency conversions [72–75], photon pair generation [26, 76], and beam
cleaning [8]. In recent years, there has been significant interest regarding the control of nonlinear
phenomena within multimode fibers, achieved through wavefront shaping techniques [7, 9, 11, 77, 78].
These methods principally involved manipulating the wavefront in free space, before coupling into the fiber,
typically using a SLM. However, this methodology does not permit modulation of the light while inside the
non-linear propagation medium, or shaping of the nonlinear process itself.

Qiu et al have recently shown that one can resolve this challenge using a fiber piano [59, 79]. The control
of the wavefront was achieved during nonlinear light propagation in multimode fibers using a fiber piano
that was built using 3D printing and low-cost stepper motors. When applied to a standard silica SI fiber at
high power levels, they demonstrated control of the propagating pulses across the temporal and spatial
domains. Remarkably, they incorporated the fiber piano inside a multiphoton microscope, showing an
efficient and highly adaptable two-photon and three-photon microscopy, for both fluorescent beads and
label-free tissues.

3.4. Learning macro bends
All applications mentioned above had to do with optimization and wavefront-shaping. However, in [47], the
fiber piano was used in a different context, of sending images through an MMF. This, in general, is a
challenging task, as the propagation through the MMF scrambles the image. To overcome this, a
convolutional neural network (CNN) was trained on many different pictures, while the MMF was distorted
in many different configurations using the fiber piano. When the training was completed, the CNN could
reconstruct pictures sent through the fiber, also for new piano bending configurations that were not used in
the training process, and even generalized to macro deformations on a larger length scale of a few cm. In this
context, the piano was used simply to generate many different random mechanical configurations of the
fiber, generating data to feed into the CNN.

4. Outlook

In this paper, we presented the fiber piano in detail, providing information on different aspects and
considerations in building one and applications where it has been used. The fiber piano allows a robust and
stable all-fiber operation for various tasks. Given further development, we believe it may be used to tailor a
full transmission matrix of a multimode fiber, similar to what has been done with MPLC [80] and with
configurable circuits using MMFs together with SLMs [24, 81, 82].
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We believe that with proper design and engineering, one could construct fiber pianos with lower losses
and faster response times, at lower costs. This may be achieved either by using faster mechanical actuators,
such as those used in deformable mirrors [83], or by transferring the fiber-piano concept to other types of
actuators, such as in-fiber acousto-optical or electro-optical modulators. Such developments may open the
door for many more practical applications.

Data availability statement

The data that support the findings of this study are openly available at the following URL/DOI: https://
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