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ABSTRACT 

Optical multimode fiber (MMF) is widely used in telecommunication and biomedicine. 

For example, benefitting from the small diameter (<100 μm) of optical fibers, single-

fiber endoscopy has attracted a lot of attention for minimally invasive diagnosis and 

treatment. Without conventional bulky probes and/or heads, fiber-based endoscopy can 

be implanted into deep and complicated tissue regions, such as brain, with minimal 

invasion. Note that, however, information or optical pattern input to the MMF is 

scrambled due to mode dispersion within the fiber, resulting in a seemingly random 

speckle pattern at the output. This phenomenon has led to limited spatial resolution or 

selectivity for MMF-based applications, although high information capacity is 

supported. The development of wavefront shaping, a technique aiming for overcoming 

light scattering in complex media, opens up new venues for controlling light 

propagation through an MMF. With wavefront shaping, the output from the MMF can 

be manipulated by modulating the incident light with a spatial light modulator, 

empowering various applications that is otherwise impossible.  

However, the practical applications for the combination of wavefront shaping and 

MMF are still under exploration. And some significant drawbacks, such as the influence 

of external perturbations, should be addressed. With this purpose, in this thesis, five 

wavefront shaping-empowered MMF applications have been explored and are 

presented in two categories. In the first part, three different wavefront shaping 

approaches for enhancing the control ability are developed with individual 

demonstrative applications. In the first application, transmission matrix measurement 

with Hadamard basis via binary amplitude modulation is used as an MMF twist sensor. 

The sensitivity and measurement range of the twist sensor can be adaptively controlled 

via wavefront shaping. In the second application, measuring transmission matrix by 

scanning the fiber proximal end is presented for programmable optical logic operators. 



 

 

By dividing the screen of the spatial modulator into multiple subregions and measuring 

the transmission matrices of each of them, a single MMF can be used for long-distance 

optical logic gating, such as basic functions (AND, OR and NOT), cascaded multiple 

logic operation, and multi-bit logic operation. In the third application, an example of 

iterative wavefront shaping optimization algorithm is developed for arbitrary image 

projection through a long and unstable MMF with high fidelity and quality.  

In the second part of this thesis, the applications based on wavefront shaping-

empowered MMF are extended to biomedicine. A highly integrated system that can 

support multiple functions, including precise optogenetics, fluorescence imaging, and 

photoacoustic imaging, is proposed. The capability of high spatiotemporal resolution 

optical delivery through MMF for precise neuron stimulation is first demonstrated.  

Such a capability can be extended to penetrate through highly scattering media like 

MMF itself and a mouse skull. Moreover, as the scanning of the optical focusing for 

excitation and sensing are controlled electronically by the spatial light modulator, bulky 

mechanical components can be removed; the probe is miniaturized as a single MMF, 

whose diameter is as small as tens of microns, being inherently compatible for 

investigation of complex tissue regions such as deep brain that no other probes can 

access with minimal invasion. Last but not the least, multimodal imaging functions, 

including fluorescence and photoacoustic imaging, are integrated into this compact 

system. The system may further be combined with optogenetics or phototherapies 

towards a holistic high-resolution imaging-therapy-stimulation platform for deep 

tissues. 

In brief summary, this thesis has explored wavefront shaping-empowered multimode 

fibers and their applications within and beyond biomedicine, such as imaging, logic 

operation, and tissue stimulation. With further engineering, the technique may open up 

new venues to optically probe and treat biological tissues at depths with minimal 

invasion, which is desired by the community yet deemed highly challenging to date.  
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Figure 5-5 Evaluation of selective precise optogenetics with wavefront 

shaping-empowered MMF via the patch-clamp system. (a) The current 

of the target cell membrane was recorded via a patch-clamp system. (b) 

Fluorescence imaging of target cell. (c) Without wavefront shaping, the 

output of MMF was a random speckle within the whole FOV. (d-e) One 

optical focus was generated by wavefront shaping at the target region 

(encircled by the red circle) and the focus is moved away by changing the 

phase masks on the DMD. (f) An example of the corresponding patch-

clamp signals, in which the red dot line is the trigger single from DMD 

chip. The first line (t = 5 s) and second line (t = 10 s) represent the focus 

of (d) and (e), respectively. (g) Statistics of the inward currents recorded 

by the patch-clamp when light focus was on and away from the target 



 

 

based on a measurement of eight times (the error bar is the standard 

deviation). (h) Another cell was chosen to evaluate the resolution of 

optical selective stimulation. (i) A series of optical focuses of the same 

adjacent spacing (~9.3 μm ) were generated one after another (not 

simultaneously), and the middle (circled) one overlaps with the target 

cell region in (h). (j) The corresponding patch-clamp signals, showing 

there are strongest currents when the optical focus is on the target (the 

central valley). (k) The statistics of the inward currents at different 

optical focusing locations with respect to the central position (the target 

cell and the patch-clamp). The measurement was repeated by 5 times, 

and the error bar is the standard deviation. Scale bar: 20 µm; the arrows 

in a), c) and h) point to the images of the patch-clamp, which touched the 

cell membrane directly. ............................................................................. 94 

Figure 5-6 In vitro demonstration of selective precise optogenetics with 

wavefront shaping-empowered MMF. Calcium images were acquired by 

an epifluorescence imaging system. (a) Calcium imaging before the blue 

light illumination, serving as the background (Fb). (b) The cultured 

neurons were quiet without photostimulation in sham condition. (c) 

Without wavefront shaping, light from the MMF is a random speckle 



 

 

pattern. The difference (∆F0/ Fb) between the recorded calcium image 

and the background confirms that all the ChR2-eYFP positive neurons 

in the FOV exhibited calcium influx. (d-e) Based on the obtained TM, 

the phase masks for generating one and two focal regions (as illustrated 

in the insets) can be calculated and uploaded to the DMD. The 

corresponding differences of the calcium images with respect to 

background images are shown in d) and e), respectively, confirming 

selective activation of ChR2 selectively for precise neural activation with 

controlled light pattern from the MMF. (f) The statistics of repeated 

stimulation of the target cell in d). The scale bars in a-e are 50 μm. ..... 97 

Figure 6-1 Illustration of the multi-functional MMF endomicroscopy system. 

The TM is constructed based on PSF measurements: a series of scanning 

points are coupled into the MMF, and the corresponding speckle 

patterns are captured by the camera (Cam1). For Laser 2 (continuous 

wave laser), the complex field of each output is achieved from the off-

axis regime with an external reference beam. For Laser 1 (pulsed laser), 

an internal reference and a 4-phase shift method can be used for phase 

retrieval. The calibration, PA detection, and the sample holder are all 

installed on a linear motorized stage (orientation indicated by the red 



 

 

arrow) to allow rapid switch from calibration to imaging. BB: beam 

blocks; BS: non-polarizing beamsplitter; DM: dichroic mirror; DMD: 

digital micromirror device; HW: half-wave plate; L1-10: optical lens; 

M1-6: mirrors; Obj: objective; PBS: polarizing beamsplitter; PMT: 

photomultiplier; PH: pinhole; SMF: single-mode fiber; TL: tube lens; 

Transducer: ultrasound transducer. ...................................................... 106 

Figure 6-2 Aberration correction of the DMD. (a) An example of Zernike 

polynomials phase mask. (b) The distorted PSF captured via Camera 2 

before DMD correction. (c) The optimized wavefront for aberration 

correction of the DMD and the corresponding PSF (d). Colors represent 

phase in (a) and (c) but represent normalized intensity in (b) and (d).
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Figure 6-3 TM-based focusing before (a) and after (b) DMD correction. The 

intensity of focusing is increased by a factor of ~2.5............................. 111 

Figure 6-4 (a-b) Examples of single point focusing with different light sources. 

The focus (FWHM is around 1.2 μm) can be switched between two 

wavelengths (a for 532 nm and b for 488 nm) by changing the DMD 

patterns. (c-d) Example of the PBR maps with different types of 



 

 

reference beam (c with internal reference and d with external reference).
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Figure 6-5 High-fidelity PA imaging of carbon fibers with our system. PBR 

maps of TMs with different references and the combined TM are shown 

in the top row. The homogeneity of the focus PBR in the combined TM 

is much better than that in TMs with single reference. As shown in the 

bottom row, the quality of PA imaging based on the combined TM is 

considerably improved. ........................................................................... 114 

Figure 6-6. Example of laser scanning fluorescence imaging through the 

MMF. (a) Without WFS, the output from the MMF is diffused and 

excites all fluorescent beads at the same time. Some aggregated beads are 

highlight with red circles. (b) With WFS techniques, a high-resolution 

high-SNR fluorescence image could be reconstructed from the PMT 

signals recorded at each scanning position. Scale bar: 20 μm. ............ 115 

Figure 6-7 Testing the enhancement of pulse energy in the target focus. ... 116 

Figure 6-8 Examples of PA images of carbon fibers and improvement of SNR 

via low-pass filtering. (a) Imaging qualities including the details and SNR 

are improved significantly via LPF. (b) An example of A-line, raw data 



 

 

(top) and after LPF (bottom). (c) The FOV can be enlarged by changing 

the distance between the MMF and the sample, albeit with compromised 

resolution. ................................................................................................. 117 

Figure 6-9 Characterization of a received photoacoustic signal. (a) The signal 

is processed in MATLAB via low pass filtering with a 50 MHz cut-off 

frequency. The FWHM of the signal is mapped to a distance ~14 μm. (b) 

The profile of a single focus at the centre along the axial direction (the 

Gaussian fit is indicated by the red curve). The FWHM of the intensity 

is around 35.3 μm. .................................................................................... 118 
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1 INTRODUCTION 

1.1  Optical modes propagation in optical fibers 

Since Charles K. Kao and George Hockham proposed low-loss optical fibers in 1966[1], 

many seminal applications of optical fibers have been put forward, especially in 

telecommunications where optical fibers can dramatically increase the bandwidth of 

the Internet. Apart from telecommunications, optical fibers also find wide applications 

in many other fields such as sensing[2],imaging[3], and fiber laser[4, 5]. Moreover, 

optical fibers are widely investigated in biomedicine for minimally invasive 

applications in deep tissue due to their small diameter and high flexibility. In this thesis, 

5 various yet interconnected applications based on the combination of multimode fiber 

(MMF) and optical wavefront shaping (WFS) techniques were explored. Before going 

into details, it is necessary to provide some basic information, such as optical modes 

propagation in optical fibers. 
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Figure 1-1. Mode intensity profiles for a multimode fiber. Figure modified from 

the website: https://blog.cailabs.com. 

Optical fibers are first used as waveguide, within which light propagates with different 

optical modes (Figure 1-1). The characteristics of optical modes are determined by 

many parameters, such as light wavelength, refractive index of the fiber, and diameter 

of the fiber core or cladding. A dimensionless parameter (V number) is often used to 

gauge the optical modes in optical fibers, 

𝑉 =  
2𝑝𝑖

𝜆
𝑟𝑁𝐴,                           1-1 

where 𝜆 is the wavelength of the light, 𝑟 is the core radius of the optical fiber, and 𝑁𝐴 

is the numerical aperture of the optical fiber, which can be calculated as 

√𝑛𝑐𝑜𝑟𝑒
2 − 𝑛𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔

2 . Depending on the shape of the refractive index profile of the fiber, 
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the number of supported spatial modes can be approximated as 𝑀 ≈ 𝑉2/2 for step-

index multimode fibers and 𝑀 ≈ 𝑉2/4  for graded-index multimode fibers with 

parabolic refractive index distribution.   

  

Figure 1-2 Illustration of popular single core optical fibers. 

According to the number of modes, optical fibers could be divided into two categories, 

single-mode fiber (SMF) and multimode fiber (MMF), as shown in Figure 1-2. A 

single-mode fiber, as its name, only supports one spatial mode. It has a V number less 

than 2.405 at most optical wavelengths and transmits light in a single guided mode. 

Compared with MMF, SMF usually has a smaller core size (<10 μm). Fibers can 

support more spatial modes when the core size is increased, and these fibers are often 

referred to MMFs. If a camera is used to capture the intensity distribution of coherent 

light at the exit of a MMF, a seemingly random speckle pattern is seen as a result of 

dispersion and interference of different optical modes. Depending on the spatial 
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distribution of refractive index of the core, MMF can be divided into two subtypes, 

step-index multimode fiber and graded-index multimode fiber. For step-index 

multimode fibers, the refractive index over the core is identical. For graded-index 

(GRIN) multimode fibers, they have a near-parabolic-shaped refractive index profile. 

This kind of MMF could provide a much lower mode dispersion, a phenomenon caused 

by the spread time difference amongst optical modes when propagating in multimode 

fiber. Thus, GRIN MMFs are used more often in telecommunications than step-index 

MMFs are. That said, interference among different modes still exists in GRIN MMFs, 

which makes it challenging for direct interpretation or reconstruction of information, 

such as images, that is transmitted from one side of the fiber to the other. Since the 

transmitted information is scrambled, using a single MMF for high-resolution 

applications such as endomicroscopy requires an extra optical demodulation procedure 

through physical or computation means. For example, optical wavefront shaping, an 

effective tool initially proposed overcome light scattering problems, has recently been 

introduced into this field to control light and information propagation through an MMF.  

1.2  Light scattering through complex media and MMFs 

Before describing wavefront shaping and its application with MMF, it is necessary to 

provide some information about light scattering through MMFs and other complex 

media. Various models have been developed to represent the light propagation 

behaviours in structurally disordered or complex media [6-8]. Most of them involve a 

scattering coefficient (denoted as 𝜇𝑠) and a reduced scattering coefficient (denoted as 𝜇𝑠
′ ), 

or a scattering mean free path (MFP, denoted as 𝑙𝑠 =
1

𝜇𝑠
) and a transport mean free path 
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(TMFP, denoted as 𝑙𝑡𝑟 =
1

𝜇𝑠
′). Microscopically, MFP is the averaged optical path length 

between two scattering events, which provides information about the scattering strength 

of a medium. Macroscopically, TMFP indicates the averaged path length for an incident 

photon to undergo before its propagation direction becomes fully random. Within one 

TMFP, photons travel ballistically or quasi-ballistically, and the transmission of 

information between the object and the image overall follows a one-to-one relationship, 

i.e., one point of the image is conjugate with one point at the source (Figure 1-3a). When 

it goes beyond the TMFP, the transport of light becomes random and diffusive. As a result, 

one point of the image may correspond to multiple points at the source, and vice versa 

(Figure 1-3b) [9, 10]. Thus, in a diffusive optical system, the point spread function (PSF) 

is randomly profiled, while the superposition of the PSFs produces a blurred image or 

even speckle pattern with seemingly random intensity fluctuation. This phenomenon often 

occurs when we want to observe something behind ground glass, fog, cloud, milky fluid, 

and biological tissue, where optical information transmission and observation are 

obstructed [11, 12]. 

 

Figure 1-3 Illustration of the light scattering in scattering media and MMF (a) 
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Light propagation in an optically clear system. (b) Light propagation in a complex 

scattering system. The optical axis is indicated with the dashed arrow from two-

point light sources (A and B) and the geometric conjugated points (A’ and B’) on 

the image plane. Optical signals from A and B are represented in red and blue, 

respectively. (c) Light propagation through an MMF. A speckle pattern is seen at 

distal end of the MMF due to the interference of different optical modes. 

Similarly, the output from an MMF (assuming coherent light is input) is also diffused 

like a speckle pattern, as illustrated in Figure 1-3c due to the interference of different 

optical modes within the MMF. Figure 1-1 shows some examples of optical modes that 

can be transmitted within an MMF. For commercial MMFs, there could be more than 

thousands of optical modes that have different intensity and phase distributions. 

Therefore, when a coherent light is input into the MMF, the interference of modes that 

have random phase differences generates speckle pattern, displaying randomly 

distributed bright and dark regions rather than Gaussian or Gaussian-like profiles. 

Because of this phenomenon, information input into the MMF cannot be interpreted or 

decoded directly from the output field form the MMF. Moreover, perturbations from 

the environment, such as bending, twisting, and temperature changes, will affect the 

mode dispersion through the MMF and hence alter the resultant at speckle pattern. 

These features have limited the application of MMF in many scenes. 

That said, the transformation process or response of the complex media (including the 

MMF) is in fact deterministic despite the complexity of light propagation. In a strongly 

scattering but static medium, the output field is invariant if the input remains unchanged. 

Such deterministic behaviour is no longer preserved when the medium decorrelates due to 

external perturbations or internal motions such as respiration or blood flow. Nevertheless, 
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prior to the decorrelation of the medium and within a certain spatial range, the changes to 

the output speckle pattern are highly correlated to the variations of the input field. This 

important feature allows one to retrieve or reconstruct the information transmitted through 

the complex medium through deciphering the output speckle pattern, which is inherently 

related to the response of the medium to the input light field. Regarding this topic, various 

models have been proposed and extensively studied [9, 10, 13].  

1.3  Optical wavefront shaping  

It has been a long-sought goal to control light propagation through complex media, 

including biological tissue and MMF. However, it still remains challenging due to the 

random and complex process of multiple scattering [7]. In the 1980s, researchers began 

to realize that within the speckle decorrelation window, the apparently random 

scattering events are deterministic [14, 15]. The wavefront shaping (WFS) technique 

was proposed in 2007 to pre-compensate for distortions caused by scattering by 

iterative optimization of the input wavefront [16-20] or by time-reversal of the scattered 

wavefront [21-25]. In addition, the transmission matrix (TM) of a complex medium can 

be used to describe the optical propagation through that medium [11, 26-29], allowing 

the calculation of input wavefront for any output and testing in WFS system. Over the 

past decade, WFS has shown promising developments, with some methods already 

being widely used. With WFS, diffraction-limited optical focusing is possible in 

complex media at depths, potentially revolutionize optical applications in the 

biomedical field such as high-resolution imaging [30, 31] and trapping  [32, 33]. WFS 

also enables the transformation of scattering media into functional components, 

including linear operators [34], polarization controllers [35, 36], and optical beam 
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splitters [37-40], which may lead to further breakthroughs in optical computation. 

Furthermore, since the output light through highly scattered media can be optimized by 

controlling the mode coupling and light-matter interaction efficiency with WFS, the 

performance of information transmission or communication in scattering media can be 

guaranteed. Finally yet importantly, WFS offers promising solutions to overcome the 

mode dispersion inherent to multimode fibers [41], pushing fiber endoscopy and 

communication to a new level.   

In this thesis, the way of controlling light propagation within the MMF with wavefront 

shaping is mainly through TM-based measurement and iterative optimization, which will 

be explained in detail herein. As mentioned earlier, light propagation in complex media 

can be viewed as stochastic interference of multiple independent optical paths. Because of 

the randomness, it is challenging to study individual scattering events within a scattering 

process. In 2010, Popoff et al. proposed a TM model that describes the linear relationship 

between the input and output fields [11]. As shown in Figure 1-4, each output channel 

(𝑦𝑚) in the output field (𝑌) is a weighted sum of all input channels (𝑥𝑛) in the input field 

(𝑋), i.e., 𝑦𝑚 = ∑ 𝑡𝑚𝑛𝑥𝑛 or 𝑌 = 𝑇𝑋, where 𝑇 is the TM of the medium with complex 

elements 𝑡𝑚𝑛. The TM contains the information of all scattering information in every 

input-out channel of that disordered medium, and it carries physical or engineering 

implications. Therefore, approaches based on the measurement and manipulation of TM 

are of great interest in the field, which These can be classified into either analytical or 

statistical type. In the analytical type, the measurement is based on an interferometric 

scheme. It can be done by using either an internal reference pattern from the wavefront 

modulator incorporating the probing wavefronts (usually Hadamard basis) [11, 42, 43],or 

an external reference beam to generate a holographic interferometry with the output 
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speckle field [44, 45]. The internal reference method is widely adopted because it allows 

for a simpler and more stable experimental setup, since no additional reference arm is 

required. In the statistical type, the TM of the medium is measured based on statistical 

methods (e.g., Bayes’ theorem) [46, 47], but a large number of measurements are usually 

required to accurately estimate the elements of the TM. For MMF, which has a clearly 

bordered input end, the TM can also be represented with PSFs by scanning the proximal 

end with diffractive limited focus spots [48]. Similar to the Hadamard basis approach, in 

this method, the complex output field can also be achieved through the same way. As the 

spatial uniformity of optical delivery within the MMF output field is essential in many 

applications, the external reference method is often adopted in MMF research for fast and 

straightforward measurement of the TM. Regardless of the approach, with the knowledge 

of the TM, the output field of the MMF can be arbitrarily controlled or engineered by 

applying appropriate pre-compensation wavefronts to the input light through a wavefront 

modulator.  

 

Figure 1-4 The principle of the TM model. The wavefront of incident light is 

divided and controlled by spatial light modulation like DMD, where the xn (j = 
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1…N) is the nth controlled mode in the input field (x). ym (m = 1…M) is the mth 

output mode in the output field (y) which is usually acquired from the intensity 

images of camera. The relationship between x and y is described with the 

transmission matrix (T) of the complex medium. 

Wavefront control can be performed in a global or local manner. Globally, the TM, which 

is a random matrix with circular Gaussian distributed elements [7], can be decomposed 

(e.g., by singular value decomposition, SVD) to derive transmission eigenchannels and 

the corresponding eigenvectors of 𝑇†𝑇 (†: conjugate transpose). An open channel (i.e., 

an eigenchannel with the largest eigenvalue of 𝑇†𝑇 ) results in maximum energy 

transmission through the scattering medium. The open channels can be activated by using 

the corresponding eigenvectors as the input wavefront in WFS [49-52]. In the context of 

MMF, eigenchannels can be utilized for various applications. For example, in a aperture-

target TM model, by using low-transmittance eigenchannels, arbitrary glare suppression 

could be achieved with an extremely high efficiency [53] compared with other iteration 

algorithms [54, 55]. Locally, the output light field can be engineered into arbitrary patterns 

[11] (e.g., single-or multi-point focusing) by transmission matrix inversion [56] or direct 

use of the phase and/or amplitude information from the TM rows corresponding to the 

target output channels [57]. This allows a series of optical focal spots be generated at any 

position in the field of view, enabling raster scanning of the target region and hence raster 

scanning imaging through the MMF. 

As the measurement of TM usually takes some time, a highly stable environment is 

desired, and instability could significantly affect the accuracy of the measurement [41, 

58, 59]. In unstable situations, feedback-based iterative wavefront optimization may be 

a better choice to achieve optimized light control through an MMF. An optimization 
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algorithm can be used search for the optimum wavefront modulation pattern according 

to the real-time feedback without knowing the mapping of the input-output channels. 

Quite many optimization algorithms have been proposed in the past decade. For 

example, continuous sequential algorithm (CSA) [60] is the simplest and most 

straightforward, but it is highly susceptible to noise since the modulated units are not 

globally updated. Therefore, heuristic algorithms have been proposed for searching the 

global optimum, such as genetic algorithm (GA) [59], particle swarm optimization 

(PSO) [61], simulated annealing algorithm (SA) [62], separable natural evolution 

strategies (SNES) [63], artificial intelligence-assisted algorithms [64-66], and hybrid 

algorithm with GA and deep neural network (DNN) [67]. That said, it still remains 

challenging for these algorithms to cope with dynamically changing scattering 

conditions. Most recently, a method proposed to gauge the optimization with physics 

prior to improve the adaptability of the wavefront optimization. A square rule was 

theoretically derived that directly relates the instantaneous optimization result (e.g., 

peak-to-background ratio of a focus) to the error in the optimized wavefront based on 

binary-amplitude modulation [68]. The number of elements on the spatial light 

modulator that incorrectly modulate the wavefront can be quantified and thus corrected 

to improve the optimization solutions. This concept has enabled the development of 

several adaptive algorithms, including so-called dynamic mutation algorithm (DMA) 

[68], enhanced PSO algorithm [69], and parameter-free algorithm [70]. Note that such 

square rule is currently only tailored for binary-amplitude modulation, but not yet for 

phase modulation, since the constraints would be much more complicated with phases 

continuously distributed between 0 and 2π. 

1.4  Spatial light modulators 
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In optical wavefront shaping, a spatial light modulator (SLM) is usually used for 

wavefront modulation, with the exception in analogue optical phase conjugation (OPC), 

where photorefractive materials are employed to generate phase conjugated copy of 

incident light to achieve wavefront modulation. SLM is an optoelectronic device with 

a large number of independent controllable elements, so that the wavefront can be 

divided into finite units and modulated to have desired phases and/or amplitudes. The 

finer is the division of the wavefront, the more effective wavefront modulation and 

control can be. Theoretically, the performance of optical focusing through scattering 

media (e.g., as measured by PBR) is proportional to the number of active control units 

on the SLM (N) [71, 72].  

Popular SLMs used in WFS are listed in Table 1-1. Depending on the mechanisms of 

modulation, these modulators can be classified into four types: phase-only, binary-

amplitude, binary-phase, and phase and amplitude. For AOMs, both amplitude and phase 

can be modulated simultaneously through acoustic encoding [73]. For other SLMs, either 

amplitude or phase modulation can be supported. It has been demonstrated that with the 

same number of controllable units, modulation involving phase is more effective than that 

involving amplitude [71]. But as shown in Table 1-1, modulators suitable for phase 

modulation generally have a lower refresh rate or a smaller number of controllable units, 

which is not ideal in practice. One possible solution is to use a digital micromirror device 

(DMD), which has a moderate refresh rate (up to 23 kHz) and a large number of 

controllable units (~106). Although typically binary or amplitude modulation is supported, 

phase-only modulation is also possible with a DMD when it functions with the binary 

grating Lee hologram [74]. In this thesis, to assure the modulation efficiency and make 

the applications more practical, a high-speed DMD with binary-amplitude or phase-only 
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modulation was used in all projects. That said, as limited by the speed of camera (less than 

1 kHz), the speed of DMD is manually slowed down in experiment to synchronize with 

the camera when both devices interact.  

Table 1-1 Popular modulators used in wavefront shaping. LC-SLM: liquid crystal-based 

spatial light modulator; DMD: digital micromirror device; DM: deformable mirror; GLV: 

grating light valve; AOM: acoustic-optic modulator; MEMS: micro-electromechanical system. 

Type Mechanism Modulation Refresh 

rate (Hz) 

Number of 

elements 

References 

 

LC-

SLM 

Nematic 

liquid crystal 

Phase only, 

Amplitude only 

60 106 [17, 57] 

Ferroelectric 

liquid crystal 

Binary phase, 

Phase only 

~102 106 [72] 

DMD MEMS Binary amplitude 23 k 106 [75, 76] 

DM MEMS Phase only ~10 k 102~103  [77, 78] 

GLV MEMS Phase only 350 k 103 [79] 
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AOM Acousto-

optics 

Phase & amplitude ~100 k 102 [73] 

1.5  Thesis outline 

The main body of the thesis is divided into 5 chapters discussing a series of studies 

performed during my PhD study that have focused on the development, optimization, 

and application of optical wavefront shaping and its integration with multimode fibers.  

In Chapter 2, wavefront shaping was first combined with MMF for active mode control 

and its application to improve the performance of specklegram sensing of fiber twisting 

without any additional fabrications or processing. Experimental results suggest that the 

net or averaged light intensity through a multimode fiber shows no dependency on the 

fiber twisting angle, but the overall variation of the intensity spatial profile does (e.g., 

correlation coefficient of speckle patterns). With the intervention of wavefront shaping, 

the spatially seemingly random light pattern is chosen to be transformed into an optical 

focus. And consequently, both the correlation and intensity variations occurred to the 

shaped pattern are proved to be linearly related with the twist angle, doubling the 

measurable range of the non-WFS counterpart. With further development, wavefront 

shaping may find potentials to facilitate the applications of MMF-based sensors in a 

variety of scenarios. 

In Chapter 3, a wavefront optimization method is developed to efficiently confine the 

optical flux into arbitrary patterns (i.e., pattern projection) through dynamic complex 

media, where representative phase control algorithms see limitations. Relying on a 



15 

 

natural gradient ascent algorithm, the optimization can adapt to the instant dynamics of 

the medium and rapidly converge to the optimal wavefront with excellent anti-

interference ability. Additionally, a self-defined fitness function is proposed to work 

together with the optimization and further enhance the contrast of the confined patterns. 

As a result, arbitrary pattern projection is achieved through a 15-meter dynamically 

changing multimode fiber with superior performance over other methods. The proposed 

approach technically provides promising ability to manipulate the energy and 

information delivery through a MMF, which may benefit deep-tissue photon therapy 

and optogenetics based on the utilization of MMF. 

In Chapter 4, we harness wavefront shaping to generate programmable optical logic 

operators through a 15-meter-long MMF through measuring the transmission matrices 

(TM) of separate segments of SLM and MMF. Experimentally, we demonstrate a single 

optical logic gate containing three basic logic functions (AND, OR, and NOT) and 

cascade multiple logic gates to handle binary operands. We also use a similar 

framework to perform some bitwise operations, such as “bitwise and” and “bitwise or” 

operations, to handle multi-bit logic operations. As the multimode fiber can be easily 

packed to resist to environment perturbation and the TM of the multimode fiber can be 

measured instantly to adapt to moderate perturbations, the proposed method may open 

new venues towards long-range logic signal processing via multimode fibers. 

In Chapter 5, the wavefront shaping-empowered MMF is devised as a precise optical 

illumination tool for single neuron optogenetics within or through deep tissue. In this 

project, we propose spatiotemporally engineered neuron stimulation (STENS) by using 

an ultra-thin multimode fiber empowered by optical wavefront shaping to achieve light 

focusing and raster scanning of the optical focus with high spatiotemporal resolution at 
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the distal end of the multimode fiber and even through a mouse skull. Such capability 

enables those primary neurons expressing Chr2 can be regulated spatiotemporally in 

experiment. Through the records of patch clamp system, the spatial resolution of our 

system is single cell level, and the stimulation of primary neurons is monitored by 

calcium imaging. With further improvement, the work may open up venues for 

minimally invasive or non-invasive all-optical investigation of neural circuits in used-

to-be optically inaccessible brain regions. 

In Chapter 6, the application of wavefront shaping-empowered MMF is further 

extended for minimally invasive high-resolution endoscopy, where a single ultra-thin 

MMF is exploited for both light delivery and detection (if needed). Two 

microendoscopic modes, fluorescence imaging and photoacoustic imaging, have been 

explored preliminarily. Whilst a lot is needed to be further optimized, the demonstrated 

capability paves a new way towards multifunctional high-resolution optical stimulation 

and imaging applications with minimal invasion in deep tissue.   
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2  WAVEFRONT SHAPING-EMPOWERED 

MULTIMODE FIBER FOR TWIST SENSOR 

This chapter is reproduced with some adaptations from published journal paper, 

“Tianting Zhong, Zhipeng Yu, Huanhao Li, Zihao Li, Haohong Li, and Puxiang Lai. 

Active wavefront shaping for controlling and improving multimode fiber 

sensor. Journal of Innovative Optical Health Sciences, 12(04), 1942007 (2019)”. The 

contributions of authors are as follows: T. Zhong, Z. Yu and P. Lai conceived the idea. 

T. Zhong, Z. Yu and H. Li designed the system. T. Zhong and Z. Yu ran the experiment. 

T. Zhong, Z. Yu, H. Li and P. Lai prepared the manuscript. All authors were involved 

in the manuscript revision.  

From Chapter 2, a series of applications based on the integration of wavefront shaping 

techniques and MMF will be demonstrated. The first application presented in this 

chapter describes a trial of using wavefront shaping to control light pattern through 

multimode fibers, which is further exploited to enhance the performance of fiber sensor. 

The use of a single multimode fiber alone, without any special fabrication, as a sensor 

based on the transmission light intensity variations is not directly or accurately relevant. 

The twist effect on multimode fiber is used as an example herein. Experimental results 

show that light intensity through the multimode fiber shows no direct relationship with 

the twist angle, but the correlation coefficient of speckle patterns does. Moreover, if 

wavefront shaping is applied to transform the spatially seemingly random light pattern 
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at the exit of the multimode fiber into an optical focus, the focal pattern correlation and 

intensity both can serve to gauge the twist angle, with doubled measurement range. 

With further development, wavefront shaping may find potentials to facilitate the 

development of multimode fiber-based sensors in a variety of scenarios. 

2.1 Introduction 

As mentioned in Chapter 1, optical WFS has drawn lots of attention due to its unique 

ability to control light propagation within or through complex media, which shows a 

great potential to revolutionize imaging and light manipulation in biological tissue [17, 

19, 80, 81]. Moreover, WFS has been demonstrated to mitigate the mode dispersion and 

coupling in MMFs through utilizing a SLM to control the wavefront of incident light 

[82, 83]. By scanning focus through a multimode fiber directly or revising the 

transmission matrix, many types of MMF-based endoscopies have been proposed [84-

86], exhibiting quite a few advantages in brain imaging over fiber bundle. Apart for 

imaging, WFS also shows lots of interesting applications with multimode fibers, such 

as nonlinear control [41] and communication [87].  

In this work, let’s focus on fiber-based sensing application. Optical fibers have not only 

revolutionized the telecommunication, but also been integrated into many fields [88]. 

For example, optical fibers have shown great potentials in security monitoring of 

physical parameters [89], such as bending, axial stress, transverse load, temperature, 

and twisting, which is becoming more and more important and indispensable for 

bridges, buildings, and many other civil structures. For traditional sensing, fibers with 

special design and fabrication can serve as a sensor or an optical spectrum analyzer 

(OSA) to decode the information (such as wavelength shift and intensity variation) from 
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the fiber output. With complex fabrication process and sophisticated operation, fiber 

sensors can provide a high sensitivity, which, however, also limits broader applications. 

Fiber specklegram sensors, for example, are rather challenging with traditional methods. 

Fiber specklegram sensors, by definition, are a class of sensors using the multimode 

interference analysis to retrieve information of external parameters [90]. As known, 

when light transmits through a multimode fiber, a random speckle pattern can be 

observed due to the crosstalk of thousands (or even more) of modes inside fiber [91]. 

This process is quite similar to the phenomenon when coherent light goes through a 

scattering medium and a random speckle pattern is generated due to the scattering-

induced phase distortions [92]. In both scenarios, scattering has been usually regarded 

as a nightmare that should be avoided; speckle patterns inside or through complex 

media has been one of the major noise sources in many applications.  

With the development of WFS, scientists have explored the feasibility to control or 

manipulate diffused light by exploiting the scattering and the corresponding speckle 

patterns based on their deterministic feature within the medium’s temporal correlation 

window [60]. Measuring the TM of the medium is one of the approaches developed 

[11]. For a MMF, the TM bridges the input and output modes, and it is deterministic 

and stable when there are no external perturbations. In other words, external 

perturbation sources, such as temperature change, twisting, and bending, will cause 

deformation to the MMF, hence varying the TM. For a regular MMF (e.g., with 0.22 

NA, Ø50 µm core), it can support thousands of transmission modes, meaning that TM 

of the MMF can be extremely sensitive to external perturbations. Built upon this 

philosophy, specklegram sensor has been proposed to detect micrometric variations in 

displacement [93], vibration [94, 95], temperature [96], as well as electrical current [97]. 
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Compared with traditional fiber sensors, fiber specklegram sensors possess high 

sensitivity and the system can be quite simple, making it attractive for many 

applications. The limitations of specklegram sensors are majorly associated with the 

utilization of a digital camera to capture the speckle patterns for analysis. Generally 

speaking, to have more speckle information statistically, a large field of view (FOV) is 

always preferred. This, however, sees conflicts with the requirement that how each 

speckle grain in the field should be digitally resolved, especially when the bandwidth 

of the camera and the data transfer are limited. Moreover, since the speckle patterns are 

spatially nonuniform, which region in the FOV should be chosen and analyzed is not a 

trivia.  

In this work, we propose a new application of WFS for multimode fiber sensing. Firstly, 

we briefly introduce a new multimode fiber twist sensor based on specklegram 

correlation. And then, we show the measuring range of the twist sensor can be extended 

with the help of WFS. More importantly, with WFS, light energy can be converged to 

a spatially confined region, i.e., forming an optical focus. This focus, naturally, is the 

target for analysis; the abovementioned FOV issue no longer exists. In the meanwhile, 

the specklegram phase changes (as usually measured by the correlation reduction) 

caused by external perturbations can be transferred into intensity changes, which can 

be directly perceived by a single-aperture detector, such as photodiode. This allows 

significant increase of detection bandwidth and reduction of cost. Collectively, 

assistance of active wavefront shaping may open a new venue for fiber-based sensors 

in a variety of aspects. 
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2.2 Method 

When coherent light transmits inside a multimode fiber, the light field Em(r, θ, z) of 

different modes depend on three cylindrical polar coordinates r, ϕ, and z, and can be 

expressed by [98]  

Em(r, θ, z)=ψ
m

(r, θ ) exp(-i β
m

z),                     (2-1) 

where β
m

 and ψ
m

(r, θ) are the propagation constant and spatial profile of the mth mode, 

respectively. ψ
m

(r, θ ) is related to the numerical aperture (NA) of the multimode fiber 

and the cross-section size of the fiber (the diameters of the core and the cladding are 

Rco and Rcl, respectively).  

As mentioned earlier, the speckle phenomenon in multimode fiber is similar to that in 

scattering media, which has been discussed by several groups [99-101]. The speckle 

pattern out of a multimode fiber is highly related on the modes in this fiber [102]. For 

a step-index fiber, the number of modes (M) is approximately 𝑀 = 𝑉2/2, where V is 

associated with the NA, the core radius of the fiber, and the wavelength of light ( λ ) by 

𝑉 = 2𝜋𝑎𝑁𝐴/𝜆 [103]. Each mode has a different phase velocity as they transmit along 

different optical paths. At the exit of the MMF (assuming a length of L), the light field 

at an arbitrary position consists of a sum of a multitude of interferences due to random 

field contributions of different modes. If light is coherent, the interference between 

different modes will generate a speckle pattern at the output of the multimode fiber 

[104]. Mathematically, the resultant light field can be expressed by 

E(r, θ, L)= ∑ Amφ
m

(r, θ) exp(-iβ
m

L-ωt)m ,                   (2-2) 
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where Am   is the amplitude of the mth mode with a spatial profile of φ
m

 and 

propagation constant of β
m

[105]. The geometry and the refraction index of the fiber 

will change when an external perturbation (such as temperature, pressure, or strain) is 

applied to the fiber. The variations of speckle pattern distribution are highly sensitive, 

while the total output intensity remains almost identical [104].  

Let’s take twisting perturbation as the example here. It may lead to speckle pattern 

phase variation on a macro level. And it’s no hard to hypothesize that the larger is the 

twisting angle, the stronger is the specklegram variation. Pearson correlation coefficient 

(CC) between two patterns can be used to quantify such specklegram variations: 

CC=
1

N-1
 ∑ (  

IAi
-μA

̅̅ ̅̅ ̅̅ ̅̅

σA
 ) (  

IBi
-μB

σB
 )

  N

 i=1

.                 (2-3) 

Here, A and B represent two speckle patterns, with each containing N pixels; 𝐼𝐴𝑖
 and 

𝐼𝐵𝑖
 are the individual pixel intensity; μ

A
 and μ

B
 are the mean intensity, σA and σB are 

the standard deviation of patterns A and B, respectively. The hypothesis is when CC is 

closer to 1, the difference between the two patterns is tiny, indicating a small or no 

twisting; when CC is close to 0, the difference between the two patterns and hence the 

twisting angle are large.  

Note that, however, such one-to-one mapping between speckle correlation and twisting 

perturbation may be valid (to be confirmed though through experiments) only when the 

perturbation is relatively small and within a certain range (to be revealed through 

experiments). Beyond that range, modal state energy is redistributed, totally changing 

the landscape of the speckle pattern. The sensing mechanism based on the 

abovementioned mapping no longer functions, as the CC is always around 0.  
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In this study, we first explore how specklegram correlation can be used to gauge 

twisting perturbation. Then, wavefront shaping is applied to the modulate the input light 

before it enters the multimode fiber; the transmission matrix of the fiber is measured in 

advanced and then is used to generate an optical focal spot at the central of the output 

field. Based on the focusing pattern, the twist sensing is re-evaluated. The experiment 

setup is shown in Figure 2-1. A continuous laser operating at 532 nm (EXLSR-532-

300-CDRH, Spectra-Physics, USA) is used as the light source. The laser is coupled into 

a multimode fiber (0.22 NA, low-OH, Ø50 µm core, FG050LGA, Thorlabs, USA) of 1 

meter long to generate a specklegram that contains around 2100 modes after collimation. 

The MMF is mechanically fixed by Holder 1 and Holder 2, with a distance of 10.35 cm 

between them. A fiber rotator (HFR007, Thorlabs, USA) is used to provide an axial 

rotation to the MMF. Light output from the MMF is recorded by a CMOS camera (PCO. 

Edge 5.5, PCO, Germany), with images subsequently transferred to a computer for data 

analysis in MATLAB (Mathworks, USA). For experiments involved with WFS, a 

digital micro device (DMD, DLP4100, Texas Instruments Inc., USA) is used to 

modulate the incident light in order to form an optical focus at the fiber output. 
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Figure 2-1. Schematic of the specklegram twist sensor. C1 and C2, fiber collimator; 

CAM, digital camera; BE, beam expander; DMD, digital micromirror device; 

HWP, half-wave plate; MMF, multimode fiber; PBS, polarized beam splitter; PD, 

photodiode. 

2.3 Results and discussion 

A typical specklegram out from the MMF is showed in Figure 2-2a. The seemingly 

random speckles caused by the interference of different modes in a circle appears very 

similar to the speckle pattern outside of a scattering medium (Figure 2-2b). We chose 

the inscribed square as the region of interest (ROI) in our study. From the initial loose 

state, the fiber was gradually twisted through turning the rotator with an interval of 

0.087 rad. As discussed above, the fiber output specklegram will change immediately 

due to the multi torsional stress zones formed along the fiber axis when the fiber is 

twisted. Therefore, at each angle position, multiple CCD images were recorded and sent 

to computer for specklegram correlation analysis versus the speckle pattern at the initial 

state. In Figure 2-3a, the measured speckle correlation coefficient (CC) is shown as a 

function of fiber twist angle. As seen, the specklegram CC displays a good linearity 

(R=0.9971) with the twist angle, suggesting that the CC changes may be used to gauge 

the twisting angle of the system. Considering the fiber length between the two mounting 

stages is 10.35 cm, the sensor has a sensitivity of 0.178/(mrad/m) till about 0.524 rad 

(30 degrees) of twisting, beyond which the CC decays rapidly and hence can no more 

precisely reflect the twist angle. In comparison, we also used a photodiode (PDA36A-

EC, Thorlabs, USA) to measure the light intensity variation at each twist angle, as 

shown in the inset of Figure 2-3a, where the relationship between the light intensity 
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variation and the twist angle is hard to interpret.  

 

Figure 2-2 Typical speckle patterns from a MMF (a) and a scattering medium (b). 

The scalar bars represent 100 µm. Red box indicates the region of interest (ROI) 

in the study. 
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Figure 2-3 (a) Measured speckle correlation coefficient versus fiber twist angle. 

The relationship between the corresponding light intensity and the twist angle is 

shown in the inset. (b) The region of interest chosen in this study (indicated by the 

red box in Figure 2-3a). (c-e) Three sampled speckle patterns corresponding to A1-

3 twist angles in (a). 

The proposed specklegram correlation-based twist sensor, however, encounters a 

limitation on the reliable coefficient working range, which leads a trade-off between 

the measurable twist angle range and sensitivity. Researchers have developed some 

methods to mediate the situation for specific applications. For example, one method is 

to tune the size or area of the ROI [90], as every fiber output mode has different 

sensitivity to the same perturbation. Therefore, varying the ROI can lead to different 

sensitivities. Moreover, it has also been demonstrated that using a signal processing 

method to remove some low frequency or high frequency components, one can increase 

or decrease the sensitivity, respectively [106]. In this study, optical wavefront shaping 

technique is applied to the MMF sensor to dynamically tune the measurement 

sensitivity and range from a new perspective that has thus far not been introduced to 

the field. As we know, the inherent multiple scattering nature of light in biological 

tissues results in many challenges to optical microscopic techniques, such as low 

intensity and compromised resolution [18, 57], at depths in tissue. In order to suppress 

medium’s turbidity, optical wavefront shaping has been proposed to manipulate the 

propagation of light so as to achieve controlled optical focusing and imaging within 

thick scattering media [17]. This feature has also been used to control the mode 

coupling in multimode fibers [107, 108]. Since the speckle patterns as shown in Figure 

2-2 are generated from the interference and coupling among modes, wavefront shaping 
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can thus pose extra active mode control to improve the performance of the specklegram-

based sensor. 

In experiment, we used a binary 1920×1080 pixels DMD to spatially shape the 

wavefront of light before it enters the fiber [43, 75]. The Hadamard basis was used to 

construct the modulation to the incident wavefront in order to measure the transmission 

matrix of the MMF [109]. When a binary pattern was displayed on the DMD screen, 

the corresponding optical field (output) was recorded by a camera and sent to PC 

subsequently. After all DMD patterns were enumerated, the TM could be calculated 

following a method described in Ref. [43]. Based on the measured TM, a specifically 

DMD pattern was computed and transferred onto the DMD, applying an active mode 

control to the MMF. This can generate an optical focus at the camera plane shown in 

Figure 2-4a. After that, different twist angles were applied onto the multimode fiber; 

the corresponding speckle patterns were recorded for each twist angle. As seen (Figure 

2-4b), the peak-to-background ratio (PBR) of the focal spot decreases with the twist 

angle, and so as the correlation coefficient (CC) of each speckle pattern with respect to 

the initial one (i.e., before the fiber was twisting). The trend is quite similar to what has 

been observed from the non-wavefront shaping sensor (Figure 2-3a) that yields a 

maximal twist angle of ~0.524 rad (30 degrees). With wavefront shaping, however, the 

measurement range is 50% enlarged to ~1.047 rad (60 degrees). Unlike existing 

approaches such as changing the ROI or spectrally filtering the output specklegram to 

achieve a dynamic measurement range, wavefront shaping enables extra mode control 

that can actively modify the sensor and extend its applications. Besides, as we discussed 

above, the total output intensity of MMF remains nearly constant, which means it is 

hardly to measure the perturbations by using some high bandwidth detectors such as 
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photodetectors. When WFS was applied to control the light propagation in multimode, 

the complex changes of mode interference can be transferred to simple intensity 

changes. As the result shown in Figure 2-4c, there is a linear relationship between the 

twist angle and focus intensity. Therefore, WFS can not only be used for controlling the 

measuring range, but also transfer the external perturbation (phase change) to output 

intensity change, which indicates a great potential for high-speed detection. 

Nevertheless, this idea is still in its infancy, and there are quite a few challenges that 

needs to be overcome (e.g., the system is sensitive to environment perturbations) to 

make it function well in different scenes. 

 

Figure 2-4 (a) An optical focus with a PBR of ~53 was generated at the exit plane 
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of the fiber through wavefront shaping. (b) With active mode control of wavefront 

shaping, the measurement range of the MMF twist sensor based on the decay of 

the correlation coefficient can be almost doubled. Inset: Speckle patterns for three 

representative twist angle positions, i.e., A1, A2, and A3. (c) With WFS, the 

specklegram changes under external perturbations can be transferred into and 

measured by intensity change at the focus 

2.4 Conclusion 

In summary, we proposed a novel and straightforward twist sensor based on the 

specklegram correlation of multimode fiber outputs, and we pilot explored the efficacy 

of using optical WFS as active method to dynamically tune the performance of the 

sensor. The linear relationship between the twist angle and the focal intensity shows a 

great potential for high temporal resolution sensor design. Moreover, the measurement 

range of MMF specklegram sensors is doubled, and the detection temporal resolution 

can be significantly improved by employing a point detector (such as a fast photodiode) 

to replace the CMOS camera that has a limited frame rate. 

Before concluding, two more aspects need to be pointed out herein. First, the WFS 

implementation in this study was based on a regular DMD. Since the DMD is a 

broadband device, the proposed method can be suitable for a wide range of wavelengths, 

although only 532 nm was explored in this study. However, it should be noted that light 

of shorter wavelength generates more modes via the MMF, leading to smaller speckle 

grain size and hence more optical modes are within the same field of view. Under this 

situation, the CC of the focal pattern decreases faster, as the focal point is the result of 

in-phase interference of numerical modes. Second, in our TM method in this study, all 
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modulating patterns were generated by the computer and uploaded to the DMD before 

experiment. The number of patterns is determined by the number of pixels that we want 

to use in the TM model. For example, if we want to divide the input light into 4096 

segments, 8191 patterns need to be uploaded to the DMD. During the optimization, 

these patterns were displayed on the DMD screen sequentially, and the corresponding 

speckle patterns were recorded one by one. In our study, the DMD was tuned to function 

at rates of up to 22.5 kHz, approaching the upper limit of the device. However, due the 

limited frame rate of the used CMOS camera, it took much longer to finish the process. 

On other hand, some time was needed for data transfer and matrix computation. 

Therefore, it took more than 10 s in this study to form an optical focus. For such a 

timing issue, however, a field-programmable gate array (FPGA) can employed to 

significantly accelerate the computation (for example, down to 40 ms as reported in Ref. 

[76].  Moreover, if a more advanced DMD (e.g., more independent pixels and faster 

frame rate) is available, a brighter focusing can be formed within 1 s, especially if a fast 

point detector (e.g., photodiode) is used to provide the feedback.  

Collectively, with further engineering, the proposed wavefront shaping-assisted MMF 

may benefit wide applications or inspire new approaches within and beyond sensing. 

For example, the improvement of temporal resolution allows one to sense some fast 

and broadband signals, such ultrasound, small environment perturbations, deep-tissue 

fluorescence imaging, and fiber-based optical coherent tomography (OCT) signals [110, 

111]. 
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3 WAVEFRONT SHAPING-EMPOWERED 

MULTIMODE FIBER FOR LONG-DISTANCE 

PATTERN PROJECTION 

This chapter is reproduced with some adaptations from published journal paper, 

“[Shengfu Cheng, Tianting Zhong], Chi Man Woo, Qi Zhao, Hui Hui, and Puxiang Lai. 

Long-distance pattern projection through unfixed multimode fiber with natural 

evolution strategy-based wavefront shaping. Optics Express 30(18): 32565, 2022”. The 

contributions of authors are as follows: T. Zhong, S. Cheng, H. Hui and P. Lai 

conceived the idea; T. Zhong, S. Cheng, and C. Woo designed the system; S. Cheng and 

T. Zhong conducted the experiment; S. Cheng, T. Zhong, and P. Lai prepared the 

manuscript. All authors were involved in the manuscript revision. 

In Chapter 2, the controlling of light propagation through multimode fiber based on 

real-part TM had been demonstrated and one new MMF twister sensor was proposed. 

Note that for pattern projection through the MMF, real-part TM with binary amplitude 

modulation usually leads to low efficiency. If the TM measurement is enlarged (with 

more controllable channels) to improve the capability of manipulation, the time 

consuming will be increased considerably, which requires a more stable environment.  

To address the issue, in this chapter, a wavefront optimization method for efficient 

arbitrary pattern projection through complex media under noise and disturbance is 
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presented. Focusing light into an arbitrary pattern is desired in energy delivery-related 

biomedical applications, while representative phase control algorithms see limitations 

in perturbated condition. Relying on the natural gradient ascent algorithm, the 

optimization can adapt the instant dynamics of the medium and rapidly converge to the 

optimal wavefront with excellent anti-interference ability. Additionally, a new fitness 

function for algorithm optimization is also proposed to greatly enhance the contrast of 

the formed pattern. Experimentally, using a 15-meter unstable multimode fiber as a 

dynamically changing complex medium, high-quality results of arbitrary pattern 

projection confirm the superior performance of the proposed scheme over other 

methods. The proposed approach technically provides promising ability to manipulate 

energy and information delivery through an MMF, which may benefit wide applications 

such as photon therapy and optogenetics that desire patterned or structured light 

delivery at depths in tissue.  

3.1  Introduction 

Complex media like ground glass or MMF are opaque to light, as light experiences 

multiple scattering or mode dispersion during its propagation within the media [9, 81]. 

The amplitude and phase of light are scrambled with only an optical speckle being 

formed behind the medium. The advent of WFS [17, 112, 113] has rendered the 

possibility to focus light through or within complex media by actively controlling the 

incident wavefront with a spatial light modulator (SLM), which brings great potential 

for deep-tissue optical focusing and imaging [9, 18, 19, 114]. WFS usually requires 

feedback from the output field to guide the optimization of input phase and/or amplitude 

[74, 115] through approaches that can be categorized into TM [11, 113] and iterative 

optimization [17, 68-70, 74, 115, 116]. Compared with typical single-spot focusing, 
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focusing light into an arbitrary pattern is often favored in energy delivery-related 

biomedical applications, yet more demanding to achieve satisfactory pattern fidelity 

and focusing contrast. Noisy and complicated conditions like medium instability or 

environment perturbation may pose further challenges [117]. 

To overcome these obstacles, many TM [118-120] and iterative [74, 121-124] methods 

have been explored. For the former, due to the interference effect in multi-spot focusing 

[118], additional optimization of the SLM hologram is still required after measuring 

the TM. In comparison, iterative WFS does not involve off-axis holographic setup 

and/or large measurements that are  typically required for TM calibration, and the 

whole procedure is more straightforward and robust [125]. Most of recent efforts in 

multi-spot focusing and patterned projection through fixed complex media have utilized 

intelligent optimization algorithms such as genetic algorithm (GA) and its variants [74, 

121-123], or improved ant colony algorithm (IACO) [126]. The feedback signal also 

extends from denoting localized intensity to considering both the intensity and 

uniformity of the target region [121, 127]. However, these algorithms rely more or less 

on random variations of the population, which might be easily affected by external 

interference, and hence restrict the optimization speed and efficiency. With a noisy 

environment or an instable medium like MMF, which is ideal for minimally invasive 

deep-tissue applications [128], current iterative methods may not be able to adapt to 

fiber deformations in a timely manner, which has limited wide applications of the 

technique.   

Different from the above-mentioned algorithms, natural evolution strategy (NES) 

builds upon parameter optimization via natural gradient ascent [129], and it has 

demonstrated excellent anti-interference ability, which is essential for iterative WFS 



35 

 

[20, 63] in perturbed environment. In this chapter, we propose to use separable NES 

(SNES) [129, 130] to accelerate the global search for optimum wavefront and apply it 

for complex pattern projection through a long multimode fiber that is loosely placed on 

optical table. We first introduce the working principle of SNES, and then numerically 

compared the performance of various representative algorithms under different noise 

and decorrelation conditions. The simulation reveals superior performance of SNES on 

robustness and convergence speed over other state-of-the-art phase control algorithms. 

Moreover, vector cosine similarity (VecCos) is adopted as a new fitness function to 

replace the commonly used Pearson correlation coefficient (PCC), which leads to 

higher focusing contrast without sacrificing similarity to the target pattern. 

Experimentally, long-distance projection of arbitrary patterns through a 15-meter long 

unstable MMF is demonstrated using different algorithms, confirming the simulation 

observations. SNES optimized with VecCos, in particular, achieves encouraging 

performances, such as 60% higher contrast than that optimized with PCC, which is 

promising for WFS applications involving complex pattern focusing or projection in 

perturbed environment.  

3.2  Methods 

3.2.1 Principle of SNES 

The NES family is a class of evolutionary algorithms that iteratively update a search 

distribution by adapting the distribution parameters along the natural gradient of 

expected fitness [129]. In the scheme of SNES, samples are drawn from the standard 

multivariate Gaussian distribution 𝒔𝑘 ~ 𝒩(𝟎, 𝕀) with a diagonal covariance matrix. 

The distribution parameters 𝜃 = (𝝁, 𝝈)  where 𝝁 ∈ ℝ𝑁 and 𝝈 ∈ ℝ+
𝑁  denote the 
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vectors of the mean and standard deviation respectively, map a population of 𝑁𝑝 

samples into the search distribution (i.e., input wavefronts) such that 𝒛𝒌 =  𝝈 ∙ 𝒔𝒌 +

𝝁 (𝑘 = 1, ⋯ 𝑁𝑝) . Suppose we have 𝒛𝒌 ~ 𝜋(𝒛|𝜃) , which is evaluated by a fitness 

function 𝑓, the expected fitness of the search distribution is  

𝐽(𝜃) =  𝔼θ[𝑓(𝒛)] = ∫ 𝑓(𝒛)𝜋(𝒛|𝜃)𝑑𝒛.               (3-1) 

To maximize 𝐽(𝜃) with gradient ascent, the plain gradient regarding the parameters is 

derived  

∇𝜃𝐽(𝜃) = ∇𝜃∫ 𝑓(𝒛)𝜋(𝒛|𝜃)𝑑𝒛 = 𝔼θ[𝑓(𝒛)∇𝜃 log 𝜋(𝒛|𝜃)].          (3-2) 

According to Ref. [129], plain gradient ascent tends to be unstable with either 

oscillation or premature convergence. Natural gradient is thus put forward by 

multiplying the plain gradient with the inverse of Fisher information matrix 𝐅 =

 𝔼θ[∇𝜃 log 𝜋(𝒛|𝜃) ∇𝜃 log 𝜋(𝒛|𝜃)𝑇],  

∇̃𝜃𝐽(𝜃) = 𝐅−1∇𝜃𝐽(𝜃).                       (3-3) 

Note that the natural gradient can be computed in a discrete manner by estimation from 

the search distribution 𝒛𝒌 (𝑘 = 1, ⋯ 𝑁𝑝) . The general formation for updating the 

search distribution via natural gradient ascent is thus given by  

𝜃 ← 𝜃 + 𝜂∇̃𝜃𝐽(𝜃) =  𝜃 + 𝜂𝐅−1∇𝜃𝐽(𝜃),              (3-4) 

where 𝜂 is the learning rate of parameter 𝜃. The above derivations show the general 

principle of NES that employs global search and natural gradient ascent. With regards 

to its variant SNES, several crucial modifications have been adopted to improve the 

performance and robustness [129]. These include fitness shaping that replaces the rank-
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based fitness with a set of ordered utility values 𝑤𝑘(𝑘 = 1, ⋯ 𝑁𝑝) used for more 

robust gradient computation, the introduction of a local “natural” coordinate system 

that simplifies the Fisher matrix to an identity matrix and so on. In iterative WFS, the 

way to use SNES for wavefront optimization through updating the search parameters 

𝝁 and 𝝈 is illustrated in Figure 3-1.  

 

 

Figure 3-1. Framework of SNES in iterative WFS optimization for pattern 

projection through complex media 

3.2.2 Comparison of different optimization algorithms 

To compare the performance on arbitrary pattern projection through complex media, 

SNES and representative optimization algorithms including particle swam optimization 

(PSO) [131], GA [59, 127], and IACO [126], are studied through both simulation and 

experiment. For every algorithm, we control the population size of each generation to 

be 18, the size of controllable input wavefront to be 64 × 64, and the number of 
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iterations to be 2000 to ensure convergence. The wavefront control for pattern 

projection is performed using phase-only modulation.   

There are also specific parameters for different algorithms, for which we adopt typical 

settings to guarantee the best states of each algorithm, for the sake of a fair comparison. 

For example, for PSO, both the individual (𝑐1) and group (𝑐2) learning factors are 1.5. 

The inertia weight decreases linearly from the initial maximum 𝑤𝑚𝑎𝑥 = 0.2 to the 

final minimum 𝑤𝑚𝑖𝑛 = 0.001. For GA, the mutation rate decays exponentially from  

𝑅0 = 0.01 to 𝑅𝑒𝑛𝑑 = 0.001 with the decay factor 𝜆 = 250, and the offspring is half 

of the population size. Regarding IACO, it was recently proposed to achieve rapid 

convergence and strong anti-noise ability with new selection and pheromone updating 

rules [126].  We adopt the same parameters as the reported sets where the controlled 

(0~2𝜋) phase is sampled with 20 points, the probability threshold is 0.9992, and the 

size of offspring is the same as the population. When it comes to SNES, the learning 

rates for search parameters 𝜂𝜇  and 𝜂𝜎  as well as the set of utility values 𝑤𝑘  all 

follow the suggested settings [129, 130]. The detailed parameters are summarized in 

Table 3-1.  

 

Table 3-1. Parameters of different optimization algorithms for pattern projection 

Algorithm PSO GA IACO SNES 

Population 

𝑁𝑝 

18 18 18 18 

Input size 𝑁 64 × 64 64 × 64 64 × 64 64 × 64 

Iteration 𝐺 2000 2000 2000 2000 
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Specific 

parameters 

𝐶1 = 1.5, 𝐶2 = 1.5 

𝑤𝑚𝑎𝑥 = 0.2 

𝑤𝑚𝑖𝑛 = 0.001 

𝑁𝑜𝑓𝑓 =  𝑁p 

𝜑 ∈ [0,  2𝜋] 

𝑅0 = 0.01 

𝑅𝑒𝑛𝑑 = 0.001  

𝑁𝑜𝑓𝑓 =  𝑁p/2 

𝜆 = 250 

𝜑 ∈ [0,  2𝜋] 

𝑆 = 0.9992 

𝑁𝑜𝑓𝑓 =  𝑁p 

𝜑 = 0, 2𝜋/19,

4𝜋/19, ⋯ , 2𝜋 

𝜂𝜇 = 1,  𝜂𝜎 =
3 + log 𝑁

5√𝑁
 

𝑤𝑘 = 
max (0, log (

𝑁𝑝

2
+1−log 𝑖 ))

∑ max (0, log (
𝑁𝑝

2
+1−log 𝑗 ))𝑁

𝑗=1

−
1

𝑁𝑝
 

𝑁𝑜𝑓𝑓 =  𝑁p 

𝜑 ∈ [0,  2𝜋] 

To mimic the measurement noise encountered in experiment, such as speckle noise, 

dark electricity noise of camera, etc., we manually apply a multiplicative noise to the 

output light intensity 𝑰 ∈ ℝ+
𝑀 during the simulation, described by 

𝑰𝑛𝑜𝑖𝑠𝑒 = 𝑰 + 𝛼𝑰 ∙ 𝝐.                        (3-5) 

Here, 𝝐 is a vector with the same size as 𝑰, which is randomly drawn from a uniform 

distribution 𝑈(−0.5, 0.5), and 𝛼 > 0 denotes the noise level. 

In realistic conditions, the complex medium may be unstable, and its TM may fluctuate 

over time. According to the model in Ref. [132], a small perturbation 𝜉 drawn from a 

complex Gaussian distribution 𝒩(0, 𝛿) can be added to each of the TM elements tmn 

for simulation, 

tmn →
1

√1+𝛿2
(𝑡𝑚𝑛 + 𝜉).                     (3-6) 

Note that 𝛿  is relative to the standard deviation of the TM, which denotes the 

pertubation level. If we let 𝑇𝑝 be the persistence time of the complex medium when its 

TM remains unchanged and 𝑇𝑖 be the duration of one iteration, the pertubation level 

can be predicted by 𝛿 = 1/√𝑇𝑝/𝑇𝑖  [29], where 𝑇𝑝/𝑇𝑖  is denoted as relative 

persistence time. 
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3.2.3 Performance evaluation metrics and fitness function 

For pattern projection through complex media, the correlation between the input and 

output intensity distributions, i.e., PCC, is an important metric to evaluate the pattern 

fidelity. Additionally, in the output field, the ratio between the mean light intensities in 

the target region and that of the non-target region, i.e., focusing contrast, constitutes the 

other key metric of performance.  

Mathematically,  

𝑃𝐶𝐶 =  
∑  (𝑰𝑖−�̅�) (𝑰𝑖

𝑡−𝑰�̅�)𝑀
𝑖

√∑ (𝑰𝑖−�̅�)2𝑀
𝑖

√∑ (𝑰𝑖
𝑡−𝑰�̅�)

2𝑀
𝑖

,                    (3-7) 

where 𝑰𝑖 and 𝑰𝑖
𝑡 represent the light intensity of the output and the target pattern at 

position index 𝑖, and 𝑰 and 𝑰�̅� are the mean of the output and target pattern intensity, 

respectively.  

𝐶𝑜𝑛𝑡𝑟𝑎𝑠𝑡 = 𝜇(𝑰𝑖)|
𝑖∈T

 / 𝜇(𝑰𝑖)|
𝑖∉T

 ,               (3-8) 

where 𝜇(∙) represents the mean and T represents the target region of the output field. 

Also note that previous research usually adopted PCC as the fitness function to evaluate 

the performance [121, 124, 126]. Empirically, we found that using PCC as the feedback 

is not ideal for increasing the output intensity and hence the focusing contrast for the 

output pattern. In this work, we propose to replace the fitness function with VecCos, 

given by 

𝑉𝑒𝑐𝐶𝑜𝑠 =  
∑  (𝑰𝑖∙𝑰𝑖

𝑡) 𝑀
𝑖

√∑ (𝑰𝑖)2𝑀
𝑖

√∑ (𝑰𝑖
𝒕)

2𝑀
𝑖

 .                   (3-9) 
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Apparently, the amount of calculation for VecCos is less than that of PCC, which 

matters for frequently called situations. What’s more, it is hypothesized that wavefront 

optimization with VecCos can significantly increase the focusing contrast without 

sacrificing correlation with the target pattern, which will be confirmed through 

experiment. 

3.2.4 Experimental configuration 

Figure 3-2 illustrates the experimental setup built for pattern projection experiment. 

The complex medium here is a 15-meter long MMF that is not fixed onto the optical 

table and is sensitive to external perturbations. The light beam from a 532 nm 

continuous-wave laser (EXLSR-532-300-CDRH, Spectra Physics, USA) is expanded 

with a 40× objective lens (Obj1) and collimated by a convex lens (L1) subsequently. 

The expanded beam is incident on the digital mirror device (DMD, DLP7000, Texas 

Instruments Inc, USA) and is reflected before being relayed into a 4f system consisting 

of lenses L2 and L3 for phase modulation. An iris is used to select the -1-diffraction 

order component in the spectral plane of the 4f system. The modulated beam is then 

coupled into the 15-meter long MMF (0.22 NA, 105 µm core, SUH105, Xinrui, China). 

The output field from the MMF is imaged by a 40× objective (Obj2) and tube lens L4 

before being recorded by a CMOS camera (BFS-U3-04S2M, FLIR, USA). The CMOS 

camera is triggered by the DMD for synchronous acquisition of the output light 

intensities from the MMF when the DMD displays a new pattern. Basically, for each 

iteration sequence, the feedback signals from the CMOS camera are used to produce 

the offspring phase masks using an optimization algorithm, which are encoded via Lee 

hologram [74, 133] and uploaded onto the DMD for phase modulation. 
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Figure 3-2. Experimental setup for the feedback-based wavefront optimization for 

pattern projection through MMF. CMOS, complementary metal-oxide semi-

conductor camera; DMD, digital mirror device; FC, fiber collimator; L, lens; M, 

mirror; MMF, multimode fiber; Obj, objective; PC, personal computer.  

3.3  Results 

3.3.1 Numerical simulation 

In this section, we numerically compare the performances of various algorithms for 

pattern projection through a complex medium under the condition of different noise 

levels (as gauged by α) and relative persistence times (as gauged by 𝑇𝑝/𝑇𝑖 ). The 

parameters of PSO, GA, IACO, and SNES are as specified in Table 3-1. The target 

pattern was a binary image showing string “PolyU”. Empirically, the noise level was 

set to 30% and 60%, respectively. In addition, the relative persistence time of the 

medium, 𝑇𝑝/𝑇𝑖 , was set to be 60 and 30, respectively, which reasonably mimicked 

experimental observations. Each of the algorithms was repeated 30 times for averaging 

and a new TM was simulated each time. Note that in simulation, all algorithms adopted 



43 

 

PCC as the fitness function to guide the wavefront optimization. The resultant 

progression curves of PCC between the simulated outputs of various algorithms and the 

target pattern as the iteration progresses are presented in Figure 3-3, under different 

conditions. 

It is clearly shown that among the four algorithms, SNES evolves the fastest and reaches 

the highest PCC (all larger than 0.8) under all conditions, and it is least affected by the 

variations in noise and perturbation levels. For IACO, it evolves the slowest initially, 

but exhibits strong immunity to noise and perturbation and grows gradually, achieving 

PCCs that are slightly smaller than those of SNES at the end. The other two algorithms, 

GA and PSO, however, are more susceptible to the measurement noise and furthermore 

the perturbation to the medium. In the situation with relatively low noise and long 

persistence time (Figure 3-3a), GA increases at the initial phase and peaks after ~500 

iterations. After that, the performance declines gradually due to the perturbation applied 

to the medium’s TM every 60 iterations. PSO performs even worse than GA. Although 

growing fast at first, it soon decreases gradually, with similar behavior but a poorer 

metric than GA over the iterations. 

 



44 

 

 

Figure 3-3 Simulated progression of PCC as a function of iteration number for 

different optimization algorithms for the projection of “PolyU” pattern through a 

complex medium, under the condition of different noise levels and relative 

persistence times: (a) 𝜶 = 𝟑𝟎%  and 𝑻𝒑/𝑻𝒊  = 𝟔𝟎 ; (b) 𝜶 = 𝟑𝟎%  and 𝑻𝒑/𝑻𝒊  =

𝟑𝟎; (c) 𝜶 = 𝟔𝟎% and 𝑻𝒑/𝑻𝒊  = 𝟔𝟎; (d) 𝜶 = 𝟔𝟎% and 𝑻𝒑/𝑻𝒊  = 𝟑𝟎.  

When the relative persistence time 𝑇𝑝/𝑇𝑖  decreases to 30 (Figure 3-3b), it indicates 

an increase of perturbation level and hence the effect of decorrelation. Under this 

situation, the performances of SNES and IACO are not severely affected, but those of 

GA and PSO deteriorate significantly, both with the final PCC below 0.3. The worst 

performances occur, with no surprise, in the condition with strong noise and short 
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persistence time, where the final PCCs for SNES and IACO are slightly above and 

below 0.8, respectively, while for GA and IACO the values are around 0.2 after 2000 

iterations. These results prove that SNES has superior features such as fast convergence 

and robust immunity to noise and perturbation. It should also be noted that IACO yields 

nearly as good results as those of SNES, although it grows slower in the initial phase. 

In the next section, the performance will be further compared through real experiments. 

3.3.2 15-meter-long MMF experiment results 

In addition to the algorithms explored in simulation, SNES optimized with VecCos, 

termed as SNES-VecCos, is introduced, which is expected to further enhance the 

performance. The long and loosely placed MMF in our experiment could be considered 

as a dynamically changing medium as even weak air flow and platform vibrations can 

cause a drift of position or deformation to the MMF. Note that the decorrelation of the 

MMF is at high level and uncontrolled, which is thus unpredictable and might vary 

from case to case. 

Long-distance pattern projection through the dynamically changing MMF was first 

conducted using the same “PolyU” target pattern as in simulation. It took about 16 

minutes in total for the five optimization methods, with 2,000 iterations for each method. 

The projected patterns captured by the camera after normalization and the progression 

curves of PCC and contrast as a function of iteration number for all algorithms are 

provided in Figure 3-4. Visually, the projected patterns with IACO and SNES have 

apparently higher quality in both similarity to the target pattern and image contrast, 

while PSO and GA seem to fail the task (Figure 3-4a-e). The trend can be observed 

more clearly from the progression curves. In Figure 3-4f, the experimental PCC curves 

are well consistent with the simulated data: the SNES and IACO approaches can resist 
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the noise/disturbance and achieve high PCCs close to 0.8; for GA and especially for 

PSO, the performance degrades slowly after several hundreds of iterations, resulting in 

a PCC value of around 0.6 and 0.3, respectively. The only significant deviation is that 

GA seems to outperform its simulation although not significantly, which may be 

because the conditions set in simulation turn to be more demanding than those 

encountered in experiment. Furthermore, unlike the simulated data that are averaged 

over 30 times, the results shown in Figure 3-4 are based on a single measurement in 

the experiment for each algorithm. It is hence natural to have certain randomness, 

although the results are typical.  

Regarding the experimental contrast curves (Figure 3-4 g), they share overall similar 

trends with the PCC. Notably, SNES-VecCos outperforms its SNES peer (i.e., SNES-

PCC) and IACO significantly, although the PCCs for these three approaches are very 

comparable (Figure 3-4 f). These are consistent with what can be seen directly from 

the resultant projected patterns (Figure 3-4 a-e), suggesting that optimization with 

VecCos can considerably increase the pattern contrast without sacrificing the fidelity 

with the target. 
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Figure 3-4 Experimental results of various optimization algorithms for long-

distance projection of the “PolyU” pattern through a 15 m long unstable MMF. 

The normalized results of MMF outputs after wavefront optimization by all the 

algorithms: (a) PSO, (b) GA, (c) IACO, (d) SNES optimized with PCC, and (e) 

SNES optimized with VocCos. Note that PSO, GA, and IACO all use PCC as the 

fitness function. The evolution curves of (g) PCC and (h) contrast are also recorded 

for all the cases. 

To further confirm the performance of the proposed SNES-VecCos, several more target 

pattens of different types were set to be projected through the long unstable MMF. The 

pattern includes a 6 × 6 focus array (Figure 3-5a), a pentagram (Figure 3-5b), and a 

simplified Bagua (a Chinese traditional motif incorporating the eight trigrams of the I 

Ching, arranged octagonally around a symbol denoting the balance of yin and yang, 

Figure 3-5c). From Figure 3-4f, with SNES a desired pattern can be formed with only 
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hundreds of iterations, which could be relatively fast by using a DMD with a maximum 

refresh rate of up to 23 kHz. Therefore, in this new group of experiments, wavefront 

optimization of various methods all ran for 1,000 iterations, with the normalized output 

patterns provided in Figure 3-5. Qualitatively, the performances of different methods 

are in good agreement with those observed earlier: the fidelity with the target pattern 

achieved by IACO and SNES are comparable and considerably better than those 

obtained by GA and PSO. The relatively large performance difference after ~1,000 

iterations could be attributed to the strong decorrelation of MMF at the time. It is also 

obvious that SNES-VecCos achieves the highest contrast in all cases. Particularly for 

the Bagua pattern, the contrast yielded by SNES-VecCos is ~60% higher than those 

achieved by SNES-PCC and IACO. Also note that since the number of output modes 

to be controlled varies case by case, the optimal contrast of projected patterns that can 

be attained is naturally at different levels. Nevertheless, the high-quality results of 

arbitrary pattern projection through the long unstable MMF confirm the superior 

performance of the proposed SNES-VecCos method through experiments. 
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Figure 3-5. Several more examples of arbitrary pattern projection through the 15-

meter unstable MMF, using different optimization methods for comparison. 

Projection results for the target pattern of (a)  𝟔 × 𝟔 focus array, (b) pentagram, 

and (c) simplified Bagua are shown on the first, second, and third row, respectively, 

with the corresponding contrast value noted in each realization. Note that for each 

realization, the intensities of experimentally acquired images are individually 

normalized and have the same color bar for comparison of contrast.   

3.4  Discussion and conclusion 

In this study, the superior performance of SNES in convergence speed and anti-

interference ability, which has been proven both numerically and experimentally. Five 

iterative wavefront optimization algorithms were implemented and compared to project 

an arbitrary pattern through a complex medium, in a noisy and perturbed condition. As 

seen from the progression curves of PCC in both simulation and experiment, SNES 

evolves most rapidly and converges at the earliest stage, showing its higher search 

efficiency for optimal phase mask. These advantages are mostly related to the working 

principle of SNES: unlike other intelligent optimization algorithms that more or less 

involve random variations, SNES is built upon parameter optimization via natural 

gradient ascent. While algorithms like PSO, GA, and IACO update populations by 

probability, SNES generates new populations by updated search parameters each time. 

The computation of parameters’ natural gradients in SNES avoids direct involvement 

of the fitness values, increasing the robustness of parameter updating, especially with 

the presence of medium disturbance. Therefore, for pattern projection through a long 

unfixed multimode fiber, SNES optimized with VecCos is desired to replace PCC as 
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the fitness function, which results in faster convergence and improvement of image 

contrast for up to 60% in experiment while maintaining the pattern projection fidelity. 

Whilst promising, the new algorithm, i.e., SNES-VecCos, also sees limitation in time 

consumption. In our experiment, it took ~16 minutes in total for five wavefront 

optimization procedures, with 2000 iterations for each algorithm. Although the DMD 

used in the study can theoretically update at 23 kHz, it refreshed at ~300 frame/s to 

ensure synchronization with the relatively slower CMOS camera and allocate sufficient 

buffer for data transfer among different system components and processing by the 

computer. Specifically, for 2000 iterations, it takes ~35 s for IACO, ~23 s for PSO, GA 

and SNES-PCC, and ~18s for SNES-VecCos by using our workstation with an Intel 

Xeon CPU (3.50 GHz), NVIDIA 3070 GPU (1.73 GHz clock, 8 GB GDDR6 memory), 

and 64 GB RAM. For pattern focusing or projection in real applications where the 

optical field decorrelates rapidly (e.g., living biological tissue), further engineering to 

the system is required, which may involve faster feedback on pattern formation, more 

efficient data transfer, processing, and control through a customized field-

programmable gate array framework and so on.   

In summary, SNES optimized with VecCos is proposed in this study to search for 

optimal wavefront and control light focusing into an arbitrary pattern through a 

complex medium in a noisy and perturbed environment. Different algorithms were 

compared with numerical simulations under different noise and perturbation levels, 

which agree well with the experimental results using a 15-meter unfixed MMF. Apart 

from the excellent anti-interference and convergence performance, adopting VecCos as 

the fitness function can further enhance the contrast of projected pattern. With the 

proposed scheme, an arbitrary pattern can be effectively generated at the distal end of 
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the long and unstable MMF within 1000 iterations. With further improvement 

especially on wavefront optimization speed, the approach may find special interests for 

many biomedical applications, such as deep-tissue photon therapy and optogenetics 

based on MMF, where free-space localized optical delivery encounters challenges.  
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4  WAVEFRONT SHAPING-EMPOWERED 

MULTIMODE FIBER FOR PROGRAMMABLE 

OPTICAL LOGIC OPERATION  

This chapter is reproduced with some adaptations from a manuscript under review: 

“[Zhipeng Yu, Tianting Zhong], Huanhao Li, Chi Man Woo, Shengfu Cheng, Shuming 

Jiao, Chao Lu, and Puxiang Lai. Programmable optical logic operation based on a 

single multimode fiber. (Under review)”. The contributions of authors are as follows: 

Z. Yu, T. Zhong, and P. Lai conceived the idea; T. Zhong and Z. Yu designed the system; 

T. Zhong and Z. Yu ran the experiment; Z. Yu, T. Zhong, and P. Lai prepared the 

manuscript. All authors were involved in the manuscript revision. 

In the last two chapters, we have shown the applications of WFS for fiber sensor and 

pattern transmission through MMF based on transmission matrix measurement and 

iterative optimization, respectively. In this chapter, the application will be further 

extended for digital application, where a different strategy will be explored that utilizes 

DMD as a multiplexer and optical logic gates through a 15-meter-long MMF in the 

spatial domain will be demonstrated. Different from forming an optical focus, image 

transmission, or pattern projection through a MMF where the whole wavefront 

modulator DMD was used as one input modulator aperture, in this chapter, the DMD 

was divided into multiple groups and engineered to achieve programmable logic 
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operations. In this approach, a single multimode fiber acts as the decoder to express the 

logical states, which are encoded in light by a DMD before being coupled into MMF 

and displayed at different focusing locations. As a proof of concept, we firstly 

experimentally demonstrate a single optical logic gate containing three basic logic 

functions (AND, OR and NOT) and cascade multiple logic gates to handle 1-bit 

operands. Then we use a similar framework to demonstrate some bitwise operations 

including “bitwise and” and “bitwise or” operations to handle multi-bit operands. As 

the multimode fiber can be easily packed to resist environment perturbations and the 

TM of the multimode fiber can be measured instantly to adapt to the perturbations (if 

large enough), the proposed method may open new venues towards long-range logic 

signal processing or optical logic signal transmission via multimode fibers. 

4.1 Introduction  

In the last few decades, optical fibers have shown wide applications in many scenarios, 

for example fiber communication [134], fiber sensors [2], and optical imaging [135], 

due to the excellent characteristics of fibers such as ultrahigh bandwidth, anti-

electromagnetic interference, low security risk, small diameter, and light weight. A 

single-mode fiber can only support one optical mode. To improve the capacity while 

maintaining the compact size, few-mode fibers were developed via mode-division 

multiplexing [136], but the improvement of the capacity is still limited as only a few 

modes are supported. Comparably, MMF can support a large number of optical modes, 

which can be used to greatly improve the information capacity [45, 137-139]. That said, 

when light transmits inside a multimode fiber, different optical modes couple with each 

other, making the resultant signal hard to be demodulated; if coherent light is input, a 
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randomly distributed speckle pattern is observed at the fiber output. The phenomenon 

is quite similar to the optical propagation inside or through a scattering medium such 

as ground glass and biological tissue. MMFs were initially developed to transmit digital 

signals in the time domain [140], and there were few attempts to transmit images 

through the MMF [141, 142]. But since 2007, the application scenarios of MMF have 

been greatly extended after the proposal of wavefront shaping techniques with the 

availability of spatial light modulators (SLMs) [17]. As the output light field from the 

MMF can be modulated arbitrarily by applying different phase and/or intensity patterns 

on the SLM or iteratively optimizing the input wavefront [40, 45, 76, 88], some exciting 

applications based on a single MMF have been inspired, such as deep-brain imaging 

[30], 3-D holographic optical tweezer [32], single neuron stimulation [128], spectrum 

analyzer [143], and linear quantum networks [39]. Furthermore, a multimode fiber can 

function as a linear operator, which is obtained after measuring the TM of the MMF 

and then using a mixed-integer convex solver to find an approximate solution for 

suitable input-output projectors[144]. In nearly all these works, a MMF is used to 

complete analog tasks, such as focused light delivery and scanning, in the spatial 

domain. Tasks related to logic operation or processing, the foundation of digital 

computing, have not ever been investigated or even considered. 

In this chapter, we propose a new concept of programmable optical logic operators 

based on a single MMF empowered by wavefront shaping, with which optical logic 

gates and bitwise operations are achieved. We employ a DMD loaded with 

precalculated wavefront patterns to modulate light before transmitting through a 15-

meter-long MMF. The DMD aperture is divided into several subregions, as illustrated 

in Figure 4-1, that correspond to binary input digits (“0” and “1”), logic types (AND, 

https://scholar.google.com.hk/citations?view_op=view_citation&hl=en&user=JOFkspMAAAAJ&cstart=20&pagesize=80&sortby=pubdate&citation_for_view=JOFkspMAAAAJ:4tNoA7Af41QC
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OR, and NOT), and a common reference region, respectively. The sub-TM of the MMF 

corresponding to each subregion is determined by the TM-based wavefront shaping 

approach [145]. Two randomly selected small regions on the output plane (e.g., the 

camera sensor) serve as the output optical logic states “0” and “1”; light projected from 

each DMD subregion through the MMF can be refocused to these two regions, 

individually or simultaneously, with optical phases with respect to the speckle pattern 

projected from the common reference region on the DMD. Built upon constructive or 

destructive interference among the focuses, different combinations of the subregions 

on the DMD loaded with precalculated wavefronts can perform different logic functions. 

Cascaded optical logic gates can be implemented by linking a series of logic gates with 

logic types placed between any two adjacent logic gates. For bitwise operators, a bit-

by-bit operation is performed between two 6-bit operands with different logic types. 

Different logic operators can be switched arbitrarily by loading desired patterns on the 

DMD subregions as long as the sub-TM of the MMF are configured. Furthermore, an 

inverse design adopted in existing optical logic operators based on waveguide [146-

149] or metasurfaces [150, 151] is usually incompatible with reconfigurability. But our 

method can circumvent this drawback: when the MMF is considerably perturbed, which 

causes large variations to the TM of the MMF, another round of rapid TM-based 

wavefront shaping, or adaptive optimization can be performed to recover the states of 

the optical logic operations.  

4.2 Method  

4.2.1 Principle 

Figure 4-1 illustrates the schematic and physical model of the proposed optical logic 

operators via a multimode fiber. As shown, three subregions on the input layer (i.e., the 

DMD) are selected and marked with different colors, carrying desired wavefront 
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patterns that represent logic operation “0+1” in combination. Light reflected and 

modulated by the input layer transmits through a MMF, and the corresponding light 

field on the output layer can be observed and recorded by a digital camera. Two circular 

regions on the output layer are preselected to represent logical states “0” and “1”, 

respectively. As an example, with logic operation “0+1” being activated on the input 

layer, the output is “1”, producing an optical focus at the region corresponding to “1” 

(the left circle at the output layer in Figure 4-1). The physical model to demonstrate 

the above schematic is briefed herein. Ei (i=1,2,3) is the input light field from each of 

the three subregions on the input layer. The transmission matrix (Ti) used to build the 

relationship between each input light field (Ei) and the corresponding output field on 

the output layer can be calculated. The optical intensities in the preselected regions can 

be expressed by: 
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where 𝐼𝑡𝑜𝑡𝑎𝑙
1  and 𝐼𝑡𝑜𝑡𝑎𝑙

0  are the accumulated optical intensities in the regions “1” and 

“0”, respectively, on the output layer. The logic output results (Q) can be judged by the 

rule: 
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Figure 4-1. Schematic diagram and the corresponding physical implementations. 

Ti (i=1,2,3) is the transmission matrix associated with the corresponding input 

light field (Ei); 𝑰𝒕𝒐𝒕𝒂𝒍
𝟏  and 𝑰𝒕𝒐𝒕𝒂𝒍

𝟎  are the optical intensities in regions “1” and “0” 

respectively on the output layer; Q is the output value of the logic operation; “+” 

represents “OR” logic type. The figure presents a logic output state of “1” for logic 

operation “0+1”. 

The TM of the MMF is measured by scanning a two-dimensional array of optical focal 

spots across the proximal facet of the fiber. Each spot position is addressed by a specific 

diffraction grating loaded on the DMD (serving as a phase modulator) using the 

computer-generated off-axis hologram method [133]. More details about measurement 

of the TM can be referred to Ref.[145]. The uniformity of focusing efficiency from all 

subregions on the DMD is critical to ensure sufficient intensity contrast for all logic 

operations. In experiment, however, the uneven optical illumination on the DMD and 

the optical coupling efficiency of different subregions into the MMF impair the 

uniformity. Thus, some measures need to be taken. For example, the beam pattern 

projected onto the DMD is adjusted to be twice the size of the DMD aperture to form 



58 

 

relatively even optical intensity distribution on the DMD; from any individual 

subregion on the DMD, the size of the scanned region on the proximal facet of the 

MMF is adjusted to make sure that all input channels (focal spots) within the scanned 

region are efficiently coupled into the MMF, which can be gauged by monitoring the 

output intensity from the MMF. With all these, the uniformity of focusing efficiency 

from all DMD subregions can be guaranteed. In the experiment, each subregion on the 

DMD contains 160×160 pixels. On the output plane of the MMF, a square grid 

consisting of 30×30 focal spots is used to achieve bright focuses of high enhancement 

ratio in the region of interest.  

Note that it is possible to obtain multiple optical focuses from different DMD 

subregions in the same region on the output plane, but there is no explicit phase 

difference among the phases of these focuses as we can only modulate the phase of the 

focus from individual subregions separately. Since the eventual logic states are 

achieved based on constructive or destructive interference among different focuses 

generated by selected DMD subregions at the same preselected position on the output 

plane, bridging the phase relationship between different focuses is crucial. Therefore, 

the former TM measurement method is modified by introducing a common reference 

subregion on the DMD (the blue region in Inset a of Figure 4-2). The reference region 

contains a lot more pixels than each of the individual subregions does to ensure that the 

reference contribution dominates in the interfered speckled field. All pixels in the 

reference subregion are switched “on” to project light into the MMF during the entire 

TM measurement process for all selected DMD subregions (control units). These pixels 

are switched “off” when the TM measurement is completed. 
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4.2.2 Optical setup 

 

Figure 4-2. Optical setup. C1-C2: collimator; DMD: digital micromirror device; 

HWP: half wave plate; L1-L4: lens; MMF: multimode fiber; PBS: polarization 

beam splitter. The figure presents a logic output state of “0” for logic operation 

“0·1” (with DMD Subregions 0, AND, and 1 activated). The inset illustrates the 

arrangement of subregions on the DMD. Subregions marked in the central area 

represent the logic type control units and the binary input digit units, and the 

subregion marked in blue serves as the common reference region. 

The optical setup of the proposed platform is illustrated in Figure 2. A continuous wave 

laser of 532 nm wavelength (EXLSR-532-300-CDRH, Spectra Physics, USA) serves 

as the light source. The laser output is first expanded by a 4f system to illuminate the 

whole screen of the DMD (V-7001, Vialux GmbH, Germany). After being modulated 

and reflected by the DMD, light is shrunk by another 4f system, and then it transmits 

through a collimator to be focused into the MMF (length=15 m, NA=0.22, core 
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diameter=400 m, SUH400, XINRUI, China). At last, the output optical field from the 

MMF is recorded by a CMOS camera (BFS-U3-04S2M-CS, FLIR Integrated Imaging 

Solutions Inc., Canada), which is triggered by the DMD. In the experiment, once the 

DMD pattern is updated, the camera will record an optical pattern. 

4.2.3 Phase and intensity calculation of focuses 

Table 4-1 Desired phases and intensities of focuses from each DMD subregion in an inverse 

design. Characters “a” to “n” are the required electric field amplitudes of the focuses at the 

focal regions representing logic states “0” and “1”. If the character is negative, the focus is in 

opposite phase with the reference; otherwise, the focus is in phase with the reference. 

 

Characters “a” to “n” represent the electric field amplitude of focuses generated by the 

seven DMD subregions/control units. The combination of different groups can act as 

different logic operations. And their relationship should obey the below inequations: 
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If a character is negative, the phase of the corresponding focus is π (with opposite phase 

with the reference); if a character is positive, the phase of the corresponding focus is 0 

(in phase with the reference). The threshold setting is that if logic output is “0”, the 

absolute amplitude value of the synthetic field in the region of logical state “0” should 

be twice larger than that in the region of logical state “1”, and vice versa. 

4.2.4 Cascaded logic gates 

As mentioned before, we can cascade Logic Gates 1 (LG1) and 2 (LG2) by connecting 

the output light fields of them, which serves as inputs to a connector (C1) consisting of 

different logic types. Logic Gate 3 (LG3) can be included in the cascade system by 

connecting the output field of the first two cascaded logic gates and the output field of 

LG3 to another connector (C2). With similar procedures, more logic gates can be 

cascaded. Note that, however, this framework requires a calibration procedure. If each 

transitional output field [yi (i=1~n), zi (i=1~n-2)] can be calibrated to equal the output 

field of the initial input digit (xi1 and xi2) with the same value as shown in Figure 4-3, 

the whole design of the cascaded system will be the same as that of the basic logic 

functions. For example, the electric field of the output for logic operation AND (0, 1) 

is (|u|, 0), which will serve as an input digit “0” in the next logic operation. If the electric 

field can be calibrated to (0.5|u|, 0.5|u|), which is the same as that of the initial input 

digit “0”, the design principle of the transitional operation will be the same for any logic 

gate. This can be easily done by adding a calibration block in the logic types with the 

output field (-0.5|u|, 0.5|u|). 
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Figure 4-3. The framework of cascaded logic gates. LGi (i=1~n) are the ith logic 

gate; xi1 and xi2 are the two inputs of the corresponding logic gate; yi is the logic 

output of the ith logic gate; Ci (i>2) is the ith connector consisting of different logic 

types connecting the (i+1)th logic gate and the output of Ci-1; zi is the output from 

the corresponding connector Ci. 

4.3 Results 

a. Inverse design 
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Figure 4-4. (a) Design arrangement of focuses formed by the seven DMD working 

subregions via numerical computation. Symbol “|u|” represents the absolute 

amplitude value of the electric field of single focus generated from individual DMD 

subregions, and “0.5|u|” means there is an intersection operation on the 

corresponding subregions, leading to dual focuses, whose absolute amplitude value 

of the electric field is reduced by half. “” indicates there is no focus formed at 
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the designated area. “-” means that focus is in opposite phase with the common 

reference; without “-” means the focus is in phase with the reference. (b-h) 

Experimental verification of the desired focus arrangement. The calculated 

patterns to be displayed on DMD Subregions “0” (i), “1” (j), and “AND” (k), 

respectively, for optical logical operation AND (0,1). The white curves in the upper 

regions in b-h are the intensity profiles across the center of the focuses. 

An inverse design approach is adopted to arrange focuses on the output layer formed 

by the seven DMD subregions individually. First, the desired intensity and phase (0 or 

π) of each focus are calculated for a set of basic logic functions (AND, OR, and NOT) 

(the calculation process is provided in Supplementary Note 1). The solution is given in 

Figure 4-4a and explained in detail in the caption. Note that two focuses of specific 

intensity and phase in the designated regions on the output plane should be generated 

synchronously from some DMD subregions with phase superposition of two 

corresponding phase patterns. These results are used to calculate the wavefront of each 

DMD subregion in reverse. The experimental verification of the design arrangement is 

shown in Figure 4-4b-k. As mentioned earlier, two randomly picked regions on the 

output plane serve as logic states “0” and “1”. As an example (Figure 4-4b), when only 

the subregion corresponding to “0” on the left column of the DMD (as shown in Figure 

4-2) is activated and loaded with the precalculated wavefront (as shown in Figure 4-4i), 

two optical focuses can be observed in the selected regions (Figure 4-4b). Figure 4-4c-

h display the output images when other subregions are activated individually (one 

active subregion at one time) and loaded with the corresponding precalculated 

wavefront. As seen, all experimental results agree well with the simulated sets in Figure 

4-4a. The enhancement ratio, defined as the ratio between the optimized intensity and 
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the average intensity before optimization[17], is about 240 for cases with one focus 

(Figure 4-4d and f); for cases with two focuses, the enhancement ratio is in the range 

of 120-150. Figure 4-4i-k show the precalculated patterns on three subregions 

corresponding to binary digit control units “0” (left column), “1” (right column), and 

logic type control unit “AND”, respectively. The intensity profiles along the central 

line of red circles in the upper region of Figure 4-4b, c, e and h indicate a relatively 

balanced enhancement ratios for cases with two focuses. 

b. Optical logic gates 

 

Figure 4-5. DMD subregion arrangement for AND (a), OR (b), and NOT (c) optical 

logic gates. Subregions marked in blue are in standby to be activated and loaded 

with the precalculated patterns in all logic gates. Input A is chosen from one set of 

binary digits (“0” or “1”) on the leftmost column, and Input B is chosen from the 

other set of binary digits (“0” or “1”) on the rightmost column. QAND-QNOT: logic 

output states.  

The DMD subregions will display the corresponding calculated wavefronts when the 

subregions are selected for specific logic operations; the other subregions will be turned 
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“off”, in which the DMD is used as a spatial switch. Figure 4-5a-c show the DMD 

deployment for three basic optical logic gates. Inputs A and B, two binary operands, 

are chosen between two subregions, each representing one set of binary digits (“0” or 

“1”) in the leftmost column and the rightmost column, respectively. For AND and OR 

logic gates, Input A, Input B, and the subregion representing the corresponding logic 

type are activated, as shown in Figure 4-5a-b. For NOT logic gate, either Input A or 

Input B is activated besides the subregion representing NOT logic type, as shown in 

Figure 4-5c. Activated subregions will be loaded with the corresponding wavefronts 

that are precalculated based on the TM method discussed earlier. For a given logic 

operation, the logic output state (QAND, QOR, and QNOT) can be either 0 or 1. 

Experimental results based on the three basic logic gates (AND, OR and NOT) are 

shown in Figure 4-6. Switching on a desired group of subregions will result in 

appropriate optical logic output. As defined, if a bright focus is formed at the region 

representing output logic state “1” on the output plane, the logic operation registers 

Q=1 and vice versa. As shown, all experimental outputs for each mode behaviour in 

Figure 4-6 agree well with the required logic outputs. According to the inverse design, 

the desired focus intensity contrast ratios of logic operations AND (0,0) and OR (1,1) 

are 6 dB. For other logic operations, the contrast ratios shall be infinity as long as the 

focal peak-to-background ratios (PBR) are sufficiently large to suppress the speckle 

background and most diffusive photons are focused onto designated regions. In our 

experiment, the intensity contrast ratios are 5.2 dB and 4.7 dB for logic operations AND 

(0,0) and OR (1,1), respectively. These are slightly lower than the designed contrast 

ratios, which may attribute to two aspects. First, the focusing efficiency of two focuses 

from the same subregions is not well-balanced. Second, the enhancement ratios are also 
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not completely unitary at the same region on the output plane for different DMD 

subregions. The intensity contrast ratios of other logic operations are all more than 10 

dB in our experiment. The intensity profiles along the central line of red circles in the 

upper region of all these figures show high intensity contrast ratios for all operations. 

 

Figure 4-6. Experimental results of basic logic operations. Logic gate digital output 

(Boolean response) for each of the four input states [(0, 0), (1, 0), (0, 1) and (1, 1) 

marked in blue] for (a) AND and (b) OR logic operations; (c) Logic gate digital 

output (Boolean response) for each of the four states [(0, NA), (NA, 0), (1, NA) and 

(NA, 1)] for NOT logic operations. The respective subregion inputs (blue) for each 

of the output states are directly related to the logic gates truth table of inputs. 

Digits “0” and “1” marked in yellow in the first figure represent the logic states. 

Intensities are normalized to the maximum of each figure. “(0, NA)” marked in 

blue indicates that only the subregion representing input binary digit “0” on the 
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leftmost column is selected and loaded with the pre calculated pattern. Other 

optical logic operations in this group have similar procedures. The while curves in 

the upper regions in these figures are the intensity profiles across the center of the 

focuses. 

After the demonstration of basic logic functions, the solution to realize cascaded optical 

logic gates is further pursued. Cascaded optical logic gates can be implemented by 

cascading a series of logic gates with logic types placed between any two adjacent logic 

gates; details can be referred to Chapter 4.2.4. As a proof of concept, we experimentally 

demonstrate two logic operations by cascading two logic gates, as shown in Figure 4-7. 

The logic output values are “0” and “1” for logic operations (0 1) (1 0)+ • • and 

(0 1) (1 0)+ + • , respectively, which agree with the true value of these two operations. 

The intensity profiles along the central line of red circles are plotted in the upper region 

of the figures, whose intensity contrast ratios are 5.4 dB and 9.3 dB, respectively. 

 

Figure 4-7. Experimental results of two logic operations(𝟎 + 𝟏) • (𝟏 • 𝟎) (a) and 

(𝟎 + 𝟏) + (𝟏 • 𝟎) (b). Digits “0” and “1” marked in yellow in the figures represent 

the logic states. Intensities are normalized to the maximum of each figure. Curves 



69 

 

in the upper regions in these figures are the intensity profiles across the center of 

the focuses. 

c.  Bitwise logic operations  

The proposed method can be used not only to implement logic gates for single-bit 

operands, but also to build other kinds of operators for multi-bit operands. For 

demonstration, we experimentally perform 6-bit operations (“bitwise AND” and 

“bitwise OR”), as shown in Figure 4-8. Bitwise operators perform a bit-by-bit 

operation on two operands. They take each bit in one operand and perform the operation 

with the corresponding bit in the other operand. As shown in Figure 4-8a, “X” is a 6-

bit operand, “Y” is the other 6-bit operand, “L” is the logic type, and “O” is the output 

result. The calculation of the wavefront pattern for each subregion is quite similar to 

that of single-bit logic gates, except that different sets of regions representing “0” and 

“1” should be preselected for different bits of the operand (Figure 4-8b). On the output 

plane, there are six regions in both the upper region (solid arrow) and the lower region 

(dashed arrow) to represent for “0” and “1” for each bit, and the numbers (0~5) 

correspond to the bit positions of the output. For example, Figure 4-8b shows the 

experimental result of “010000” for “bitwise AND” operation between 011010 (X) and 

110101 (Y), which agrees well with the true value; Figure 4-8c shows the experimental 

result of “110111” for “bitwise OR” operation between 010101 (X) and 100010 (Y). 

Furthermore, it is possible to implement different functions for different bits by 

assigning them with different logic types. For example, an operand (X) “111100” can 

be combined with another operand (Y) “000011” via a group of logic types of “AND, 

OR, AND, OR, OR, AND”, respectively, to implement “bit-set” in the second bit, “bit-
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clear” in the fourth and sixth bits, and “bit-check” in other bits. As shown in Figure 

4-8d, by recognizing the locations of the focuses, a result of “010110” is output, which 

is consistent with the desired value. The intensity profiles along the “0” and “1” regions 

between the solid and dashed arrows in Figure 4-8b-d are also plotted in Figure 4-8e-

g, respectively, showing high intensity contrast ratios for all bitwise operations.  

 

Figure 4-8. Demonstration of bitwise logic operations. (a) The framework of the 

bitwise operations. “X” is a 6-bit operand, “Y” is the other 6-bit operand, and “L” 

is the logic type. Each block representing one subregion on the DMD panel. “O” 

is the output which can be confirmed by identifying the light pattern captured by 

the camera. The direction from left to right corresponds to the bit order from the 

most significant bit to the least significant bit. (b) The experimental result for 
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“bitwise AND” operation between 011010 (X) and 110101 (Y). The numbers above 

the focuses represent different bits. (c) The experimental result for “bitwise OR” 

operation between 011010 (X) and 110101 (Y). (d) A specific bitwise operation 

between “111100” and “000011” with a group of logic types of “AND, OR, AND, 

OR, OR, AND” respectively, from left to right. Solid black and dashed red arrows 

indicate the “0” and “1” logic state regions, respectively. Intensities are 

normalized to the maximum of each figure. (e)-(g) The corresponding one-

dimensional intensity profiles along the “0” (black solid curve) and “1” (red 

dashed curve) regions in (b)-(d). 

4.4 Discussions 

Thus far, we have described the concept and the working principle to achieve different 

logic operations, including basic logic gates and bitwise operations, with a single MMF 

empowered by transmission matrix-based wavefront shaping. In the proposed logic 

operators, the output states are recognized by the intensity contrast between two pre-

selected regions that respectively represent logical states “0” and “1” on the output 

plane. With this MMF-based logic system, analog-to-digital and digital-to-analog 

conversions can be essentially avoided, especially when the camera is replaced with 

photoelectric detectors. Currently, the measurement of each sub-TM takes ~7.2 seconds, 

which is mainly restricted by the working frame rate (500 Hz) of the camera used in the 

system. One effective way to shorten this duration is to adopt a faster detector, such as 

a photoelectric detector [43], which could reduce  the measurement time down to ~160 

milliseconds. The operand in the bitwise logic operation is 6 bits, which is limited by 

the pixel number of the DMD (768*1024).  Energy consumption is another critical 
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concern for a computing system. Assuming the sub-TMs are retrieved and all patterns 

to be loaded on the DMD subregions have been determined in advance, the logic 

operations are performed in a single shot in a passive system, and no further calibration 

is needed as long as the optical system is moderately stable. Stability over a long time 

can be obtained by packing the multimode fiber carefully [152]. High speed (1ms) 

image projection through a 200 meter unfixed multimode fiber with a duration time of 

5 days using high-speed single point feedback in the proximal end was recently reported 

[153], which may provide our proposed method with a solution to adapting to the 

environment perturbation. 

Although only basic functions such as AND, OR, and NOT are demonstrated in the 

study, the concept can also be extended for other operators, including arithmetic, 

relational, equality, reduction, shift, concatenation, and conditional[154] with 

appropriate modifications. These logic operators are performed in the spatial domain, 

which can be potentially combined with other optical fiber multiplex techniques, such 

as optical time division multiplex (OTDM) [155] and wavelength division multiplex 

(WDM) [156] for the purpose of signal transmission and processing. It is nearly 

impossible for stealers to steal the useful signals using our method. Stealers cannot 

decipher the carried signals but only obtain unintelligible contents when intercepting 

the signals at any position between proximal end and distal end of the MMF, because 

signals in consistent with the corresponding TM of the MMF and the TM dramatically 

varies with optical signal transmission length inside MMF, which means the 

information can be transmitted in a highly encrypted way. 

javascript:;
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4.5 Conclusion 

To conclude, programmable optical logic operators through a 15-meter-long MMF 

based on transmission matrix-based wavefront shaping are proposed and demonstrated 

in this work. Light is first reflected by a DMD loaded with predetermined modulation 

patterns and then transmits through a MMF to output logic states. By choosing a 

common reference speckle field for light reflected from seven DMD subregions, the 

study has experimentally demonstrated the feasibility and robustness of three basic 

logic functions (AND, OR, and NOT), cascaded logic operations, as well as bitwise 

operations for multiple bits of operands. Whilst the performance, such as the speed of 

pre calibration, can be further engineered in the next phase, the proposed method 

empowers programmable capability via multimode fibers, which is not achieved by any 

of the existing implementations in the field. The capability may also find or benefit 

wide applications in long-distance optical information transmission and encryption. 
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5  WAVEFRONT SHAPING-EMPOWERED 

MULTIMODE FIBER FOR SINGLE OR 

SELECTIVE NEURON STIMULATION AT 

DEPTHS 

This chapter is reproduced with some adaptations from published journal paper, 

“[Tianting Zhong, Zhihai Qiu], Yong Wu, Jinghui Guo, Huanhao Li, Zhipeng Yu, 

Shengfu Cheng, Yingying Zhou, Jiejun Zhu, Jie Tian, Lei Sun, and Puxiang Lai. 

Optically Selective Neuron Stimulation with a Wavefront Shaping-Empowered 

Multimode Fiber. Advanced Photonics Research, 3(3), 2100231 (2022)”. The 

contributions of authors are as follows: T.Z., Z.Q., L.S., and P.L. conceived the idea; 

T.Z. and Z.Q. conducted the experiment and processed the data; T.Z. and Y.W. 

conducted the patch clamp experiments; Z.Y. and H.L. helped build the optical setup; 

T.Z., Z.Q., and P.L. wrote the manuscript; J.T., L.S., and P.L. supervised the project. 

All members contributed to the discussion of the results and proofreading of the 

manuscript. 

In the second part of the thesis, we will focus on the biomedicine applications of 

wavefront shaping-empowered multimode fibers. In this chapter, we will demonstrate 

single cell neuron stimulation with a single ultra-thin multimode fiber based on the 

integration of optogenetics with wavefront shaping. Optogenetics has been proved to 
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be a powerful tool for exploring the connection between behaviour and neural circuits. 

The progress greatly benefits from the advances of optical techniques that enable high 

spatiotemporal resolution for selective single-neuron stimulation through modulating 

light. Efficient propagation of modulated light, however, is handicapped by strong 

optical scattering in biological tissue, which results in inherent tradeoff between 

penetration depth and resolution. Schemes like GRIN lens-based micro endoscopes 

have been developed to yield more confined delivery of light, but tissue damage caused 

by the insertion of the bulky components cannot be ignored. In this chapter, we 

demonstrate optically selective precise neuron stimulation by using an ultra-thin 

multimode fiber, which is empowered by optical wavefront shaping to achieve light 

focusing and rapid raster scanning without mechanical movement at the distal end of 

the MMF and even through a mouse skull. With this method, primary neurons 

expressing Chr2 can be regulated spatiotemporally in experiment. Although a lot shall 

be further improved, the work may open up new venues for non-invasive or minimally 

invasive all-optical investigation of neural circuits in used-to-be optically inaccessible 

brain regions. 

5.1 Introduction 

Selective stimulation of neuron cells at high spatiotemporal resolution in deep brain is 

a major goal in neuroscience [157-159]. Research indicates that neurons can sense, 

transduce, and respond to various external stimuli such as electric, magnetic, heat, and 

mechanical stimuli [160, 161]. Unmodified neurons may be stimulated directly to 

evoke action potentials with external fields, such as deep brain stimulation (DBS) [160], 

but such techniques lacked specificity and selectivity to individual neurons. To address 
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that, in the so called “optogenetics”, chosen neurons can be selectively inserted with 

well-characterized light sensitive proteins (e.g., opsins) and enabled to respond to light 

stimulation, while other cells remain silent [162, 163]. It enables precise neural 

manipulation with specific time sequence [160, 161, 164]. Such advancement of spatial 

resolution and specificity has made optogenetics a powerful tool in neuroscience, 

especially in exploring the connection between behaviour and neural circuits and in 

treating brain diseases.  

However, it usually requires invasive procedures to deliver photons into deep brain 

regions as skull and brain tissue have strong scattering effects to visible and near 

infrared light which is often used in optogenetics. Practically, one may insert a thin 

optical fiber into a specific deep brain region for neuron activation, which allows for 

free moving animal manipulations in vivo. The output light from the fiber, no matter it 

is single-mode fiber or MMF, is divergent and characterized by a large illumination 

spot or random speckle pattern at a short distance away from the distal fiber end, which 

fails to meet the spatial variant of the neurons in the field of view (FOV). Although 

some groups reported that multi-targets from a large FOV could be controlled and 

monitored via a tapered optical fiber [165], single-fiber-based photon delivery 

technologies are unable to perform selective photoactivation at an adequate 

spatiotemporal precision and also recall a behavior involved in the circuits as it biases 

the temporal sequence of the firing pattern of the specific functions [161, 163]. In this 

regard, optimizing the spatiotemporal resolution of light delivery is imperative in 

optogenetics at depths. 
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Figure 5-1 Schematics of current optical delivery methods for in vivo optogenetics 

and the proposed selective precise neuron stimulation concept. (a) Diffused light 

caused by multiple light scattering in the brain tissues results in poor-resolution 

stimulation of neurons. (b) Two-photon excitation with holographic modulation 

could stimulate single target neurons and improve the working depths (indicated 

by dotted lines). (c) The scattering of skull and brain tissues can be conquered via 

the insertion of MMF, which is minimally invasive and able to perform precise 

stimulation within a relatively large field of view by wavefront shaping. (d) 

Focused light delivery can also be achieved through skull, enabling wearable 

noninvasive selective excitation of neurons at depths, which is otherwise 

impossible without the integration of wavefront shaping and multimode fiber. 

To overcome these limitations, various strategies have been proposed. Two major 

independent factors affecting the precision of optogenetics are of concern to explore, 
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i.e., photosensitive ion channels and optical illumination. The former includes the 

development of some new photosensitive ion channels that response on red-shifted light 

to increase the penetration of optogenetics [166]. Meanwhile, converting near-infrared 

light into blue light via upconversion mechanisms also can be utilized to reduce the 

need for invasion [167]. To increase the spatiotemporal resolution of optogenetics, 

Boyden et al engineered a new opsin that only expresses on the soma of the neuron and 

showed better spatial resolution under two-photon excitation [168].  

The other orientation is to improve the way of illumination, in which controlling the 

light distribution in space and time within or after tissue or tissue sample is more 

challenging (Figure 5-1a). Two-photon holography based techniques have been 

utilized to improve the spatial selections of the excitations (Figure 5-1b). Some studies 

demonstrated that opsins possessed excellent two-photon cross session that can be 

excited effectively and hence could induce sufficient photocurrent in the micrometer 

focal volume [168-172]. Combined with photosensitive ion channels mentioned above, 

it can activate single neurons in vivo by illuminating specific neurons, enabling us to 

mimic natural neuronal code of a specific behavior or brain state. That said, certain 

critical drawbacks need to be overcome. For example, because of the optical objective 

and the complex free space optical system, the method sees implementations only for 

head fixed rodent, confining its applications to non-free moving animals. Also, the 

working distance is significantly limited. As reported so far, the penetration depths of 

those noninvasive high-resolution optogenetics are limited to ~1 mm [173]. Beyond 

that, scattering and optical aberrations dominate within brain tissue and prohibit 

observations for subcortical structures and precise activation of neurons. These areas 

are, however, involved with important neuronal processes such as memory formation 
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and gating of sensory and motor information, as well as neurological diseases [173-

175]. To explore these brain areas, especially in larger animals, the required working 

distance may be up to several centimeters. To deal with the strong scattering effect of 

skull and other biological tissues, invasive procedures may be needed in order to create 

optical window for light propagation. Or, alternatively, optical wavefront shaping can 

be adopted [9, 12, 17, 57, 79-81, 113, 114, 176-181], which has been reported to 

generated a diffraction-limit focus through the skull [182] or within the brain [183]. 

These methods, however, encounter similar limitations with the two-photon based 

approaches: the complex optical setup could not be separated from the animal, i.e., it 

also requires the animal head to be fixed. 

Unlike the previous strategies, nowadays optical manipulation for selective single 

neuron optogenetics in deep (more than ~1 mm) brain areas is usually achieved by the 

combination of patterned light illumination with endoscopic probes, such as graded 

index (GRIN) lenses [184-186], and fiber bundles [187]. While promising, these 

approaches create substantial mechanical lesions in tissue due to their large size, 

precipitating neuropathological responses that include inflammation and gliosis [188], 

and possibly ultimately compromising the physiology of neuronal networks and 

behavior of the animal [189, 190]. Compared with these endoscopic probes, single 

MMF could be much smaller to minimize the lesion problem.  

In this chapter, we propose an endoscopic approach that combines a multimode fiber 

(MMF) of compact size with wavefront shaping to achieve selective single neuron 

optogenetics at depths (Figure 5-1c). The MMF can be regarded as a scattering medium 

and the output optical field from the MMF, originally being random speckle patterns, 
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can be modulated to desired patterns [32, 41, 45, 58, 68, 87, 88, 108, 191, 192]. In the 

proposed system, a DMD is utilized to manipulate the light propagation through the 

MMF. With wavefront shaping, the output field of MMF can be fully controlled (like 

generating static optical focus and hence raster scanning of the focus) once its TM is 

obtained. Such a capacity of generating and scanning optical focus by wavefront 

shaping and its application for selective optogenetics is tested with cultured neurons. 

Moreover, the system can also enable sharp light focusing through the MMF and a 

mouse skull, demonstrating its competence for noninvasive selective activation of deep 

neurons through the skull with a high spatiotemporal resolution (Figure 5-1d). 

5.2 Methods  

5.2.1 Optical setup 

The proposed system is illustrated in Figure 5-2. An externally trigged laser operating 

at 488 nm (OBIS, Coherent, USA) is used as the light source for neuron stimulation. 

Its output (up to 150 mW) is expanded by L1 and L2, then reflected and modulated by 

a DMD (1,024×768 pixels, V-7001, Vialux, Germany) before being relayed (via L3 and 

L4) and coupled (via L5) into a 1-meter-long MMF (0.22 NA, core diameter 50 µm, 

FG050LGA, Thorlabs, USA) which contains more than 2,500 modes. The output 

optical field at the distal end of the MMF is recorded by a CCD camera (BFS-U3-

04S2C-CS, FLIR, USA), which is synchronized with the DMD and the optimal pattern 

calculation. In experiment, the framerate of the DMD is set at ~500 Hz to adapt the 

speed of the camera for calibration. After that, DMD works at 22 kHz for raster 

scanning of the focus. Imaging of neuron cells is obtained by an epifluorescence 

microscopy system (IX73, Olympus, USA) to monitor the optogenetics results. Note 
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that due to the flexibility of the MMF, the optical excitation module and the sample are 

not necessarily closely positioned in application, opening potentials for wearable 

apparatus (for example, only the fiber distal end mounted on the mouse head) with 

remote control. 

  

Figure 5-2 Illustration of the proposed system. (a) Schematic of the optical setup. 

M1-2: mirrors; L1-5: lenses; DMD: digital micro-mirror device; Obj: objective; DM: 

Dichroic Mirrors. A same camera is used for MMF calibration and epi-

fluorescence imaging in cell experiments. After calibration, cultured samples are 

placed at the focal plane of the MMF output field. The capacity of the system is 

tested with a skull attached to the distal end of the MMF. (b) After calibration, 

raster scanning of the focus and hence selective optogenetics could be achieved by 

displaying predetermined phase masks consecutively on the DMD screen.   

5.2.2 Algorithm implementation 

As a binary diffraction device, DMD is often used for high-resolution amplitude 

modulation. In this study, DMD is performed as a phase modulator for higher 
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modulation efficiency (~5 times), in the meanwhile, with a refresh rate (up to 23 kHz) 

much faster than that of liquid crystal based SLM. The phase modulation is realized by 

the Lee hologram method proposed by Conkey et al [74]. In this method, the desired 

phase distribution is encoded in a binary computer-generated hologram (CGH) that is 

displayed on the DMD, where n×n superpixels are homogeneously distributed on the 

screen. In this study, the DMD has 1024×768 independent pixels (24×16 pixels are 

combined to form one superpixel) and the DMD modulation region is composed of 

32×32 superpixels at the center, surrounded by a reference region that is all set to be 1. 

To achieve a phase modulation of the target phase mask with DMD, a new amplitude 

hologram will be digitally generated by the interference of the target (𝑥, 𝑦 are space 

coordinates) phase mask �̃� = exp(𝑗𝜑(𝑥, 𝑦))  and the off-axis reference beam �̃� =

exp(𝑗2𝜋𝛼(𝑥 − 𝑦)): 

𝑡(𝑥, 𝑦) = |�̃� + �̃�|
2

=
1

2
+

1

4
𝑒𝑗2𝜋(𝑥−𝑦)𝛼𝑒−𝑗𝜑(𝑥,𝑦) +

1

4
𝑒−𝑗2𝜋(𝑥−𝑦)𝛼𝑒𝑗𝜑(𝑥,𝑦).     (5-1) 

If the carrier frequency 𝛼 is higher than the maximal spatial frequency of 𝜑(𝑥, 𝑦), 

three distinct orders (+1, 0, -1) of diffraction will be obtained, with large separation 

among different orders as shown in Figure 5-3. In experiment, a 4-f system is used, 

and an iris is positioned at the Fourier plane for spatial filtering to select the -1 order 

beam, which is encoded the desired phase distribution of the target phase mask �̃�.  



83 

 

 

Figure 5-3 Illustration of the DMD-based phase modulation. The binary Lee 

hologram encodes the phase mask displayed on the DMD, from which light is 

diffracted. Only the -1-order beam transmits through the small pinhole and is 

encoded with the target phase mask. L1 and L2 are a pair of lenses that construct 

a 4-f system. 

Since the pixels on the DMD, as illustrated in Figure 5-3 can only be set to 0 or 1, a 

binary amplitude hologram will be generated by thresholding the previous amplitude 

hologram (Eq. 5-2) as follows: 

𝑡(𝑥, 𝑦) = 0.5 + 0.5cos(2𝜋(𝑥 − 𝑦)𝛼 − 𝜑(𝑥, 𝑦)); ℎ(𝑥, 𝑦) = {
1; 𝑡(𝑥, 𝑦) > 0.5

0; otherwise
.  (5-2) 

Consequently, the bright fringe and its spatial coordinate meet the following relation:  

2𝜋(𝑥 − 𝑦)𝛼 − 𝜑(𝑥, 𝑦) = 2𝑛𝜋 ∓
𝜋

2
(𝑛 = 1,2. . . ).              (5-3) 

Since the TM of the system relates the input optical field (𝐸𝑖𝑛) to the output field (𝐸𝑜𝑢𝑡), 

described as 𝐸𝑜𝑢𝑡 = 𝑇 × 𝐸𝑖𝑛, we can calculate the TM once the complex output and 
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input fields are obtained, that is 𝑇 = 𝐸𝑜𝑢𝑡 × (𝐸𝑖𝑛)−1. In this study, for the input basis 

we choose Hadamard matrix (H) as it can perfectly fit the requirements: first, the 

experimental signal-to-noise ratio (SNR) can be improved since the elements of this 

matrix are either +1 or -1; second, using the inverse property of Hadamard matrix, the 

calculation of TM can be simplified to 

𝑇 =  𝐸𝑜𝑢𝑡 × 𝐻𝑇 .                            (5-4) 

Because the camera can only capture the intensity of output field, here we adopt a 

phase-shifting algorithm to record the complex optical field.[11] If the modulation part 

is shifted by a phase of 𝜔, the 𝑚th output intensity mode could be expressed by 

𝐼𝑚
𝜔 = |𝑠𝑚 + ∑ 𝑒𝑖𝜔𝑇𝑚𝑛𝐸𝑛

𝑖𝑛

𝑛

|

2

= |𝑠𝑚|2 + |∑ 𝑒𝑖𝜔𝑇𝑚𝑛𝐸𝑛
𝑖𝑛

𝑛

|

2

+ 

Re{�̅�𝑚𝑒𝑖𝜔 ∑ 𝑇𝑚𝑛𝐸𝑛
𝑖𝑛

𝑛
}.                       (5-5) 

Here, 𝑠𝑚 denotes the complex field in the 𝑚th output mode induced by the reference 

part, 𝐸𝑛
𝑖𝑛 is the 𝑛th input mode, and 𝑇𝑚𝑛 is the (m, n) element of the TM. With the 

four-phase shifts of the Hadamard basis (0, 𝜋/2, 𝜋, 3𝜋/2), the output mode 𝐸𝑚
𝑜𝑢𝑡  is 

coupled with 𝑠𝑚 (the static reference mask) as 

(𝐼𝑚
0 −𝐼𝑚

𝜋 )

4
+ 𝑖

(𝐼𝑚
3𝜋/2

−𝐼𝑚
𝜋 2⁄

)

4
= 𝑠𝑚 ∑ 𝑇𝑚𝑛𝐸𝑛

𝑖𝑛
𝑛

= 𝑠𝑚𝐸𝑚
𝑜𝑢𝑡.            (5-6) 

Thus, the observed complex TM could be given by 

𝑇𝑜𝑏𝑠 = 𝐸𝑜𝑏𝑠𝑜𝑢𝑡 × 𝐸𝑖𝑛
−1 = 𝑆𝑟𝑒𝑓 × 𝑇,                   (5-7) 

where 𝑠𝑟𝑒𝑓 is a diagonal matrix representing the static reference input. Since 𝑠𝑟𝑒𝑓 is 

stationary over time, the 𝑇𝑜𝑏𝑠 is directly proportional to  𝑇.  
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Since the TM measurement involves N segments on the DMD, the number of patterns 

projected on the DMD screen is 4𝑁 in experiment. These patterns are the same for the 

calibration process in different scenarios so that they could be pre-loaded to the onboard 

memory and then electronically refresh at very fast speed in experiment. For focusing 

at each position, the corresponding row of the TM will be used to provide conjugation 

and generate the CGH before uploading to the DMD. After the TM measurement, the 

focal spot can be scanned throughout the field of view (FOV), as shown in Figure 5-4c.  

5.2.3 Sample preparation 

293T harvest Human embryonic kidney (HEK) 293T cells were purchased from 

ATCC. It maintained in Dulbecco’s Modified Eagle Medium (DMEM), supplemented 

with 10% FBS, 10% Penicillin-Streptomycin (all from Gibco), inside a humidified 

incubator 37°C with 5% CO2. For patch clamp recording, cells were seeded in 35 mm 

culture dishes at 1 x 105 cells per dish, allowed to grow overnight, and transfected with 

ChR2 on next day. 

Plasmid transfection The plasmid pcDNA3.1-ChR2-IRES-GFP was purchased from 

Dr. Ardem Patapoutian. Cells were transfected using the Lipofectamine 2000 kit 

(Invitrogen). 3.0 µg plasmid and 5 µl of Lipofectamine 2000 were complexated in Opti-

MEM medium (Gibco) according to the manufacturer’s instructions and added to the 

cells. The cells were used for further experiments 24 hours later. 

293T cell patch clamp recording After finished Chr2 transfection, Cells were directly 

used for patch clamp recording. Borosilicate glass-made patch pipettes (Vitrex, 

Modulohm A/S, Herlev, Denmark), were pulled with micropipette puller (P-97, Sutter 



86 

 

Instrument Co., USA) to a resistance of 2 to 5 MO before being filled with KCl pipette 

solution (in mM): KCl 138, NaCl 10, MgCl2 1 and HEPES 10 with D-manitol 

compensated for osm 290. Inward current was recorded with a data acquisition system 

(DigiData 1322A, Axon Instruments) and an amplifier (Axopatch-200B, Axon 

Instruments, Foster City, CA, USA). The command voltages were controlled by a 

computer equipped with pClamp Version 9 software. When the whole-cell Giga seal 

was formed and the capacitance of cell was measured, inward currents were measured 

by voltage clamp gap free recording, then move the fiber to the target cells for light 

stimulation. Cells placed on bath solution (in mM): NaCl 130, MgCl2 2, KCl 4.5, 

Glucose 10, HEPES 20, and CaCl2 2, pH 7.4 during the whole process. 

Primary cortical neuron harvest Primary cultures of the cortices of mouse embryos 

at embryonic day 16 were obtained as reported.[193] Briefly, cortices were dissected 

in ice-cold Neurobasal medium (Gibco Invitrogen Corporation. Carlsbad, CA) and 

incubated in 0.25% trypsin-EDTA (Gibco Invitrogen Corporation. Carlsbad, CA) for 

15 minutes. The cells were centrifuged and washed in Neurobasal medium containing 

10% FBS, 0.25% L-Glutamine, and 1% Penicillin-Streptomycin (all from Gibco 

Invitrogen Corporation. Carlsbad, CA), and then centrifuged again. Afterward, the cells 

were resuspended in the medium and gently mechanically triturated with a pipette, and 

then allowed to stand for 15 minutes. The resultant supernatant was discarded, and the 

cells were resuspended in the abovementioned medium further, supplemented with 2% 

B27 serum-free supplement (Gibco Invitrogen Corporation. Carlsbad, CA). The cells 

were plated at 5 ×105 cells in 35 mm dishes containing coverslips coated with poly-L-

lysine (PLL), or at 1 × 105 cells into PLL-coated confocal dishes. After 24 hours, the 
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medium was changed to Neurobasal + 2% B27 + 0.25% L-Glutamine + 1% Penicillin-

Streptomycin. The medium was half-changed every 72 hours. 

Viral transduction Viruses were packaged by BrainVTA Co. Ltd. (Wuhan, China), 

and all viral aliquots were placed at -80°C prior to use. We used a rAAV-9 vector, with 

a human synapsin (hSyn) promoter, which enabled the viruses to preferentially 

transduct neurons. The ChR2 sequence was fused with either fluorescent reporter EYFP 

or Ca2+ sensor protein GCaMP6S, and a polyA tag at the end of the sequence. The 

viruses used in this study were rAAV/9-hSyn-EYSP-pA, rAAV/9-hSyn-ChR2-EYFP-

pA. 

Primary neurons were transducted with at DIV 7 using viruses diluted 1/10 in PBS at 

RT. For every 5×105 primary neurons seeded, 109 genome copies (GC) of the CTRL 

virus and 1010 GC of the ChR2 virus were added directly into the cell medium. The 

plates were gently shaken and placed in the incubator. Cells were allowed to incubate 

for 4-5 days while being monitored for fluorescence and cell condition, after which they 

were used for further experiments.  

Mouse skull preparation Male C57BL/6J mice, at the age of 8-12 weeks, were 

obtained from the Central Animal Facility (CAF) of The Hong Kong Polytechnic 

University. Mice were raised under standard conditions with fresh water and food 

available ad libitum. All experiments were performed according to the animal (control 

of experiments) regulations and were approved by Department of Health of Hong Kong 

SAR. A mouse head was obtained by decapitation. The scalp was then removed with 

spring scissors, and lateral muscles were retracted to expose as much skull surface as 

possible. The back of the skull was opened by making a cut caudal to the cerebellum, 
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and the skull was cut along squamosal so that the parietal and frontal can be obtained 

as complete as possible. Tissues attached to the skull were carefully removed with fine 

scissors, after that the skull was rinsed with water and ethanol for several times. 

5.2.4 Experiment procedure 

In this study, wavefront shaping is implemented to achieve optical focusing and raster 

scanning of the focal point at the distal end of the MMF, based on which single neurons 

within the field of view can be selectively excited. The in vitro system shown in Figure 

5-2 was developed and configurated to test the feasibility of the concept, with a DMD 

for fast wavefront modulation and temporal controlling of the focal spot. Even though 

the tau off kinetics of current opsins range above 1 ms, with high temporal modulation, 

our system can perform precise optogenetics according to the specific spatiotemporal 

sequence. In addition to the wavefront modulating module for excitation beam, the 

system also consists of a fluorescence imaging module for measuring the cellular 

responses. In experiment, the optical propagation path, from the DMD screen to the 

desired focal plane after the distal end of the MMF was expressed as a transmission 

matrix (TM). The detail process of measuring the TM was described above. The phase 

masks to be uploaded on the DMD screen for focusing light at the desired locations on 

the MMF focal plane were calculated based on the TM. If the optical focus and one of 

the cultured neurons (assuming they are sparsely distributed in the sample) were 

spatially overlapping, that specific neuron is activated while all other neurons remain 

silent. By changing the phase mask displaying on the DMD, high spatiotemporal optical 

focusing at the focal plane, and hence the selective optogenetics, were achieved. To 

monitor the fluorescence emission associated with neuron activities, the cultured 
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neurons were placed in a commercially epifluorescence imaging system at the focal 

plane of the MMF. A standard commercially available MMF with a core of 50 μm in 

inner diameter and a NA of 0.22 was employed in experiment. Once the fiber was 

placed and aligned with the epifluorescence imaging system, it took approximately 2 

mins to obtain the TM, compute a field of view of 60 × 60 μm2 at the focal plane, and 

upload the desired phase patterns to the on-board memory of the DMD. 

5.3 Results 

The fidelity of the generated foci determines the accuracy of the neuron stimulation. 

Without wavefront shaping, optical energy transmitting through the MMF spreads out 

at the output of the MMF, forming a seeming random speckle pattern (Figure 5-4a). 

The capability of generating foci at the output of the MMF was first tested. After the 

TM measurement, the optimum phase mask for generating a focus at a desired location 

was calculated and uploaded to the DMD. The resultant optical pattern was recorded 

by the camera, as shown in Figure 5-4b. As seen, a bright focus was formed. The 

quality of focusing can be assessed by the ratio of the average intensity at the focal 

point to the average level of the background, namely peak-to-background ratio (PBR). 

Moreover, by manipulating the TM and changing the phase masks on the DMD 

appropriately, the focal spot can be scanned across the FOV (Figure 5-4c) at a temporal 

resolution determined by the refresh rate of DMD, which is around 23 kHz and could 

be even faster if less DMD pixels are used; no additional MMF calibration or TM 

optimization is needed. The normalized intensity profile at the MMF distal end across 

the focal spot before and after wavefront compensation is plotted in Figure 5-4d. The 

full width of half maximum (FWHM) of the focus is about ~1.6 μm and much smaller 
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than the size of neurons (dozens of microns). The focus size could be modified by 

changing the distance between the focal plane and the fiber distal end.  

Another important criterion for successful selective precise optogenetics is that the 

optical intensity of the focus should be high enough at any target location throughout 

the FOV, while the residual background is always sufficiently dim. To confirm that, 

before cell experiment, focus at 25 locations were sampled in the FOV (Figure 5-4c). 

Although the focal intensities varied spatially from 11 to 20 mW/mm2 (Figure 5-4h), 

all of them surpassed the threshold for effective ChR2 stimulation (8 mW/mm2; 

indicated by the red dashed line) [194]. Meanwhile, similar to the profile shown in 

Figure 5-4d, the background intensities after wavefront shaping were way below the 

ChR2 threshold, assuring that neurons could be stimulated only by the optical focuses.  

Such capabilities of optical focusing and scanning for selective neuron stimulation can 

be extended to overcome the strong scattering of light due to biological tissues, such as 

skull and skull and brain tissue, which is imperative to achieve noninvasive deep brain 

optogenetics. In our system, the combination of the skull and the MMF was treated as 

one scattering body and the optical distortion was compensated at the same time. To 

demonstrate that the wavefront shaped excitation beams can generate desired focuses 

through the MMF and a highly scattering skull layer, a fresh skull layer dissected from 

a mouse without a thinning procedure was prepared. The thickness of the dissected skull 

was approximately 300 μm (inset of Figure 5-4f), which was thick enough to scramble 

the incident focus generated by the MMF alone into a random speckle pattern. 

According to literature [195], the absorption coefficients (𝜇𝑎) of a mice skull with 

thickness of 0.31 ±  0.05 𝑚𝑚  is around 1.2 𝑚𝑚−1 , and the reduced scattering 
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coefficients (𝜇𝑠
′ ) is ~2.6 𝑚𝑚−1. The dissected skull layer was then attached to the tip 

of MMF to mimic in vivo condition, and the scattering effects from the MMF and the 

skull were coupled into one TM. Speckle patterns behind the skull layer before and 

after wavefront shaping were recorded and shown in Figure 5-4f and g, respectively. 

As seen, a tight focus (PBR≈255) could be generated at the centre of the FOV after 

compensating the MMF and skull-induced wavefront distortions. Similar to Figure 

5-4c, the focus was also scanned at 25 locations in the FOV after the skull, and the 

results are shown in Figure 5-4h. The mean PBR at these 25 locations is 236.9, and the 

standard deviation is 25.7. As extra wavefront distortions were induced by the skull, 

the FWHM size of the speckle grains and hence the focal spot was reduced to ~0.9 μm, 

but the FOV could poetically be expanded compared with its peer in Figure 5-4a, which 

is consistent with earlier finding in the field [196]. 
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Figure 5-4. (a-b) Images of the transmitted optical pattern through the MMF 

before (a) and after (b) wavefront shaping. (c) A series of foci can be formed one 

after another at the focal plane of the MMF FOV by “raster scanning” the phase 

patterns loaded on the DMD. (d) Intensity profiles across the central focal position 

before and after wavefront shaping. (e) Distribution of the focal intensities of the 

sampled 25 focuses through raster scanning shown in (c). The red dashed line 

indicates the threshold intensity (~8 mW/mm2) for ChR2 stimulation. As seen, 

despite of variations, all these 25 focuses are powerful enough for neuron 

stimulation, assuring the field of view of the proposed selective optogenetics. (f-g) 

Images of the transmitted optical pattern when the skull sample is attached to the 

distal end of the MMF before (f) and after (g) wavefront shaping. (h) Similar to 
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(c), 25 focuses also can be formed after MMF plus skull. The mean of those focus 

is ~ 237. The speckle grains are smaller than those in (a-b) as many more scattering 

events are involved with the addition of the skull. Photograph of a 300 µm-thick 

skull layer dissected from a mouse without the thinning procedure is shown in 

inset of (f). The scale bar is 4 μm, and it is shared by (a-c) and (f-h). 

To test whether the focused light from MMF could elicit photocurrent in targeted cells, 

we patched a single cell (293T, of which the expression of Chr2 was confirmed in 

Figure 5-5a,b) under a widefield microscopy (Figure 5-5a). Without wavefront 

shaping, the output of MMF was a random speckle within the whole FOV and will not 

be able to achieve optically selective stimulation (Figure 5-5c). With wavefront 

shaping, one optical focus could be generated at the target region (Figure 5-5d; 

encircled by the red circle). The focus could be moved away by changing the phase 

masks on the DMD (Figure 5-5e). Note that the focuses were not generated at the 

absolute center of the red circle to avoid overlapping with the patch clamp, and the 

inward currents from the patch-clamp were used to gauge the amount of ion channels 

that have been photostimulated. An example of the corresponding patch-clamp signals 

is provided in Figure 5-5f, showing there were inward currents when the optical focus 

was on the target (t = 5 s), which however reduced to almost zero when the focus was 

away from the target cell (t = 10 s). The measurement was repeated by 8 times, and the 

statistical results are given in Figure 5-5g, where the error bar represents the standard 

deviation. After that, a series of optical focuses were generated for every ~9.3 μm away 

from the patched cell by displaying predetermined masks on the DMD (Figure 5-5i). 

The corresponding patch-clamp signals show there are strongest currents when the 

optical focus is on the target (the central valley) and the inward currents decreased as 
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the light focus was moved away from the patched cell (Figure 5-5j). According to the 

statistics of the inward currents at different optical focusing locations with respect to 

the central position (Figure 5-5k), the FWHM of the photocurrent-distance function is 

about 15.3 micron, which is about the size of the patched cell, indicating the stimulation 

resolution is at single cell level.  

 

Figure 5-5 Evaluation of selective precise optogenetics with wavefront shaping-

empowered MMF via the patch-clamp system. (a) The current of the target cell 

membrane was recorded via a patch-clamp system. (b) Fluorescence imaging of 

target cell. (c) Without wavefront shaping, the output of MMF was a random 

speckle within the whole FOV. (d-e) One optical focus was generated by wavefront 

shaping at the target region (encircled by the red circle) and the focus is moved 
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away by changing the phase masks on the DMD. (f) An example of the 

corresponding patch-clamp signals, in which the red dot line is the trigger single 

from DMD chip. The first line (t = 5 s) and second line (t = 10 s) represent the focus 

of (d) and (e), respectively. (g) Statistics of the inward currents recorded by the 

patch-clamp when light focus was on and away from the target based on a 

measurement of eight times (the error bar is the standard deviation). (h) Another 

cell was chosen to evaluate the resolution of optical selective stimulation. (i) A 

series of optical focuses of the same adjacent spacing (~9.3 𝝁𝒎) were generated 

one after another (not simultaneously), and the middle (circled) one overlaps with 

the target cell region in (h). (j) The corresponding patch-clamp signals, showing 

there are strongest currents when the optical focus is on the target (the central 

valley). (k) The statistics of the inward currents at different optical focusing 

locations with respect to the central position (the target cell and the patch-clamp). 

The measurement was repeated by 5 times, and the error bar is the standard 

deviation. Scale bar: 20 µm; the arrows in a), c) and h) point to the images of the 

patch-clamp, which touched the cell membrane directly. 

To further confirm whether the spatially resolved photocurrent could induce selective 

neural activation, we performed calcium imaging on primary cortical neurons harvested 

from embryonic mouse brains while performing targeted photostimulation (E16). Note 

that the distance between the fiber facet and the target was manually enlarged for 

covering an appropriate FOV. To express the well-established photosensitive proteins 

ChR2 in neurons, we used adeno-associated virus (AAV)-based viruses with a human 

synapsin (hSyn) promoter, which preferentially infected neurons over other cell types. 

At DIV 12 the neurons were found to show EYFP fluorescence, thus confirming the 
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neuron specificity of the ChR2 expression. For calcium imaging, a red fluorescence 

calcium indicator (Cal590, AAT Bioquest, USA) was used to measure the neural 

activation, and a background image Fb (Figure 5-6a) was obtained before any blue light 

illumination as the basis. The neural activity at any given time point was quantified by 

∆Fi/ Fb , a well-established method for quantifying calcium images. The sham condition 

showed negligible neural activities (Figure 5-6b). Without wavefront shaping, light 

from the MMF is a random speckle pattern (inset of Figure 5-6c). The ratio of the 

difference between the recorded calcium image (F0) and the background (Fb) with 

respect to the background (∆F0/ Fb) confirms that all the ChR2-eYFP positive neurons 

in the FOV exhibited calcium influx (Figure 5-6c). Then, the blue light from the MMF 

was focused by wavefront shaping into a small region in the FOV, with a focal intensity 

of ~15 mW/mm2, as illustrated by in the inset of Figure 5-6d. Under this condition, the 

corresponding ratio of differences of the calcium image and the basal calcium image 

Fb, denoted as (∆F1/ Fb) (Figure 5-6d), shows the eYFP-ChR2 neurons in the region 

illuminated by focused light was activated while other neurons remained silent. 

Furtherly, if the light from the MMF was focused onto two separated regions targeting 

two individual neurons, as indicated in the inset of Figure 5-6e, the difference between 

the recorded calcium image and the basal calcium image (∆F2/ Fb) suggests that the two 

light spots induced neural activation simultaneously at the targeted neurons as expected 

(Figure 5-6e). Note that the bright spots shown in Figure 5-6 do not represent the 

focused (488 nm) light as there is filter before the detector and the DMD only 

illuminated the neurons by 30 ms, which is much shorter than the duration of 

fluorescence signal at the bright spot. Therefore, the possibility of bright signal (which 

has longer time duration) caused by the leakage of focused light spots should be ignored. 
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In Figure 5-6f, the dynamics of 𝛥𝐹/𝐹𝑏 in response to focus light stimulation from 

MMF is shown as a function of time over repeated stimulations (5 times). It can be seen 

that the neuron activity lasts for a few seconds, and there is a delay of ~1 s between the 

onset of neuron response with light stimulation that is applied at t=0 s. This groups of 

experiments validate the proposed idea that focused light from the MMF can activate 

ChR2 selectively for precise neural activation.  

 

Figure 5-6 In vitro demonstration of selective precise optogenetics with wavefront 

shaping-empowered MMF. Calcium images were acquired by an epifluorescence 

imaging system. (a) Calcium imaging before the blue light illumination, serving as 

the background (Fb). (b) The cultured neurons were quiet without 

photostimulation in sham condition. (c) Without wavefront shaping, light from the 

MMF is a random speckle pattern. The difference (∆F0/ Fb) between the recorded 

calcium image and the background confirms that all the ChR2-eYFP positive 
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neurons in the FOV exhibited calcium influx. (d-e) Based on the obtained TM, the 

phase masks for generating one and two focal regions (as illustrated in the insets) 

can be calculated and uploaded to the DMD. The corresponding differences of the 

calcium images with respect to background images are shown in d) and e), 

respectively, confirming selective activation of ChR2 selectively for precise neural 

activation with controlled light pattern from the MMF. (f) The statistics of 

repeated stimulation of the target cell in d). The scale bars in a-e are 50 μm. 

5.4  Discussion 

In this chapter, a new strategy of using economic and common MMF combined with 

wavefront shaping to perform optically selective neuron stimulation is proposed and 

experimentally demonstrated. The attractiveness of such an approach is that the single-

cell level optical focusing can be spatially manipulated and hence the active selection 

for neuron stimulation can be electronically realized instead of embedding mechanical 

actuators with MMF. Moreover, the high-resolution focusing and stimulation 

capabilities can penetrate through highly scattering media, such as the MMF itself and 

a mouse skull, as shown in Figure 5-4. These are not possible with a regular fiber or 

other optical delivery techniques currently used in optogenetics.  

It is very interesting to examine the optical fields at the exit of the MMF alone and the 

MMF plus skull. First, the measured FWHM values of focal spots were reduced from 

~1.6 to ~0.9 𝜇𝑚 under the same condition, which is due to the increase of scattering 

events in the skull that further scrambles light propagation. This phenomenon is 

consistent with literature finding that adding a highly scattering medium to an imaging 

system can equivalently increase the numerical aperture (NA) [44, 196], creating tighter 
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diffraction-limited light spots. It may potentially open up new venues to achieve high-

resolution or even super-resolution neuron stimulation and imaging simultaneously 

with wavefront shaping-assisted multimode fiber. Second, the scattering of the skull 

also breaks the FOV limitation of MMF. At the same working distance, MMF with the 

skull could potentially result in a larger FOV. This allows selective neuron stimulation 

and imaging (although not demonstrated herein as it is beyond the scope of the current 

work) in a larger FOV. Third, it is noticed that the depth focus along the optical axis is 

also considerably reduced when light transmits through the skull. As measured, the 

depth of wavefront shaping-enabled focuses for MMF and MMF plus skull are ~35 µm 

and ~10 µm (FWHM), respectively. Such contrast is also consistent with the increased 

effective NA with the additional skull. It potentially provides excellent optical 

sectioning capability along the optical axis, allowing for 3D selective neuron 

stimulation and imaging, which is beyond the scope of current manuscript but will be 

explored in the next phase. 

Notably, wavefront shaping-empowered optical focusing was achieved in a 

transmission mode. Theoretically it can be applied for in vivo experiments, but after 

pre-calibration, the stability of the multimode fiber shall be kept well during the whole 

process of transmission matrix calibration, fiber injection, and neuron experiments to 

avoid significant deformation to the fiber. Otherwise, the transmission matrix will be 

changed and the calibration procedure needs to be conducted again. A design of MMF 

for less sensitivity to deformations may be one of the solutions, but it will increase the 

cost and limits the applications. For example, some special MMFs have a perfectly 

parabolic refractive index profile and are insensitive to deformations like bending [197].  

These fibers, however, are currently not commercially available and beyond our 
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accessibility. Modifying the present setup into refection geometry to achieve real-time 

calibration and re-optimization at the proximal end of the MMF may be another solution; 

in this scenario, selective optogenetics can also be conducted even when the fiber is 

deformed or the experiment sample is under motion. Although it may complicate the 

optical setup and computation of the transmission matrix of the MMF [198], the need 

for special MMF can be avoided. With the development of wavefront modulators and 

optimization algorithms, the speed and adaptivity of the calibration can also be 

improved. For example, real-time resilient focusing through multimode fiber has been 

reported [76], and a dynamic mutation algorithm has been proposed to automatically 

adapt moderate perturbations to the MMF and maintain or even recover the optical 

focusing performance [68].  

Three more aspects need to be clarified before conclusion. First, to accomplish 

noninvasive MMF-based optical focusing and neuron stimulation at depths, feedback 

signals that are closely related to the in situ optical intensity are required for MMF 

transmission matrix measurement. In this regard, photoacoustic [31, 57, 179] or 

fluorescent [199-201] signals may provide promising virtual or physical internal 

guidestars, assuming the resultant focal spot is sufficient tight for selective optogenetics. 

Second, the current setup uses one-photon excitation for photoactivation in 

optogenetics. Therefore, the application was limited to a brain region where labeled 

cells were relatively sparsely distributed. To reduce contribution coming from the out-

of-focus dendritic or axonal processes and thus, to improve the resolution of 

photostimulation along the optical axis, some approaches, such as only expressing the 

opsins in the soma and/or axion hillock, will be considered in future work. Last but not 

the least, it will be aimed to achieve fluorescence imaging [30, 85, 202] and selective 
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optogenetics with a single MMF, and then to monitor brain activities while controlling 

the targeted neurons in the next step. Nonetheless, the present work provides the first 

demonstration of utilizing wavefront shaping-empowered multimode fiber towards 

deep-brain, noninvasive or minimally optogenetic studies, which offers large degrees 

of freedom in controlling light propagation and stimulation in previously inaccessible 

brain regions. 

5.5  Conclusion 

In summary, this chapter proposes an innovative approach for deep-tissue selective 

precise neuron stimulation via the integration of wavefront shaping and MMF. The 

concept was preliminarily demonstrated by showing primary neurons expressing Chr2 

can be regulated spatiotemporally in experiment. The unique capability of achieving 

focused light delivery and fast raster scanning of the optical focus at the distal end of 

the MMF and through a dissected skull opens new venues for deep penetrating 

noninvasive optically selective optogenetics. For tissue regions beyond the limit of 

wavefront shaping or lacking reliable guidestars, our system is still feasible as the MMF 

can be implanted near the targeted tissue region to reduce the scattering effect to light. 

Compared with other existing approaches, the small size of the MMF can minimize the 

insertion damages to brain tissues, offering a minimally invasive operation.  
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6 WAVEFRONT SHAPING-EMPOWERED 

MULTIMODE FIBER FOR MULTIFUNCTIONAL 

ENDOMICROSCOPIC IMAGING: A PILOT 

STUDY AND PRELIMINARY RESULTS 

Thus far, the WFS-empowered MMF has demonstrated its capabilities for arbitrary 

output control and fast foci scanning. On this basis, minimally invasive optogenetics 

has also been proposed and experimentally demonstrated in the previous chapter. 

However, there is still a major limitation with this system for precise optogenetics at 

depths, that is, without the real-time imaging guidance, target localization is highly 

empirical. Developing an endomicroscopic imaging system by using a single MMF 

only as the probe is clinically meaningful. Moreover, such a system can be integrated 

with the aforementioned optogenetic function, making precise optical stimulation of 

neurons at depths more practicable. In this chapter, it is aimed to explore the imaging 

capability of WFS-empowered MMF and demonstrate a dual-modality (fluorescence 

and photoacoustic) endomicroscopic imaging system via a single MMF.   
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6.1 Introduction 

A wide range of medical diagnoses and streatments are performed with endoscopes 

nowadays. With WFS-empowered MMFs, the probe diameter can be significantly 

reduced to less than 100 microns, and the pixelation problem that is common with fiber 

bundle-based system can be eliminated [203]. As discussed in earlier chapters, the light 

can be arbitrarily controlled for raster scanning at the distal end of the MMF once the 

TM of the fiber is calculated. In fluorescence imaging, when the fluorescent beads are 

excited by the scanning foci from the MMF, the fluorescence signals can also be 

detected by the same fiber, which can be used for reconstruction into an image [33]. 

Taking advantage of the compact size of MMFs, minimally invasive in vivo 

fluorescence imaging in deep tissue is highly possible. For example, Piestun et al. 

proposed a single MMF-based multi-spectra imaging system that can be mounted on a 

vertical translation stage to facilitate MMF implantation without affecting the TM [85, 

204]. In 2018, Čižmár's group first reported a single MMF-based in vivo deep-brain 

imaging system with subcellular resolution, based on which neuronal structures and 

cortex hemorrhages could be imaged at 3.5 frames/s using a DMD with phase 

modulation [202].  

To make MMF-based endoscopes applicable for in vivo applications, sufficient field of 

view (FOV) and appropriate working distance are important in addition to spatial 

resolution and frame rate. Recently, a far-field endoscope has been proposed to 

observing distant macroscopic objects [205]. The FOV is linearly proportional to the 

working distance of the endoscope, which can be up to hundreds of millimeters. 

MMF-based endoscopes are also capable of photoacoustic imaging [206-208] witch 
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integrated with fluorescence imaging for dual-modality imaging. In their design, a 

single-mode fiber (SMF) sensor and a multimode fiber (MMF) are used for 

photoacoustic signal detection and fluorescence signal collection, respectively. With 

the development of WFS, many new strategies of MMFs imaging which led to advances 

in imaging FOV, resolution and contrast, have been reported, like 2P-imaging[209], 

light-sheet [192], visual confocal imaging [119] and polarization-resolved second-

harmonic generation imaging [210]. Besides, with further integrations, WFS-

empowered MMF has been extended to more exciting applications like functional 

imaging and neuron stimulations [128, 182, 187, 211]. 

While promising, in the above-mentioned MMF-based endoscopies, the functions, such 

as neuron stimulation, that go beyond the imaging modality are not integrated into a 

single system yet. And meanwhile, because of the short coherent length of the pulsed 

laser source, it is still very challenging to achieve high-fidelity MMF PA imaging. In 

this chapter, the design of a high-fidelity fluorescence-PA hybrid imaging system will 

be illustrated with some preliminary results.  

6.2 Method  

6.2.1 Experimental setup 

The optical system is showed in Figure 6-1. Two lasers of different wavelengths, one 

is a pulsed wave (PW) laser (Laser 1, 532 nm, VGEN-G-HE-30, Spectra-Physics, USA) 

and the other is a continuous wave (CW) laser (Laser 2, 488 nm, OBIS, Coherent, USA), 

serve as the excitation sources. The output from Laser 2 is divided into a reference beam 

and an excitation beam by a half-wave plate (HW2) and a polarizing beam splitter 
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(PBS2). A fast shutter is synchronized to control the coupling of the reference beam 

into the SMF during calibration. And the excitation beam is combined with the output 

from Laser 1 into a new excitation beam with a dichroic beam splitter (DM1). The 

combined beam is expanded by a 4-f system (L1 & L2) to illuminate the aperture of the 

DMD (V-7001, ViALUX GmbH, Germany), which is utilized to generate phase only 

modulation via computed Lee holograms. The modulated light is filtered by a fixed 

pinhole (PH) on the Fourier plane of the 4-f system (L3 & L4), through which only the 

first diffractive order can pass through. Then, the modulated light beam with desired 

phase mask is divided into two beams via BS1. One beam is captured by Camera 2 for 

DMD panel curvature correction, and the other is coupled into the MMF with Objective 

1. An imaging system (Objective 2, tube lens, and Camera 1) records the output pattern 

for each hologram displayed on the DMD. In the fiber calibration stage, the reference 

beam from Laser 2 and the scattered light coming out from the MMF are combined 

with BS2 and interfere with each other on the detection camera plane (Camera 1). In 

the detection stage, the collected fluorescence signal from the same MMF is filtered by 

a dichroic mirror (DM3) and further divided by a dichroic mirror (DM2). Two PMTs 

(CH345, HAMAMATSU, Beijing, China) are used for fluorescence signal detection. 

An ultrasound transducer (U8411024, 50 MHz, Olympus, USA) is used for PA signal 

detection. Note that in the calibration stage, the experimental sample and the ultrasound 

transducer are moved aside via a three-dimensional translation stage. 
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Figure 6-1 Illustration of the multi-functional MMF endomicroscopy system. The 

TM is constructed based on PSF measurements: a series of scanning points are 

coupled into the MMF, and the corresponding speckle patterns are captured by 

the camera (Cam1). For Laser 2 (continuous wave laser), the complex field of each 

output is achieved from the off-axis regime with an external reference beam. For 

Laser 1 (pulsed laser), an internal reference and a 4-phase shift method can be 

used for phase retrieval. The calibration, PA detection, and the sample holder are 

all installed on a linear motorized stage (orientation indicated by the red arrow) 

to allow rapid switch from calibration to imaging. BB: beam blocks; BS: non-

polarizing beamsplitter; DM: dichroic mirror; DMD: digital micromirror device; 

HW: half-wave plate; L1-10: optical lens; M1-6: mirrors; Obj: objective; PBS: 

polarizing beamsplitter; PMT: photomultiplier; PH: pinhole; SMF: single-mode 

fiber; TL: tube lens; Transducer: ultrasound transducer.  
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6.2.2 Fiber calibration for fluorescence imaging 

As mentioned earlier, the 488 nm CW laser could be used for optogenetics as well as 

fluorescence imaging. The precision of stimulation and raster scanning in imaging are 

implemented by WFS with a high-speed DMD. The design of the multi-spectral 

imaging system is illustrated in Figure 6-1, which can be decomposed into 4 modules: 

⚫ The first part is the laser source part. The output from Laser 1 and the excitation 

arm of Laser 2 output are combined via DM1. A fast shutter is utilized to block the 

reference arm from Laser 2 except during the calibration stage.  

⚫ The second part is the wavefront modulation. The phase only modulation is 

generated by loading Lee holograms onto the DMD. The optical paths of the two 

laser sources have different diffraction angles with a certain hologram pattern 

displayed on the DMD screen because of different wavelengths (488 and 532 nm, 

respectively). These two lasers can be switched to be coupled into the MMF, with 

different spatial frequency designs using a fixed pinhole. The pinhole blocks all but 

the first diffraction order of the light. Since the refreshing speed of the DMD is 

very high (more than 23 kHz if fewer pixels are used), the raster scanning and the 

switching of two different light sources can be ultrafast.  

⚫ The third part is the calibration module. It consists of two steps: 1) Before the TM 

measurement, Camera 2 captures the unmodulated light (uniform phase profile) for 

wavefront correction, which is necessary to correct the inherent optical distortion 

induced by the DMD screen in order to maximize the power ratio (PR, the power 

of the focus relative to the whole output field) of the focus formed at the output of 

the MMF with WFS. A phase mask is obtained after the correction and serves as 
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the base to be subtracted for all phase modulations in experiment, and the 

correction procedure is only needed to be conducted once during the whole 

experiment. 2) For TM measurement with Laser 2, a PSF-based TM procedure is 

adopted. The basis of the input modulations consists of plane waves with different 

spatial frequencies. With this phase modulation procedure, a two-dimensional array 

of optical focal spots is illuminated on the Fourier plane (the proximal end of 

MMF). The size of the scanned region on the proximal facet of the MMF is adjusted 

to make sure that all input channels (focal spots) within the scanned region are 

efficiently coupled into the MMF, which can be gauged by monitoring the output 

intensity of the MMF captured by Camera 1. Each output light field from the MMF 

of the corresponding incident foci can be calculated using an off-axis method. 

⚫ The last part is the fluorescence detection. The fluorescence signal is collected with 

the same MMF and filtered by DM3. After that, another dichroic mirror (DM2) is 

used to separate the fluorescence signals excited by different light sources, which 

are respectively collected by two PMTs synchronized with a high-speed DAQ. 

6.2.3 Fiber calibration for PA imaging  

Calibration procedures different from that above are used in the PA imaging system. 

Since it is difficult to obtain an external reference beam with a pulsed laser whose 

coherent length is quite short (only several millimeters), an internal reference beam is 

used in PA imaging calibration. During the TM measurement, a fixed reference and a 

series of Hadamard bases coded Lee holograms are displayed on the peripheral area 

and the central area of the DMD panel, respectively. The details of the TM 

measurement can be referred to in Chapter 5. The algorithm is quite simple, and the 
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requirement for stability is much lower than that with external reference configuration. 

But it leads to an increase in measurement time (4 times longer than that in the off-axis 

counterpart with spatial filtering) as well as intensity spatial inhomogeneity of the 

focuses. Synchronization of the PW laser and the DMD should be adjusted before 

experiment since the pulse repetition rate of the laser could be up to 1,500 kHz, which 

is much faster than that of the DMD, indicating that oversampling for each point is 

practicable. To improve the SNR, there are 20 pulses for each DMD pattern (each scan 

point), and the corresponding A-line signals are averaged to minimize the background 

noise. 

6.3 Results and discussion 

6.3.1 Calibration   

Before the TM measurement, the optical aberration induced by the DMD, due to the 

existence of the surface curvature and the gaps between the micromirrors, is evaluated 

and corrected. To solve this problem, pixel by pixel optimization, which is time-

consuming, may not be a good choice. Here, we adopt a simple approach proposed in 

Popoff’s Blog (https://www.wavefrontshaping.net/) based on the Zernike polynomials 

(shown in Figure 6-2a), which is widely used in adaptive optics for aberration 

correction. As shown in Figure 6-2b, the PSF captured on Camera 2 indicates the phase 

distortion after focusing the ‘plane wave’ projected by the DMD surface. Then, a group 

of phase patterns consisting of Zernike polynomials with different sets of coefficients 

are displayed on the DMD and the corresponding output light fields are recorded by 



110 

 

Camera 2. Finally, the correction phase pattern (the coefficient of each Zernike 

polynomial is optimized) (Figure 6-2c) can be calculated to refine the PSF (i.e., an 

enhanced focus in Figure 6-2d).  

 

Figure 6-2 Aberration correction of the DMD. (a) An example of Zernike 

polynomials phase mask. (b) The distorted PSF captured via Camera 2 before 

DMD correction. (c) The optimized wavefront for aberration correction of the 

DMD and the corresponding PSF (d). Colors represent phase in (a) and (c) but 

represent normalized intensity in (b) and (d).   

After the correction of DMD curvature, the phase mask shown in Figure 6-2c is used 

as the substrate for all phase modulations. The improvement of the DMD curvature 
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correction has also been tested with wavefront shaping. As shown, the intensity of the 

focus (Figure 6-3b) after correction is ~2.5 times of that before correction (Figure 6-

3a).  

 

Figure 6-3 TM-based focusing before (a) and after (b) DMD correction. The 

intensity of focusing is increased by a factor of ~2.5. 

As mentioned above, the system contains two laser sources of different wavelengths. 

By changing the DMD patterns, only one specific light could pass through the pinhole 

and be coupled into the MMF at the same time. For better evaluation, the images are 

generated with the High Dynamic Range (HDR) techniques. The peak-to-background 

ratio (PBR) is around 4700 (may not be very accurate because of the nonlinear effect 

of the camera, especially at the edge of the dynamic range), and the full width at half 

maximum (FWHM) of the focus is around 1.2 m with Laser 1 (532 nm). By changing 

the DMD pattern, the light source can be switched from 532 nm light to 488 nm light 

within 50 microseconds (as shown in Figure 6-4a, b). It should be pointed out that for 
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the case of pulsed light (532 nm), since there is no external reference, the PBR map (a 

map of PBR values within the FOV) shows quite many dark regions (Figure 6-4c), 

indicating the spatial inhomogeneity of the focal intensities. In comparison, with Laser 

1 (488 nm) that has the help of external reference beam, the PBR map is much more 

uniform (Figure 6-4d). One possible strategy to solve this problem is to use 

optimization algorithms to get the complex field information instead of the reference 

beam. However, so far, these algorithms are very time-consuming or inefficient to 

obtain the complex TM of the entire FOV. Since the black spots are caused by the 

inhomogeneity of the internal reference (internal reference is also a speckle pattern), by 

using different areas of the DMD to generate the internal reference, we obtain several 

TMs with different PBR maps. Then, these TMs can be combined according to their 

weights (which is determined from the intensity pattern of the internal reference). As 

shown in Figure 6-5, with improved PBR map, a high-fidelity PA image can be 

achieved with an internal reference in our system.  
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Figure 6-4 (a-b) Examples of single point focusing with different light sources. The 

focus (FWHM is around 1.2 μm) can be switched between two wavelengths (a for 

532 nm and b for 488 nm) by changing the DMD patterns. (c-d) Example of the 

PBR maps with different types of reference beam (c with internal reference and d 

with external reference). 

 



114 

 

 

Figure 6-5 High-fidelity PA imaging of carbon fibers with our system. PBR maps 

of TMs with different references and the combined TM are shown in the top row. 

The homogeneity of the focus PBR in the combined TM is much better than that 

in TMs with single reference. As shown in the bottom row, the quality of PA 

imaging based on the combined TM is considerably improved. 

6.3.2 Fluorescence imaging  

The capability of fluorescence imaging is tested with fluorescent beads (F8826, 

FluoSpheres™ Carboxylate-Modified Microspheres, ThermoFisher, USA), whose 

diameter are about 2 µm. As a quick and dirty experiment, these beads are placed near 

the exit plane of the MMF, and some beads are conjugated to be close with each other. 

Without WFS, the output of MMF is diffused and excites all fluorescent beads at the 

same time. Signal collected by the PMT at each scanning position via the same fiber is 

the combination of fluorescent emissions from all excited fluorescent beads and hence 

cannot reveal the beads clearly, as shown in Figure 6-6a. With WFS, the majority of 

the power from the fiber output is confined to the focal point, which is raster scanned 

throughout the FOV. By synchronizing the PMT and DMD, the fluorescence signal 
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detection for each scanning position can be isolated and reconstructed to obtain a high-

resolution image of the beads as shown in Figure 6-6b.   

 

Figure 6-6. Example of laser scanning fluorescence imaging through the MMF. (a) 

Without WFS, the output from the MMF is diffused and excites all fluorescent 

beads at the same time. Some aggregated beads are highlight with red circles. (b) 

With WFS techniques, a high-resolution high-SNR fluorescence image could be 

reconstructed from the PMT signals recorded at each scanning position. Scale bar: 

20 μm. 

6.3.3 PAM imaging 

For optical-resolution photoacoustic microscopy (OR-PAM), because of the low 

sensitivity of unfocused US transducers, the power-ratio of dynamic focusing is more 

important. To better quantify the focus after the MMF, an amplified photodetector (PD, 

PDA10A2, Si Fixed Gain Detector, 200 - 1100 nm, 150 MHz BW, Thorlabs, USA) is 

used to replace Camera 1 to measure the instant power enhancement ratio. The output 

of MMF is divided into two beams (one is collected by the camera and the other is 

collected by PD) via a beam splitter (BS2 in Figure 6-1). We first use the PD detector 
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(covered with a 50 m pinhole) with an iterative algorithm to optimize the pulse energy 

and simultaneously observe the intensity profile via the camera spatially conjugated to 

the PD. After that, we measure the TM with the camera and generate the focus on the 

conjugated point with the PD. Without WFS, as shown in Figure 6-7a, the speckle 

pattern only has a low intensity at this point. After measuring the TM and displaying 

the optimized phase mask on the DMD, the pulse energy detected by PD is significantly 

increased, with an intensity beyond the measuring range (Figure 6-7b). 

 

Figure 6-7 Testing the enhancement of pulse energy in the target focus.   

As mentioned above, the sensitivity of the OR-PAM is one of the limitations. To 

improve the SNR, we make two changes in PA imaging from the former setting for 

fluorescence imaging. First, the trigger signal from the DMD control board is used to 

trigger the function generator, which operates in burst mode to make the pulsed laser 

emit 20 pulses within one DMD frame. Accordingly, the generated 20 A-line PA signals 

are averaged to enhance the SNR. Second, a low-pass filter (LPF, with a cut-off 

frequency of 60 MHz) is used to eliminate the noise. As shown in Figure 6-8. 
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Figure 6-8 Examples of PA images of carbon fibers and improvement of SNR via 

low-pass filtering. (a) Imaging qualities including the details and SNR are 

improved significantly via LPF. (b) An example of A-line, raw data (top) and after 

LPF (bottom). (c) The FOV can be enlarged by changing the distance between the 

MMF and the sample, albeit with compromised resolution.  

According to the waveform of a PA signal generated from carbon fibers (with a 

diameter ~7 μm), the FWHM of the positive peak can be mapped into a distance of 14 

μm, indicating the axial resolution in acoustic sectioning (Figure 6-9a). However, the 

axial resolution of optical focusing after the MMF is around 35.3 μm, which is larger 

than that of acoustic sectioning (Figure 6-9b).  
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Figure 6-9 Characterization of a received photoacoustic signal. (a) The signal is 

processed in MATLAB via low pass filtering with a 50 MHz cut-off frequency. The 

FWHM of the signal is mapped to a distance ~14 μm. (b) The profile of a single 

focus at the centre along the axial direction (the Gaussian fit is indicated by the 

red curve). The FWHM of the intensity is around 35.3 μm. 

6.4 Discussion and conclusion 

In this chapter, we have developed a dual-modality MMF-based system empowered by 

wavefront shaping that allows multi-spectral fluorescence as well as photoacoustic 

imaging at the same time. By utilizing a fast DMD, the speed of imaging could be high 

and the frames per second could even be more than one thousand for a small region of 

interest (ROI) since the speed of raster scanning is around 22.7 kHz (could be faster if 

fewer pixels are used). This probe is well suited for minimally invasive endoscopy that 

goes deep into biological tissues, as the diameter of MMF is less than 100 μm, which 

is smaller than the space among most major blood vessels in the brain and other organs. 

The pre-calibration time for one focal plane could be less than 20 s. If the DMD displays 

the phase masks during data transmission, the speed of the whole system may be less 

than 5 kHz due to the speed limit of USB 3.0. For this reason, we can change the 
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computing centre from PC to FPGA that also can control the DMD screen with high-

speed bus. FPGA can calculate the phase mask with extremely high speed, and there 

will be no speed limitation on data transfer. At that time, with the advance of refresh 

rate of DMD, our system can provide denser spatial sampling, which may be further 

developed for subcellular-resolution research and applications. Meanwhile, deep 

learning techniques can also be used to improve the imaging resolution of data with 

larger scanning step size (a smaller number of scanning points) as well as optical 

sectioning. The size of the ultrasound transducer is another critical concern if we want 

to provide a miniaturized platform for in vivo applications. Therefore, in the next phase 

development, a fiber-based ultrasound transducer will be integrated into the system. It 

is broadband, unfocused, yet has a sensitivity that is much higher than that of traditional 

ultrasound transducers. Moreover, it can be placed outside the skull, which means that 

the probe implanted into biological tissue can maintain the minimal size. Last but not 

the least, as demonstrated in the last chapter, WFS-empowered MMF can provide 

precise optogenetics at the same time. Therefore, the multi-modality imaging capability 

proposed in this chapter can be inherently integrated with single-cell optogenetics, 

which allows for not only at-depth imaging guidance, but also high-resolution recording 

of the physiological response. 
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7  SUMMARY AND FUTURE WORK  

In this thesis, the capability of WFS-empowered MMF has been comprehensively 

explored for optical focusing, sensing, computing, optogenetics, and imaging. The 

successful demonstrations are based on the intervention of wavefront shaping, whose 

high-dimensional modulation principally matches scrambling arising from the 

numerous propagation modes in the MMF. These two complementary elements have 

inspired several exciting and interesting achievements, which will be, again, reviewed 

and summarized in the following.  

In Chapter 2, we introduced the basic mechanism of wavefront shaping for light field 

through a multimode fiber and proposed a new application for multimode fiber-based 

sensors. Using a single multimode fiber without any special fabrication as a sensor 

based on light intensity variations is not an easy task. The twist effect on multimode 

fibers is used as an example. Experimental results show that the light intensity through 

the multimode fiber has no direct relationship with the twist angle, but the correlation 

coefficient of speckle patterns does. The measured speckle correlation coefficient as a 

function of fiber twist angle shows a good linearity (R = 0.9971, slope at -1.647), and 

the fiber sensor has a sensitivity of 0.178/(mrad/m) till about 0.524 rad of twisting. On 

the other hand, if WFS is applied to transform the spatially seemingly random light 

pattern at the exit of the multimode fiber into an optical focus, both the focal pattern 

correlation and intensity change can be used to gauge the twist angle, which also 

doubles the measurement range and allows a fast point detector to provide real-time 
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feedback. For better usability, binary amplitude modulation is used in this application. 

If we use phase modulation and try to generate a near-perfect focusing after the MMF, 

the intensity of the focus will be able to indicate small external perturbations. In the 

future work, the MMF sensor may be used for ultrasound detection by detecting the 

focusing intensity with a high bandwidth photodetector, such as a photodiode. 

Besides generating a focus after the MMF, in Chapter 3, an effective wavefront 

optimization method for arbitrary pattern projection through 15-meter-long MMF was 

presented. In this study, four other iterative wavefront optimization algorithms were 

compared with our proposed algorithms under a noisy and perturbed condition. The 

results show that the PCC increases most rapidly and converges at the earliest stage 

using SNES. Meanwhile, a new fitness function VecCos was proposed and a significant 

increase in contrast without sacrificing correlation was experimentally observed. 

Moreover, the amount of calculation was less than that of using PCC as fitness, which 

will also be advantageous in many situations. For pattern projection through a 15-meter-

long unfixed MMF, SNES optimized with VecCos fitness function can achieve faster 

convergence and up to 60% improvement in image contrast in experiment while 

maintaining the pattern projection fidelity.  

In Chapter 4, wavefront shaping with MMF was extended to optical computation. 

Optical logic operations through a 15-mter-long MMF based on transmission matrix-

based wavefront shaping are proposed and demonstrated in this study. By dividing the 

DMD into multiple groups, multifunctional logic operations can be realized and 

programmed within a single system. The light is encoded by DMD before it is coupled 

into the MMF, and then the light is scattered due to mode interference and decoded by 

the MMF to form different logical states. In this study, two pre-selected areas of the 
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camera or photodetectors (indicating the logical states “1” and “0”) are used to represent 

the logical states by comparing the intensity contrast. This study has experimentally 

demonstrated the feasibility and robustness of three basic logic functions (AND, OR, 

and NOT), cascaded logic operations, as well as bitwise operations for multiple bit 

operands. The proposed method empowers a programmable capability for long-

distance optical logic signal processing via multimode fibers, which is not achieved by 

any existing implementations in the field.  

In Chapter 5, we started to explore the applications of MMF with wavefront shaping in 

biomedicine. In this study, we first demonstrated single-cell level neuron stimulation 

with a thin multimode fiber based on the wavefront shaping techniques by firing the 

primary neurons expressing Chr2 spatiotemporally in experiment. The validation of 

system precision was performed by a patch-clamp system. According to the results, the 

FWHM of the photocurrent-distance function was about 15.3 microns, which is 

approximately the size of the patched cell, indicating the high precision as well as the 

high fidelity. Moreover, the capability of light focusing after the MMF and the skull 

was also assessed. Even after a ~300 μm thin mouse skull, a sharp focus with a size of 

0.9 μm and ~237 PBR can be generated, indicating the potentials for noninvasive and 

minimally invasive optogenetics with further development.  

However, without imaging guidance, selective single cell stimulation in deep brains is 

still difficult because the lack of information within the FOV breaks the connection 

between animal behaviour and optogenetics. Therefore, in Chapter 6, two different 

imaging modalities, i.e., fluorescence and photoacoustic endomicroscopic imaging, 

were integrated into the proposed MMF-based system. Through the same single 

multimode fiber, fluorescence signals can be detected by PMT, and then used to create 
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images through raster scanning. By increasing the distance between the calibration 

plane and the MMF distal end, FOV could be enlarged at the cost of resolution as the 

size of each focus is also enlarged. Switching between the two different laser sources 

is based on the Lee holograms displayed on the DMD, and there is no mechanical device 

involved in the imaging procedure. According to the results, the size of a single focus 

is around 1.2 μm. However, there will be a step size between two scan points in practice 

to reduce the scanning time and data cost, which reduces the system resolution and yet 

can be compensated later on using methods like deep learning. 

In summary, MMF has been engineered as a versatile tool to aid different purposes of 

interest, as demonstrated and discussed in this thesis. Yet, the exploration continues and 

the current implementations need further refinement to enhance both the performance 

as well as its flexibility for broader applications in various scenarios. 

In the first part of thesis, three applications with different WFS strategies have been 

illustrated. In addition to these examples, there are some potential research topics which 

may be conducted in the future. In the first application, since the external perturbation 

can be detected by measuring the changes in focus intensity, it is practical to utilize a 

high-bandwidth detector to detect high frequency signals like ultrasound. It could be 

integrated into MMF photoacoustic imaging system to replace the bulky transducer. 

For the second study, a camera placed on the distal end is necessary for the calibration. 

However, in most situations, the information of the distal end is inaccessible. Therefore, 

in practice, like complicated pattern stimulation in dynamic state, the calibration can be 

performed in the reflective scheme by collecting the information at the proximal end. 

Thirdly, the iterative optimization algorithms we proposed can also be extended to 

multicore fibers (MCF), in which the transmission is less sensitive to external 
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perturbations. For the same reason, logical computing may also be extended to 

multicore fibers for long-term information processing and transfer with more stable 

performance. 

In the second part of the thesis, a multi-functional endoscopic system was developed 

for both stimulation and imaging. These studies can be expected to, as well, take the 

advantages of fast recalibration on the proximal end of MCF [212] and small diameter 

of MMF for more practical instrumentations. For example, the phase modulation from 

the DMD can be “preserved” within a long MCF, which can be “delivered” away from 

the main body of the system to field of interest, i.e., a short MMF mounted on or inside 

a brain. Notably, the length of the MMF can be designed to be short enough to achieve 

a balance between minimizing the perturbation effects and spatial extension to the 

region of interest. By physically splicing the MCF and MMF, modulation can 

effectively reach the brain so that precise optogenetics and imaging in free-moving live 

tissues can be implemented. Besides, one side of the MCF can be reshaped to a linear 

configuration, which will be suitable for extremely fast 1D spatial light modulators 

(more than 350 kHz), indicating a higher frame speed of image acquisition. 

Furthermore, a recent report shows that by placing a guidestar on the distal end of the 

MMF, the feedback signals can help to focus the light and then scan the focus within 

the whole FOV via memory effect [213]. With these developments, MMF will no 

longer need to be calibrated before being implanted in deep depth inside into the brain 

but online calibration/adjustment at the proximal end will be possible, with which a 

MMF may stay in deep-tissue for long-term usage in the future. 
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