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We present a novel multi-core fiber-based lensless micro-
endoscope incorporating several key innovations: a Fer-
mat’s golden spiral core layout, a low-index polymer
cladding, and a longitudinally varying fiber diameter.
This fiber design enables efficient focusing of ultrashort
pulses and collection of the fluorescence signal with
both diffraction-limited resolution and field of view.
These advancements address several long-standing chal-
lenges in the development of ultra miniaturized non-
linear endoscopes. We characterize the device’s perfor-
mance by evaluating the Strehl ratio, field of view, and
memory effect. Finally, we demonstrate its application
to biological cellular samples by performing two-photon
excited fluorescence imaging in an endoscopic configu-
ration.
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The lens-less endoscope is a promising ultra-miniaturized4

imaging tool which may enable minimally invasive and high-5

resolution observation for example of neuronal activity in-vivo6

inside deep brain areas [1–3]. While reports of lensless endo-7

scopes based upon multi-mode fiber are predominant [1–5], re-8

ports of lensless endoscopes based upon multi-core fiber (MCF)9

are also numerous [6–11].10

The significance of multi-core fibers (MCFs) as a key enabling11

technology for lensless endoscopes employing nonlinear con-12

trast mechanisms has been discussed in Ref. [12] and Ref. [13].13

In short, the two major advantages that an MCF brings are the14

minimal temporal distortions to a ultrafast laser pulse [14, 15]15

and a very high robustness to bending [9, 16]. Both these ad-16

vantages arise due to the highly homogeneous individual cores17

which exhibit very little cross-talk [12]. This low cross-talk is en-18

sured by the sparse distribution of the cores over the transverse19

face of the MCF.20

In a lensless endoscope, the fiber emits a number of mode21

fields, and one typically aims to coherently superpose these22

modes to focus on a grid of transverse positions by means of23

wave front shaping. So, while the sparsity ensures low cross-talk24

which in turn has the advantageous consequence of memory25

effect allowing for fast point-scanning [17, 18], an adverse effect26

is a generally poor intensity in the focal spot ie the point-spread27

function (PSF), containing typically only 2-3 % of the total energy28

[8, 13, 19].29

In Ref. [13] we explored longitudinal tailoring of the MCF30

diameter through tapering and showed that suitably tapering31

the distal end of the MCF allows improvement in PSF inten-32

sity and, consequently, two-photon fluorescent signal yield. We33

highlighted that for suitable choices of taper profile, these im-34

provements are not accompanied by significant adverse effects35

like higher cross-talk or robustness to conformational changes.36

The idea of conferring improved performance or new function-37

alities on an instrument using tapered optical fiber has also38

been reported in neighboring domains such as photo-acoustic39

endoscopy [20] and fiber-optic depth-resolved fluorescence life-40

time photometry [21].41

In this letter we report an implementation of a multi-core42

fiber-based lensless micro-endoscope which integrates the fol-43

lowing new elements as compared to Ref. [13]. A MCF with44

cores laid out on a Fermat’s golden spiral pattern which assures45

a marked amelioration in the shape of the point-spread func-46

tion, particularly in two-photon imaging. The tailoring of the47

longitudinal profile of the MCF, with conically down-tapered48

segments at both ends which results in a significant increase49

in the intensity of the point-spread function and, consequently,50

two-photon fluorescence signal yield. The application of a low-51

index polymer coating on the tapered MCF which enables ef-52

ficient collection of epi-scattered fluorescence through a large53

numerical aperture of 0.48. We perform a characterization of54

the reported implementation in terms of several performance55

metrics and as a demonstration, we demonstrate two-photon56

imaging of biological samples—fixed ATTO-488-labeled mam-57

malian osteosarcoma cells and GFP-labeled neurons in brain58

slices—with high efficiency proximal detection of the fluores-59

cence signal and operating at the diffraction limit imposed by60

the MCF optogeometric parameters.61

http://dx.doi.org/10.1364/ao.XX.XXXXXX
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The MCF realized for this study was designed with parabolic-62

index cores having V-parameter equal to 5.0, guiding two modes.63

This design choice minimizes the inter-core group delay disper-64

sion cf Ref. [13] and Ref. [22] and so minimizes the group delay65

spread between fs-pulses propagating on the fundamental mode66

in different cores. As for core layout we chose a Fermat’s golden67

spiral layout, ie where position of the n’th core is defined by,68

in cylindrical coordinates, ρn = Λ
√

n with Λ is a scaling pa-69

rameter proportional to the average distance between cores ;70

and θn = nπ(3 −
√

5). To fabricate the MCF, first a total of 12071

holes of 230 mm depth and 2.1 mm diameter were drilled into72

a 50 mm diameter silica rod on a Fermat’s golden spiral layout.73

Germanium doped glass rod with parabolic index profile and74

index step ∆n = 30·10−3 were inserted into these holes. This75

preform was drawn to fiber at the FiberTech Lille technology76

Platform, University of Lille, France. The obtained parameters77

were : Outer diameter 250 µm; core diameter 5 µm; Λ = 10.5 µm.78

We employ a glass processing station (LZM-100, Fujikura) to79

obtain conically-tapered sections at both the proximal and distal80

end of a 30 cm long segment of the MCF. Figure 1(a) depicts the81

geometry of the MCFs having undergone this post-processing.82

Representative examples of the point-spread functions from83

both a periodic, triangular core layout , and the current, ape-84

riodic Fermat’s golden spiral core layout [Figs. 1(b) and 1(c)]85

are presented in Figs.1(d) and 1(e) and showcase the desired86

amelioration, suppression of the secondary lobes, brought about87

by the new layout. Three MCF samples were produced, labeled88

"Fiber O", "Fiber A" and "Fiber B". All samples have a proximal89

segment with diameter reduced to 0.6 times the original diame-90

ter, reducing locally the V parameter to <3.5 and assuring that91

injected light is coupled only into the fundamental mode of the92

bi-mode cores. Both fibers have 25 mm long transition regions93

between the end segments and the middle segment assuring94

adiabaticity. The fibers differ in the diameter of the distal seg-95

ments, in Fiber O unchanged, in Fiber A reduced to 0.6 times96

the original, in Fiber B reduced to 0.4 times the original. The97

double tapered MCFs were re-coated by successive multi-layer98

deposition using a home made device [23, 24]. Low refractive99

index polymer (Desolite DF-0016, n = 1.37) with a thickness of 45100

µm was first deposited and UV-cured, then high index polymer101

(Desolite DF-2042) was deposited and UV-cured with a thickness102

about 60 µm. In this configuration, the entire innermost cladding103

of the MCF is functionally the core of a large core step-index104

multi-mode fiber with an index difference of about 80·10−3 to105

the the low-index polymer cladding, resulting in a collection106

NA = 0.48.107

The experimental setup used to perform the characterization108

of the focusing efficiency through the double-clad multi-core109

fiber and the subsequent two-photon imaging experiments is110

sketched in Fig. 2 and is described below: A femtosecond laser111

(λ = 920 nm and tpulse = 180 fs) is expanded and reflected off112

a liquid-crystal based spatial light modulator (SLM, X10468,113

Hamamatsu). A phase pattern is calculated analytically using a114

superposition of phase-only gratings and lenslet array such that115

it generates an array of focused beamlets whose relative spatial116

arrangement corresponds to the arrangement of the cores of the117

multi-core fiber. This focused array is then relayed by a series118

of telescopes with an effective demagnification (M ≈ 80) such119

that it matches the mode-field diameter of the individual cores120

of the MCF. This 1 : 1 mapping of pixel groups (about 40×40 pix-121

els) on the SLM to the cores of the fiber enables fine control122

over the relative positions, coupling angles and divergence. Fur-123

thermore, the relative phases between the beamlets can also be124

100 µm
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Fig. 1. (a) The longitudinal profile of the the MCF samples
after tapering. Left is the proximal side (closest to the laser),
right is the distal side (closest to the sample). (b) Example
image of an end face of Fiber A showing the resulting MCF re-
coated with a first low-index and a second high-index polymer.
(c) Enlarged wiew of the MCF end face. (d) Example point-
spread function for a periodic core layout. (e) Example point-
spread function with the current, aperiodic Fermat’s golden
spiral core layout.

tuned by applying phase-offsets between their corresponding125

pixel groups.126

After an initial coarse alignment of the MCF placed on a127

three-axis stage, we fine tune the alignment by optimizing the128

coupling efficiency of each individual fiber core. This is done129

iteratively by shifting the center positions and adjusting the130

divergence of the beamlet array by tuning the phase patterns131

on the SLM. Typically, after two iterations, a coupling efficiency132

of 80 % can be obtained. This step is crucial since any light not133

coupled into the single mode cores remain guided in the inner134

cladding and ends up transported to the distal end. However,135

most of it ends up as an incoherent background and does not136

contribute to the interferometric focusing process due to the137

temporal walk-off between the modes in the multi-mode inner138

cladding.139

A telescope (M = 20, NA = 0.45) images the distal end of140

the MCF onto a CMOS camera (BlackFly S, FLIR). This cali-141

bration system (Fig. 2, red outline) serves the purpose of both142

measuring the transmission matrix of the fiber and to quantify143

several metrics such as the focusing efficiency, the lateral and144

axial point function in the linear regime after the phase compen-145

sation. For the two-photon imaging experiments, the detection146

system (Fig. 2, green outline) is fully placed behind the prox-147

imal end of the fiber. It consists of the epi-detection through148

the same objective (Nikon, NA = 0.75), spectrally filtered (band-149

pass and laser line filter) and the resulting two-photon excited150

fluorescence (TPEF) signal is focused on to a single pixel photo-151
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multiplier tube (PMT, Hamamatsu). Hence, this epi-detection152

geometry is fully compatible with an endoscopic configuration153

with no access to the distal end of the fiber during the imaging154

experiments.155

The inter-core group delay dispersion of the MCF samples156

was measured by the method of Ref. [25] and a standard devia-157

tion of 71 fs was found, which is lower than the 150 fs duration158

of the employed laser.159

We now compare the PSF of the MCF samples. After the160

measurement of the transmission matrix in both the cases, we161

generate a focal spot at the center of the field-of-view. A repre-162

sentative PSF is shown in Fig. 3(a). We compared the ability to163

scan the focus across the field-of-view using the memory effect164

ie the effect by which an additional phase ramp on the SLM165

phase mask causes a transverse shift of the PSF proportional166

to the slope of the ramp. Figure 3(b) depicts the field-of-view167

measured as the full-width at half maximum of the PSF intensity168

as a function of transverse position—when using the memory169

effect to displace the focus. We see that in the case of Fiber A, it170

is fully preserved, as the curve corresponds to the diameter of171

the mode field emitted from one core propagated to the same172

plane. Or in other words the field-of-view is diffraction limited.173

As for Fiber B, the field-of-view is diminished by about half.174

In the latter case point-scanning cannot be realized solely by175

phase ramps and would require a TM based update of the phase176

pattern on the SLM. Hence, despite its better Strehl ratio, Fiber177

B would require a high speed SLM to perform fast imaging. In178

the case of Fiber A, once the initial calibration is performed, the179

scanning operation can be fully performed with a conventional180

scanner and will be compatible with high speed imaging [18].181

We measured the Strehl ratio and the PSF diameter as a func-182

tion of the distance from the fiber end face for both MCF samples.183

The results are depicted in Fig. 4. We measure the Strehl ratio in184

the far-field to be 10 % for Fiber A and 20 % for Fiber B indicat-185

ing a significant improvement from the untapered MCF (2–3 %).186

We see that the resulting Strehl ratio and the PSF diameter are187

higher for Fiber B at all working distances. The Strehl ratio for188

Fiber A is in line with expectations, 10 %. A discrepancy persists189

for Fiber B : 20 % vs. 34 %. This discrepancy is likely due to a190

cumulation of imperfections like residual birefringence of the191

cores and residual inter-core group delay dispersion [13]. The192

PSF diameter is systematically larger in Fiber B than in Fiber A.193

In the far-field, this can be understood as a consequence of the194

different diameters—Fiber B with its distal diameter 0.67 times195

that of Fiber A the divergence angle of the 0’th order will be196

1/0.67 that of Fiber A.197

SLMLaser

Iris

MCF Cam

Calibration
Channel

PMT

Two-photon
fluorescence

Detection
Channel

Sample

Obj1 Obj2

Dichroic
Mirror

Fig. 2. Experimental setup including both the calibration and
the endoscopic detection channels
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dBFiber A
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a) b)

Fig. 3. Experimental characterization. (a) A representative
point spread function (linear) at a distance 300 µm from the
end-face for fiber A. (b) Measured field-of-view for fibers O, A,
and B as a function of working distance from the MCF distal
end face.
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Fig. 4. Experimental characterization of the Strehl ratio and
the PSF diameters for Fibers O, A, B at various distances from
the fiber end face.

We demonstrate the feasibility of two-photon fluorescence198

imaging of biological samples in a fully endoscopic configu-199

ration with Fiber A. After an initial calibration to generate a200

focused beam at the center of the field-of-view, all the imag-201

ing experiments are performed with no access to the distal end.202

In order to ease the experimental implementation, we impose203

phase tilts using the SLM, and this limits the pixel-dwell time to204

about 100 ms. However as indicated in the earlier section, this205

operation could be performed with faster scanners.206

We highlight the results on two different types of biological207

samples. First, mammalian osteosarcoma cells whose actin net-208

work has been labeled with the fluorescent marker ATTO-488209

[Fig. 5(a) and Fig. 5(b)]. These filaments are well below the res-210

olution limit of our endoscope, nevertheless the actin bundles211

are highlighted due to the TPEF imaging contrast. Finally, we212

demonstrate the imaging of GFP-labeled neurons in a 100 µm213

thick slice from mouse hippocampus [Fig. 5(c)]. This is a far214

more challenging sample for multiple reasons as it is highly215

scattering, densely labeled, a non-negligible background fluo-216
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10 µm10 µm 10 µm
0

1a) b) c)

Fig. 5. Two-photon fluorescence imaging with Fiber A. (a)
and (b) Mammalian osteosarcoma cells labeled with ATTO-
488 and (c) GFP-labeled neurons in a 100 µm thick slice of the
hippocampus of a mouse.

rescence and the relatively dimmer dye (GFP). These imaging217

demonstrations highlight the improved efficiency of the focus-218

ing process with the tapered fibers and the high-sensitivity of219

the double-clad collection.220

We compared the two-photon signal levels in the two-photon221

lensless endoscope images of osteocarcoma cells to that obtained222

in a conventional two-photon microscope. We find roughly a223

factor 190 higher two-photon flux with the microscope. Con-224

sidering the acquisition parameters ((Endoscope) λ = 925 nm225

; τ = 180 fs ; frep = 80 MHz ; Pave = 60 mW ; ∆tdwell = 100 ms226

; NA = 0.22 (excitation) ; NA = 0.48 (collection) ; 30×30 pix-227

els. (Microscope) λ = 925 nm ; τ = 180 fs ; frep = 80 MHz ;228

Pave = 50 mW ; ∆tdwell = 70 µs ; NA = 1.1 ; 250×250 pixels. ) the229

expected factor is around 27, reasonably close to the observation.230

The two-photon flux will always be lower in the lensless endo-231

scope configuration, due to the inherent limits on NA posed by232

the MCF. Some of the difference can be absorbed by increased233

pixel dwell time and reduced pixel count as the field-of-view is234

inherently smaller due, again to the dimensions of the MCF.235

In this letter, we have demonstrated two major improvements236

over the state of the art in two-photon lensless endoscopes as237

reported in Ref. 13—a diffraction-limited field-of-view and high238

collection efficiency (NA = 0.48), in addition to around a factor239

five increase in PSF intensity. This was achieved by fabricating240

a novel MCF with a Fermat’s golden spiral core layout and241

post-processing steps that include tapering and re-coating the242

fibers with a low-index polymer inner cladding. We identify243

the optimal tapering ratio that delivers significant power in to244

the focus ( 10 %) and still remains compatible with high-speed245

scanning with a conventional scanner. Finally, we demonstrated246

the imaging of biological samples in an endoscopic configuration247

with the improved fibers. This opens up the possibility of high-248

speed imaging of biological samples with a lensless endoscope.249
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