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Abstract Fabrication method and device of ultra-small

gradient-index (GRIN) fiber probe were investigated in

order to explore the development of ultra-small probes for

optical coherence tomography (OCT) imaging. The beam-

expanding effect of no-core fiber (NCF) and the focusing

properties of the GRIN fiber lens were analyzed based on

the model of GRIN fiber probe consisting of single-mode

fiber (SMF), NCF and GRIN fiber lens. A stereo micro-

scope based system was developed to fabricate the GRIN

fiber probe. A fiber fusion splicer and an ultrasonic cleaver

were used to weld and cut the fiber respectively. A con-

focal microscopy was used to measure the dimensions of

probe components. The results show that the sizes of probe

components developed are at the level of millimeter.

Therefore, the proposed experimental system meets the

fabrication requirements of an ultra-small self-focusing

GRIN fiber probe. This shows that this fabrication device

and method can be employed in the fabrication of ultra-

small self-focusing GRIN fiber probe and applied in the

study of miniaturized optical probes and OCT systems.
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1 Introduction

Optical coherence tomography (OCT) has shown the wide

application prospect in the fields such as biomedical and

surgical operations due to its advantages including rapid

imaging speed, high resolutions, and non-contact detection,

etc. [1] In an OCT system, an optical probe transmits and

focuses a light beam (e.g., Gaussian beam) inside a sample

for test, and then it collects the reflected or scattered light

carrying information about the sample, and sends the

information to the signal processing system. The optical

probe is a key component of the OCT system, and its

focusing performance plays an important role in deter-

mining the imaging quality of the OCT system. For

example, the waist location, spot size and Rayleigh range

of the Gaussian beam focused by the probe determine the

penetration depth, lateral resolution and depth of OCT

imaging field. However, most biological tissues are opti-

cally nontransparent, hence the penetration depth of OCT

technology is limited, generally in the range of 1–3 mm.

The development of small or ultra-small optical probes has

become an important growing branch of OCT technology

with a view to making full use of OCT technology with

high resolution, overcoming the limited penetration depth

and avoiding possible injury to tissues.

In the process of studying the miniaturization of the

optical probe and OCT systems, the gradient-index (GRIN)

lens has been favored by researchers due to its good

focusing performance, flat end face and easy integration

with other components. For example, Xie et al. [2–4]

designed a GRIN lens rod based probe for OCT endoscope

system with fast dynamic focusing properties; Singh et al.

[5] explored a miniature OCT probe with a scanning micro

reflector; Aljasem et al. [6] developed a miniaturized fiber

probe whose diameter was about 4 mm; Meemon et al. [7]

studied the method of designing an OCT endoscope system

with dynamic focusing and high resolution; Min et al. [8]

proposed the technology to design a fiber-based hand-held

scanning probe. In addition, Jung et al. [9] presented a
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numerical simulation method to design GRIN optical

probes. However, the optical probes mentioned above are

limited to be applied in the diagnosis of gastrointestinal

tracts, arteries and other relatively large tissues or organs as

their dimensions are all in a few millimeters. This method

is unsuitable for the imaging detection in deep, narrow

tissues or organs (such as cardiovascular system). For this

reason, it is necessary to develop ultra-small optical probes

with good biological mechanical compatibility.

The GRIN fiber probe is defined as an all-fiber-type

ultra-small optical probe for miniaturization of OCT

system, typically consisting of a single-mode fiber

(SMF), a no-core fiber (NCF), and a GRIN fiber lens

(see Fig. 1). In 2002, Swanson et al. applied a USP of

GRIN fiber lens-based ultra-small optical probe [10].

Reed and Jafri et al. [11–13] developed the OCT online

imaging system based on the patent. Mao et al. [14, 15]

studied the fabrication and performance testing methods

of GRIN fiber probes, making substantial progress in the

study of GRIN optical fiber probes. However, there are

no reports about detailed theoretical analysis of the

probe. In 2011, our research group began to study the

design method of ultra-small GRIN fiber probes from

analytical and numerical simulation and other aspects

[16–21], while no making research into fabrication. In

this paper, on the basis of existing research, we explore

the fabrication of the GRIN fiber probe and design the

fiber cutting and fusing system based on the stereo

microscope, providing a technical foundation for the

study of ultra-small OCT systems based on the GRIN

optical fiber probe.

2 Model of the GRIN fiber probe

GRIN optical fiber probe, as a kind of ultra-small optical

probe, can be adapted for the study of the miniaturized

OCT systems used in vivo and online detection of bio-

logical tissues or organs, which are deep and narrow (such

as the cardiovascular system). Figure 1 represents a typ-

ical model of a GRIN optical fiber probe, consisting of an

SMF, an NCF and a GRIN fiber lens. The SMF, con-

nected with the detection arm of the OCT system, guides

the light beam into the NCF. As a kind of special fiber

with the same index of refraction, the NCF is able to

overcome the limited mode field diameter of the SMF by

an expanding beam, thus improving the focusing perfor-

mance of the probe. However, the NCF may also reduce

the lateral resolution of OCT imaging by increasing the

size of the focus spot. Therefore, the length of the NCF

should be chosen appropriately. If the NCF is too long,

some light energy will overflow the probe side, which

may finally reduce the beam coupling efficiency and

eventually lower the sensitivity of the OCT system. In

addition, a very short NCF may result in the failure of the

expanding beam and thus the probe’s performance cannot

be improved.

As the most critical part of the fiber probe, GRIN fiber

lens performs a self-focusing function because of the

continuous change of refractive index. It is convenient to

fuse the lens with other optical elements with plane end

surfaces due to its flat surface, thus improving the

mechanical strength and stability of the probe. There is no

doubt that the length of the GRIN fiber lens should be

moderate. If it goes close to 1/4 pitch (or the integer times),

the lens will have a strong focusing performance and a

short focal length. If the lens’s length is close to 1/2 pitch

(or the integer times), a longer focal length will be

obtained, and a bigger spot size. In the study of the imaging

performance of an OCT system, a greater focal length is

desired in order to obtain a larger detection depth, and a

small focusing spot size is required to get a higher lateral

resolution. Therefore, a tradeoff is needed in determining

the length of GRIN fiber lens. An ideal design for a probe

can be obtained by using a coreless fiber to improve the

focusing performance based on its beam-expanding func-

tion. Besides, to minimize the influence of the complicated

reflection of input beam by different optical interfaces on

OCT imaging signals for detection, and to obtain a higher

signal-to-noise ratio, the refractive indices of the NCF and

the core of GRIN fiber at the axis should match that of the

SMF at the core.

Fig. 1 Schematic diagram of GRIN fiber probe
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3 Fabrication method and device of the GRIN fiber

probe

In general, the lengths of the NCF and the GRIN fiber lens

in the GRIN optical fiber probe are in the millimeter or

submillimeter range, a very short size. Therefore, high

precision cutting and welding of the optical fiber lengths

are required in the fabrication of the optical fiber probe. In

this paper, the fabrication process of the GRIN fiber is

shown in Fig. 2. The main steps are as follows: (i) Fuse the

NCF to the single-mode optical fiber; (ii) Cut the NCF to a

certain length as fiber spacer by taking the fusion point A

as the origin between SMF and NCF; (iii) Fuse the GRIN

fiber lens to the fiber spacer; (iv) Cut GRIN fiber to pre-

calculated length as the focusing lens by taking the welding

joint B as the origin between the fiber spacer and the GRIN

fiber lens.

3.1 Welding process of optical fiber components

Different fiber components of the GRIN fiber probe are

welded using the Fusion Splicer S117A made by Japanese

Furukawa Electric Industrial Co. (see Fig. 3). As shown in

Fig. 3a, there are two optical fiber slots, one for optical

fiber 1 (such as SMF) and the other for optical fiber 2 (such

as NCF). Meanwhile, the end planes of the two optical

fibers should be aligned as accurately as possible and

located in the middle between the two welding interfaces.

The fusion splicer will be closed and then the power will be

switched on after the optical fibers are put into their places.

As shown in Fig. 3b, in order to reach a better welding

performance, the locations of the two optical fibers will be

adjusted by the fusion splicer after it is put into operation.

Figure 3c shows the parameters about the welding quality.

The energy loss rate of the welding joints (i.e., welding

spot), which is only 0.02 dB, proves that the good welding

performance is achieved. As the fusion splicer S117A is of

a high automatic level, once two different kinds of fiber

probes are put into the slots, the adjustment to precise

positions, welding process, welding performance evalua-

tion and other parameters, will be completed automatically.

Thus, the fusion splicer can accomplish the fusion of dif-

ferent fibers at high quality. However, the welding spot

joining the different fibers is not obvious by using this high

quality welding machine, which makes it difficult to cut the

optical fibers to the pre-calculated length with high

precision.

3.2 Cutting process of optical fiber components

Due to the high welding quality of the fusion splicer

S117A, the influence of reflection caused by the beam

going through the welding spot to the detection sensitivity

and signal-to-noise ratio of the OCT system is reduced

structurally. The small welding spot left makes it hard to

cut the probe components to the pre-calculated length

accurately. In this paper, therefore, a high-precision fiber

cutting system is designed based on the stereo microscope

XTL-2400 (Zhoushan Precise Optical Instrument Co., Ltd

in Shanghai, China) and ultrasonic fiber cleaver FKII-4

(PK TECHNOLOGY, USA). As shown in Fig. 4, the fiber

cleaver FKII-4 is placed on the workbench of the micro-

scope XTL-2400. The optical fiber cutting process is as

follows. Firstly, the optical fiber for cutting (the structure is

spliced using two kinds of fibers, such as SMF and NCF) is

placed in the slot of the ultrasonic cutting machine, and the

position of the welding spot is aligned with the knife of the

ultrasonic cutting machine. Secondly, the magnification

and view field of the microscope should be adjusted to

observe the welding spot and the blade of ultrasonic cutting

machine from the eyepiece lens with scale lines. Thirdly,

the probe is moved to the right position so that the blade

Fig. 2 Process of fabricating a GRIN optical fiber probe
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remains at the pre-calculated length from the welding spot.

Finally, the ultrasonic cutting machine is switched on, and

the fiber is cut at a certain length by an ultrasound pulse

with high energy intensity. The energy pulse given out by

the blade of the ultrasonic cutting machine has a small

bandwidth (about a few micrometers), hence high-preci-

sion fiber cutting can be achieved.

4 Measurement of the size of GRIN fiber probe

Although the fiber cleaver FK II-4 and the fusion splicer

S117A are of high cutting accuracy and welding precision

respectively, the performance of the probe will be affected

by the error between the pre-calculated length and the

actual cutting length resulting from the position of the

placed probe relative to the tilting angle of blade due to the

ultra-small size of the probe. Therefore, the dimensions of

a completed GRIN optical fiber probe need to be measured

accurately.

The component size of the probe is examined with the

laser scanning confocal microscope OLS4000 (Olympus

Corporation), as shown in Fig. 5. Unlike the traditional

focusing method by varying the height of object table, this

kind of confocal microscope is focused through moving the

objective lens up and down, which guarantees the stability

of the lens body to the largest degree. Thus, superficial

microscopic images with the horizontal resolution up to

0.12 lm can be obtained. At the same time, the colorful

image information collected with CCD is used to integrate

into true color image forms of high resolution. Geometrical

parameters in the submicron range including line width,

area, volume, and steps can be measured and shown in the

form of report.

Figure 6 shows the image of a sample GRIN optical

fiber probe under the confocal microscope, which is fab-

ricated with the cutting and welding system designed in

this paper. In addition, the welding spots are magnified in

particular. In Fig. 6, the position of the welding spots can

be seen clearly under OLS4000, which can be used to

measure the lengths of different optical fiber elements.

Figure 7 shows the measuring window panel in computer.

(a) Inner structure

Fiber1 Fiber2Welding contact

(b) External display (before welding) (c) External display (after welding)

Fig. 3 Fiber fusion splicer

Fig. 4 Fiber cutting system

Fig. 5 Confocal microscopy OLS4000
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According to the measurement results, the distance from

the probe without the coating layer to the first welding spot

is 1.02 mm for an SMF, 2.37 mm for an NCF, and

2.26 mm for GRIN fiber lens. The size of the welding spots

are very small, close to a few micrometers.

5 Conclusions

The study of ultra-small probes is an important topic for the

miniaturization of OCT systems. As an all-fiber-type ultra-

small optical probe, the GRIN fiber probe is becoming

increasingly promising for detection of optical imaging of

the small lumen, narrow spaces in the deep tissues and

organs (such as the cardiovascular system). Based on the

model of the GRIN fiber probe presented in this paper, a set

of experimental fabrication systems were designed, in

which the experimental system based on stereo microscope

and ultrasonic fiber cleaver was used to cut the fiber length

with high-precision and the fusion splicer was used to

weld different components together. In addition, the

scheme to measure the size of probe based on the confocal

microscope was also described. The designed experimental

system can be used for the experimental study of the fab-

rication of GRIN fiber probes, providing the experimental

foundation for the optimal design and the miniaturization

of the OCT system.
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