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Abstract: A versatile polishing machine (VPM) for the fabrication of optical fiber probe for medical application is
designed and developed in this study. The VPM can keep the end-face of fiber at a fixed virtual pole of the fiber
holder and abrasive pad. It is difficult for the commercially available optical fiber polishing machine to carry out
such function. Five mechanisms have been proposed and the Quality Function Deployment method is adopted to
evaluate the proposed five mechanisms. The Circular Motion Guide Mechanism is finally selected as the kinetic
mechanism. In order to increase the fabrication reliability, a polishing turntable has been developed with a run-out
smaller than 1um at the polishing area. The double-variable curvature end-faces (DVCE) of optical fibers can be
fabricated by controlling the fabricating parameters of the VPM, inclined angle, rotation angle and vertical
displacement simultaneously. The DVCE has been fabricated with the concentricity less than 1pum between core and
end-face. Optical fiber probes produced by the VPM are useful for the medical applications.
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1. Introduction

Optical fibers provide convenient, safe, effective,
and low-cost way to transfer and gather information or
energy via light. Optical fibers can be used at
delivering signals, communication, monitoring, and
laser beam processing.

Alavi et al. used MRR to generate and trap
chaotic signals along optical fiber to communication
[1]. Zyaei et al. used asymmetric quantum well
structure to be the optical switch that caused a sharp
absorption or transparency in this visible optical probe ;
[2]. Alsaidi et al. used optical fiber as sensors to detect Figure 1. Various surgical tips [8]
partial discharge on natural palm oil [3]. Kao and
Hockham demonstrated the optical fiber was a good
wave guild for communication [4]. Ding et al. applied cut Away view
the wave-guided resonance optical element on GMR ARTERY
biosensor to detect DNA [5]. Balamurugan and
Thanushkodi used optical fiber on the wind turbine
blade to monitor the wind speed and density for blade
adjustment [6]. Stock et al. compared different
focusing fiber tips for improved oral diode laser
surgery [7]. Royston et al. introduced the optical
properties of fiber optic surgical tips [8] as shown in SoTATING SHATE
Fi | Tearnev et al. d scannine sinele-mode Figure 2. The OCT catheter—endoscope [9]

gure earney et al. use g sing
fiber optic catheter-endoscope for topical coherence
tomography [9] as shown in Figure 2.
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There exist many fabrication methods used to
create optical fiber probes including laser
micromachining [10-11], focused ion beam milling
[12-13], chemical etching [14-16], and mechanical

68



Life Science Journal 2016;13(11)

http://www.lifesciencesite.com

polishing [17-24]. The mechanical polishing method,
however, offers several advantages including
reasonable accuracy, the possibility of fabricating
different types of probes, and production scalability.
For these reasons, the mechanical polishing method is
one of the most popular optical probes fabrication
processes.

variable curvatures

B
f—
SECTION A-A

SECTION B-B

Fiure 3. The double-variable curvatures probe

In this study, a special lapping machine should
be developed with the aim of keeping the end-face of
the optical fiber at the virtual pole. As such, it should
keep the end-face of the optical fiber at a stationary
area on the polishing pad while the optical fiber
inclined angle O varies. This special lapping machine
would help producing various types of probes directly
on the tips of optical fibers. Even the
double-variable-curvature probe would be fabricated.
As shown in figure 3. Using this special lapping
machine, the offset between the probe and core of
optical fiber would reduce to within 1um, which helps
increasing the coupling efficiency.

2. Mechanism design

Double-variable curvatures can be fabricated by
controlling the 6-, ¢-, and H-axes simultaneously. The
tip of the optical fiber should remain at a fixed
position (a virtual pole) on the abrasive pad while the
inclined angle wvaries. The fiber holder, kinetic
mechanism, and the low run-out polishing turntable
are introduced below.

2.1 The fiber holder and kinetic mechanism

For the fabrication of a double-variable curvature
probe, the kinetic mechanism should generate the
corresponding polishing path. This means that the
inclined angle will be changed according to the
variation of the probe curvature, while maintaining the
probe of the fiber at the same height on the polishing
table.

Drawing from mechanism design experience and
brainstorming, there are five mechanisms that fit these
requirements: (1) Coupler Cognate Mechanism, (2)
Dressing Machine, (3) Pantograph Mechanism, (4)
Straight-Line Generator Mechanism, and (5) Circular
Motion Guide Mechanism, as shown in table 1.
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Table 1. Kinetic mechanisms for the fiber holder

Drawing of Mechanism CAD Model

Coupler Cognate
Mechanism

Straight-Line Generator
Mechanism

Circular Motion Guide
Mechanism

Each of the five mechanisms presents their own
advantages. In order to determine the most suitable
fiber holder kinetic mechanism, the Quality Function
Deployment (QFD) method [25] is adopted to
quantify the performance of each mechanism into
engineering specifications. First, five items are chosen
as the index factors: (A) position repeatability; (B)
simplicity of mechanism (which affects manufacture
and assembly); (C) stability of the fiber during
polishing; (D) ease of observation (should the
microscope move while the mechanism is moving);
and (E) ease of adjustment. Secondly, the five items
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are compared with one another to determine the
weighting of each item, as shown in table 2. Third, a
grading table is created, as shown in table 3, to
evaluate the performance functions of the five
mechanisms. Finally, a matrix of product attributes
against engineering characteristics is shown in table 4.
Using this analysis, it is evident that the Circular
Motion Guide Mechanism is superior to the other four
mechanisms; therefore, the Circular Motion Guide
Mechanism is chosen to be the kinetic mechanism of
the fiber holder, and is shown in Figure 4.

Figure 4. Three independent axes to fabricate
double-variable curvature probes

Table 2. Weighting of each item

A B C D E Subtotal Weighting
Position Repeatability — 1 0 1 1 3 0.3
Ease of Configuration 0 — 0 1 0 1 0.1
Stability of Fiber 1 1 — 1 1 4 0.4
Ease of Observation 0 0 0 — 1 1 0.1
Ease of Adjustment 0 1 0 0 — 1 0.1
Grand Total 10 1.0
Table 3. Grading table
Grading 1 2 3 4 5
Levels Bad Poor Normal Good Excellent
Table 4. Comparison results of the five mechanisms
A B C D E Amount
Weighting 0.3 0.1 0.4 0.1 0.1 1.0
Coupler Cognate Mechanism 4 1 4 5 1 3.5
Dressing Machine 4 4 4 5 3 4
Pantograph Mechanism 3 3 3 2 3 2.8
Straight-Line Generator Mechanism 2 4 3 2 4 2.8
Circular Motion Guide Mechanism 4 5 5 5 4 4.6

2.2 Low run-out polishing turntable

The contacting force of the optical fiber will
change with the variation of the polishing turntable
run-out, as shown in Figure 5. Considering the
specifications of the commercial polishing machine
and the results of our experiments, the end-face
geometry is difficult to control and the fiber may be
broken if the variation of the polishing turntable
run-out is larger than Sum. Since the commercial
polishing turntable is expensive and not sold by itself,
our research group has decided to design and develop
a new polishing turntable.

The maximum allowable run-out of the turntable
is £5 pum, and the recommended run-out of the
turntable is set as £2.5 pm in our design for reliability.
Figure 6 shows the 3D model of the turntable.

Eun-out of the turntable

Figure 5. Diagram of the polishing turntable

Figure 6. 3D model of the fiber lens polisher turntable
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One of the main factors that affect the turntable
run-out is the radial clearance of the bearing. A
suitable length spindle shaft is designed to fit the
design criterion of +£2.5um. It is assumed that the
turntable is a rigid body and that the dimensional
accuracy is perfect. Here, a P5 grade bearing is chosen
with a 0~4pum radial run-out clearance of the inner
ring. A maximum clearance of 4um is chosen as our
design criterion for reliability. Figure 7 is a sketch of
the turntable and bearings.

Assuming D is the diameter of turntable and P is
the length of the spindle shaft, then

6 =sin" (—4‘%)
P (1)
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Figure 7. Sketch of turntable and bearings
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Figure 8. Photograph of the versatile polishing machine

Equation (1) shows that increasing the shaft
length reduces the inclined angle 0, and a smaller 6
helps reduce the turntable run-out. However, the
length of the spindle shaft should be limited since a
longer shaft length results in lower machining
accuracies of the spindle shaft and the turntable. The
length of the spindle shaft is determined to be 120
mm.

The diameter of the turntable should be as small
as possible since a larger diameter will cause a higher
run-out. The diameter, D, of the turntable is set at 120
mm, because it should be larger than the diameter of
the diamond polishing pad (110 mm). The versatile
polishing machine (VPM) is shown in Figure 8.

3. Experiments and Polishing results
3.1 Preparation of experiments
Since the mechanism is designed to grind objects
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with a tolerance of only several microns, the polishing
conditions will have a large effect on the results. The
preparation of experiments is introduced below.

Tool Preparation:

(1) Polishing machine: the versatile polishing
machine.

(2) Polishing film: 3M Diamond Lapping film
661X with 1  m grade.

(3) Polishing material: glass single mode
optical fiber, Fujikura FutureGuide® LWP.

(4) Slurry: no slurry.

Preprocessing Steps:

(1) Clean the turntable with alcohol.

(2) Place polishing film on the turntable with a
small amount of water between them. Squeeze excess
water and air with a plastic ruler; this will keep the
polishing film stuck on the turntable.

(3) Cut the single mode optical fiber to a length
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in the range 15-20 cm. The jacket and buffer should
be stripped at one end to leave 30 mm exposed. Clean
the stripped optical fiber with alcohol.

(4) Cut the stripped optical fiber using a fiber
cleaver, leaving a 12 mm length.

(5) Adjust the H-axis until the virtual pole stays
on the turntable. Set the  -axis of the fiber holder, to
90°. Put the optical fiber through the fiber holder until
the stripped end touches the turntable. This will help
keep the length LO, from the ferrule to the end of the
optical fiber, constant. The length is set to be 1.8 mm.

(6) Adjust the CCD microscope to a suitable
magnification.

(7) Check that the end of the optical fiber will
withstand tension without bending due to the
polishing force, as shown in Figure 9. The distance is
set to be 30 mm from the center point.

Rotation direction of
the turntable

—

Polishing Force —

ptical Fiber

17
J 30mm
Center Point

Polishing film
Figure 9. Schematic drawing of the optical fiber on
the polishing film

The tool preparation and preprocessing steps
detailed above help to reduce variations in the
polishing results under constant polishing parameters.
3.2 Polishing parameters and results

In this study, the Preston equation [26] is used as
the governing equation for the polishing operation.
The Material Removal Rate (MRR) can be expressed
as follows:

W N
dt A 3)

where K is the Preston coefficient (um*mN ),
RH is the thickness removal rate (um/s), N is the
contacting force (mN), A is the polishing area (um?),
and V is the polishing velocity (um/s).

Since the Preston equation is derived from plate
glass polishing, equation (3) should be modified if the
polishing area varies with time.

Since dQ=AdH, the MRR is modified as
follows:

@: RQ = KNV

dt

(4)
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’/{9 Vertical Displacement H

v Contacting Force N
Figure 10. Free body diagram of the polishing
process

where Ry is the volume removal rate (um*/s).
From equation (4), the volume removal rate R, is
proportional to polishing velocity, ¥, and contacting
force, N. The polishing velocity is determined by
setting the speed of the abrasive pad and work piece,
and is held constant during the polishing operation.
The contacting force is determined by the position
control. The contacting force may be varied during
polishing, and its value is derived from beam theory.
Figure 10 shows the free body diagram for the
position control model with the contacting force
determined from beam theory.

From beam theory, the position control mode
equations are as follows:

Ely(z)= NCTOSQ (— 2> +3L7° )

)
Elé(z) = Ncosd (— 2+ 2Lz)

(6)
M(z)=NcosO(L-z) ™

The relationship between deflection, y(z), and
vertical displacement, H(t) is as follows:

y(L)y=H(t)/cosb ®)
H(t)=Hy —Hg () )

Where HO is the initial vertical displacement and
Hg(t) is the removed thickness.

Combining equations (5), (8), and (9), the
contacting force can be calculated if the vertical
displacement is known:
3EI(H, - Hy)

I?cos’ 6 (11)

From Eq. (3), the material removal rate is
proportional to the contacting force N. In the position
control mode, the contacting force is proportional to
the vertical displacement H(t) as shown in Eq. (11).
The polishing parameters can be set as shown in
Figure 11. Considering the H-axis and ¢-axis as polar

N =
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coordinates, a; and b; represent different vertical
displacements at different ¢ angles at the ith polishing
contour.

-th ” .
i" polishing contour

Original diameter of.
the optical fiber

Figure 11. Polishing parameter at the i" polishing
contour

To  achieve  continuous  double-variable
curvatures, all three axes (0, ¢, and H) must work
simultaneously. The parameters are defined in

Microsoft Excel and are imported into LabView®
as shown in Table 5.

Table 5. Polishing parameters of continuous double-variable curvatures

Inclined angle (degree) | Rotation angle  (degree)

Vertical displacement H (mm)

Turntable speed (rpm)

30-60 0-360

0-40 200

Figure 12 shows the elliptical end-face probe.
Figure 13 shows the double-variable curvatures probe
that is produced by arc discharging the polished
elliptical end-face probe [27]. The VPM developed in
this study can not only fabricate double-variable
curvatures, but can also fabricate other kinds of
end-faces, as shown in Figures 14, 15, 16, and 17.

&m0 Towm

Figure 16. Polygonal hemispherical end-face probe

Figure 14. Cne—type end-face probe

Figure 17. Bevel end-face probe

4. Conclusions

In this study, a polishing machine is designed
and developed to fabricate probes with medical
applications. The kinetic mechanism for the VPM is a
Circular Motion Guide Mechanism, which was
selected by using the Quality Function Deployment
(QFD) method. The VPM has five axes: the spinning
axis ¢, rotation axis 0, vertical axis H, electric torque
control axis o, and the polishing turntable. The VPM
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is able to rotate about a fixed virtual pole during the
polishing operation. A low run-out polishing turntable
is also designed and developed in this study, with a
maximum run-out of about +2 um at the polishing
position. The low run-out turntable helps to ensure
that the contacting force does not vary significantly
during the polishing operation. The double-variable
curvatures end-face (DVCE) has been fabricated with
the concentricity less than lum between core and
end-face [27].

The VPM developed herein can be used to
fabricate many types of probes, including the
cone-type, pyramid-type, bevels, the polygon
hemisphere-type, and double-variable curvature.
These have respective potential applications as a laser
beam wave guild for surgical application [8], as a
mirror to inspection tissue [9], a base for growing a
nanotube probe [28], as a nanoindenter probe [29], as
a mirror to measure displacement on the order of
micrometers [30], as a probe to measure the
displacement for high speed tribological measurement
[31], and to increase the coupling efficiency to as
much as 88% [27]. A R.O.C. Patent, 1378010, has
been filed.
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