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A Control Strategy for Force Sensing Mechanism in Bare-fiber
Polishing

Yih-Tun Tseng, Jui-Hung Liu, and Chung-Heng Chang

Abstract— A bare fiber polishing control strategy and force
sensing mechanism is proposed and implemented to improve the
fiber polishing performance used in optical communication.
Through the analysis of the force and the problems encountered
during the polishing process, this study has successfully measured
the required force with the encouraged precision.

[. INTRODUCTION

In optical communication systems, 980nm high-power laser
modules are used to power the amplifier for long-distance
communication. The large emission width which prevents
thermal problems makes the 980nm laser diodes to output an
elliptical mode fields with aspect ratios from three to five at
the LD’s end face [1]. Various methods for coupling elliptical
fields with single-mode fibers (SMFs) have been applied. A
quadrangular-pyramid- shaped fiber endface (QPSFE) shown
in Fig. 1(a) which can dominate both axial curvatures of a
LD’s mode field is capable of controlling both axial
curvatures; accordingly, the QPSFE can easily yield any
aspect ratio of an elliptical microlens, to match the far field of
the high-power LD. Research has shown a 83% coupling
efficiency with the elliptical microlens formed from a QPSFE
[2].

The QPSFE was fabricated by polishing and then heating
in a fusing splicer to form an elliptical microlens endface. Fig.
1(b) schematically depicts a QPSFE with curvatures Ry,
(X-axis, horizontal) and Ry, (Y-axis, vertical). Fig. 2 shows
the coupling efficiency versus the lateral offset with the
curvature equal 9um [3]. It should be noted that the coupling
efficiency depends strongly on the lateral offset between the
center of the lens and the center of the fiber core as shown in
Fig. 3. This offset leads to an asymmetrical elliptical lens at
the fiber end after splicing that reduces the coupling
efficiency. Generally, a 1.5um offset can induce a 50% extra
coupling loss which makes the laser module performance
unacceptable in practical usage [3]. The special shape and
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requirement for high precision makes it difficult to employ.
The present yield of the QPSFE that matches an offset smaller
than 1.5um is only 20% by an experienced operator.

Fig.1 (a) the scheme of a quadrangular-pyramid-shaped fiber [2],
(b) The elliptical fiber lens [2]
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Fig.2 Simulation of the coupling efficiency versus the lateral offset [3]
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Fig. 3 Offset of the polished fiber

Fig. 4 displays part of the polishing system including the
polish film, the fiber, and the fiber holder. When polishing
each side of the fiber, the fiber which is fixed by a holding
stage is moved down to a contact point which the fiber and
the polish film just touched. This position is then set as the
origin of the polishing process. Then, the stage of the polish
film is moved upward an extra height to bend the fiber. This
will give a normal force which decides the capability of the
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wear. The polish film is then rotated to polish the fiber.
According to different lens curvature requirement, the incline
angle and the depth of the fiber to be polished in each side are
also different. However, how to decide the contact point of
the fiber and the polish film, to maintain a stable bending
force for polishing, and to exactly polish the fiber tip as closer
as possible to the center of the fiber core is very difficult with
the present manual polishing process. These problems result
in a 20% yield of the QPSFE.

The above description reveals that lost of fiber information
can not be monitored during the polishing process in the
present system. Extra sensors will be necessary to solve this
situation and to automate the manufacturing process. In this
study, a novel force sensing mechanism is designed and
implemented to precisely measure the force during polishing.
And a force control strategy is proposed to solve all the
problems by measuring the force between the fiber and the
polish film. The following sections will describe the
mechanism design through the force analysis, the strategy of
the force control, and the experiments of the fore
measurement.

Fiber Holding Stage

Fiber

Polish film

Fig.4 The fiber polishing system

II. FORCE ANALYSIS

For the purpose to measure the force between the fiber and
the polish film, a thorough force analysis during polishing is
given to find out the proper design and location to install the
force sensor.

Figure 5 displays the force of a fiber during the polishing
process. It can be known that the fiber is subjected to a normal
force N and a friction force V. To simplify the complexity of
the force analysis, the fiber will be placed at the point that
makes two forces N and V perpendicular to each other. Then,
take the fiber outside the ferrule as the free body, as shown in
Fig. 6, six equilibrium equations can be written as follow:

2F,=0: Vcos0-Nsin6-A,=0 @)
2Fy=0: Ay-Ncos0-Vsin6=0 2)
YF,=0: A=0 3)
EM,=0: Mx,=0 4
IM=0: Ma,~0 %)
>M,=0:

M,~-(NcosB+Vsin0)xL-(VcosO-NsinO)r =0 (6)

And the relation between N and V is:

V:HkN (7)

N
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L

Fig.5 Force of the fiber during polishing
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Fig.6 Free body diagram of the fiber

Only four formulas and five unknowns N, V, A,, Ay, and
My, will left if the zero item A,, M, and M,y in Eq.3-5 is
removed. Since the N and V is linear dependent, four
unknowns are left finally. So, if anyone value in four
equations can be measured, the other values can be count.
However, the forces Ay, Ay, and My, are internal forces that
can not be measured. And the force N and V is hard to be
directly obtained since the fiber is the work piece and will
wear as the polishing proceeds.

To overcome this situation, an extra force By that can be
measured is added into the structure to turn the original
statically determinate structure to become a statically
indeterminate beam as shown in Fig.7. According to the
theory of the mechanics of materials, the statically
indeterminate structure exists an extra equation of elastic
curve. So, five equations and five unknowns are obtained
now. The final equations are listed as follow [4]:

Equilibrium Equations:

YF,=0: Vcos0-Nsin0-A,=0 (®)

2F=0: Ay +B,-Ncos0-Vsin6=0 )

M, =0:

My ByLy-(Ncos6+Vsin0)x (Ly+D)-(VcosO-NsinO)r =0
(10)

V=uN (11

Equation of elastic curve:

EI0(x) = J:M(x)dx +C (12)

Ely(x) = f[fM(x)dx+C1]dx+C2 (13)
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And the bending moment of the fiber is:
Ayx—M,,

M) = x<L
)= Ax—M,, +B,(x-L,)’

(14
x>L (14)

m

With the appropriate boundary conditions, the fifth
equation can be obtained:
(15)

By measuring force B, with the Eq.8-11 and 15, the force
N, V, A, Ay, and M,, can be count.

Ln

B
3 2
AL, =3M,,L, :Eflf?y

Fig.7 The modified statically indeterminate structure

According to the force analysis, it can be known that an
additional force that can be measured has to be added to the
fiber. Consider the system structure and the space limitation
of the present system, a mechanism is proposed as shown in
Fig.8 to provide the force B,. A L-type mechanism is
extended from the holding stage and the height can be
adjusted to touch the fiber manually. So, by adding a sensor to
the mechanism, the By can be measured. A strain gage will be
attached to the mechanism to detect this force. Once the fiber
is subjected to a force during the polishing, the mechanism
deforms, and then the resistance of the strain gage changes.
So, the circuit of the electric bridge box that connects the
strain gage can generate a voltage to represent the subjected
force.

Holding zm

\
fiber

Fig.8 L-type force sensing mechanism of the polishing machine

III. POLISHING STRATEGY

In order to improve the performance of the present
polishing with the designed mechanism, a polishing strategy
is proposed to ensure the polishing speed and the precision of
the fiber tip. According to the force measured from the
sensing mechanism, lots of information of the polishing

process can be analyzed thus the control actions can be given
to the system to improve the polishing result. So the main
problems mentioned in the introduction, that is, the contact
point detection, polish force control, and the polishing depth
control can be solved easily. The following paragraphs will
describe the proposed solutions in detail.

A. Contact Point Sensing

Before polishing begins, the fiber has to be precisely
positioned to the contact point of the fiber tip and the polish
film. This point will be the origin of the polishing to calculate
the final polish depth. A human is very difficult to do this job
well. Although a vision system can also do this, it still needs
some inspection program to calculate and judge the contact
point. With the present force sensor, this becomes a very easy
job to do.

When the fiber touches the polish film at the first time, the
force will be transferred from the fiber tip to the attached
sensing mechanism. The mechanism material generates slight
deformation and so will the strain gage. The deformation
represents a resistance change to the strain gage and thus
leads to a voltage output from the Wheastone-bridge box.
Then this voltage can be easily measured by the data
acquisition (DAQ) card in the PC. Once a voltage change is
measured from the strain gage, this is the point they just
contact. With this force information the contact point of the
fiber and the polish film can be quickly and precisely found.

B. Polishing Force Control

After the contact point is detected, the stage that mounts
the polish film will move upward a short height to bend the
fiber in order to provide an adequate friction force between
the fiber and the polish film. The wear speed of the fiber is
thus decided by the magnitude of the friction force and the
rotation speed of the polish film.

As the polishing proceeds, the fiber will be worn away by
the polish film. So the wear capability of the system decreases
with the polishing time. The human operator has to move the
stage upward again to maintain the bending force while
polishing. However, the safe allowable upward height is only
about 100um due to the fiber is very sensitive to the bending
force. An excess bending force will easily to break the fiber
easily in a sudden.

With the same force information, the force that the fiber
subjected can be measured online. So the force that exerted to
the fiber can be maintained in a maximum safe range to
provide a faster and stable polishing speed.

C. Polishing Depth Control

The fiber tip precision is directly influenced by the
polishing depth. The purpose is to let the fiber tip as closer as
possible to the fiber core center. An over or insufficient
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polishing will both generate an offset between the fiber tip
and the fiber core finally. This offset should be smaller than
1.5pum to maintain the required efficient coupling efficiency.

In the original system, the polish depth can not be obtained
during the process. The time for the polishing in each side is
counted from the past experiment data and the experience.
And the offset is measured through a microscope offline.
Once the offset exceeds the require value, it is can not be
modified again.

If the depth can be monitored during the polishing process,
the offset can be controlled easily. An online depth
calculation method by the measured force is proposed as
follows:

1. Write down the contact point x, as the origin of each
polishing (Fig.9).

2. Move the stage upward to a safe height H=x to bend
the fiber and then starts the polishing (Fig.10.).

3. During polishing, the stage will move upward to
provide the sufficient force as described in the last
paragraph. Record every movement until the total
movement reaches the required polishing depth.
This final total movement will be the require depth
of the polishing. After polishing, the depth can also
be re-examined by moving the stage from the origin
X, to the contact point after the polishing, that is, the
distance y shown in Fig.11.

H==xy

Fig.9 Contact point of the polishing

Fig.10 The height to bend the fiber

e

v = ’___?‘

f

Fig.11 The polish depth of the polishing

H=x

IV. MECHANISM DESIGN

As mentioned in the introduction, the offset of the
polishing result should be smaller than 1.5pum. This means the
force sensing mechanism should have the ability to detect the
variation of 1.5um. That is, when the stage moves upward or
fiber bends downward for only 1.5um, the deformation of the
strain gage attached on the L-type beam should generate
enough resistance variation to the electric bridge box to
produce a voltage that can be read by the DAQ card. The
following design of the mechanism will achieve this
requirement.

Strain gage

By

Fig.12 The dimension of the mechanism

As shown in Fig. 12, there are three parameters of the
mechanism to be determined, the length L;, the width b, and
the thickness 4. When the B, exerts force to the mechanism,
deformation generates along the beam. So the strain gage
attached on the mechanism will also deform with the
mechanism. And the gage resistance varies according to the
equation:

AR=kxRx*¢g (106),
where AR is the variation of the resistance, & is the gage
sensitive factor, and ¢ is the strain of the gage. It can be
known that the AR is direct proportional to the strain . And
the strain ¢ is also related to the subjected force and the
dimension parameters of the mechanism. The strain of the
mechanism can be count by:
- By -l-c

1,-E

z S

E=

7),
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where L.=bh’/12, is the moment of inertia, E, is the young’s
modulus of the mechanism material, and ¢=0.5xh. In
conclusion, parameters to be determined for the mechanism
design are E,, h, b, L, k, and R.

First, the type AL-6061 aluminum alloy is chosen as the
material of the mechanism due to its good characteristics in
repeatability and linearity. Thus E; can be determined to
70GPa. Second, substituting the above parameters into Eq.17,
it can be shown from Eq.18 that the strain is proportional to
all the above parameters. And the strain is most sensitive to
the thickness 4. So the 4 has to be designed as small as
possible. The % is set to be lmm, that is, the present
manufacturing accuracy capability of the line cutting. For the
width b, it can not smaller than the width of the attached strain

TABLEI
SPECIFICATION OF THE STRAIN GAGE

Manufacturer Kyowa KSP-2-120-E3

Gage Length 2mm
Grid Width 0.25mm
Matrix Length 5.5mm
Matrix width 3.5mm
K (Gage Factor) 120
Resistance 120QQ

gage. The smallest semiconductor strain gage can be found is
about 3.5mm. So the width b is set to 4mm for a sufficient
space of the gage installation. Then, the length L, is limited by
the system space, 4cm is decided here.

soc(Ls 1 ij
b h

At last, the semiconductor strain gage is adopted for its
large gage factor & bigger than 100 while normal strain gage
is only three to five. The specification of the gage is listed in
the Table 1. Thus, the final two parameters, k and R, can be
decided.

(18)

After the above procedures, all parameters have been
obtained. The parameter K in Eq.15 can also be calculated as
K=E,xI/2L*=473.6756N/m. Then according to the Eq.8-11,
15, and 17, the measurement precision of the mechanism is
estimated to be 0.16pu(micro-strain) when the motion stage
moves upward for 0.1um. If a Wheastone bridge is connected
in half-bridge type and combined with an amplifier that can
multiply the voltage 500 times, the output voltage will be
0.0192V. The analog input resolution of the present DAQ
card is 12-bit, this means the smallest voltage can be
measured is 0.00244 if the measure range is set to be £5V.
This result shows that the mechanism’s output can be
successfully measured by the system.

V. EXPERIMENTS AND DISCUSSIONS

The performance of the sensing mechanism and the
proposed control strategy is investigated with some simple
experiments. The stage will move upward for 0.1um. Then
the voltage will measured and displayed on the PC screen
with the DAQ card. The result has shown that only 0.00244V
is measured with this movement, which is just the minimum
voltage the DAQ card can read. This is only one eighth of the
theoretical calculation. And the voltage output is unstable and
varies from -0.00244V to +0.00244V. This is because the
accuracy of the manufactured mechanism is not very good.
So, some produced force may be absorbed by the system
structure. A stable voltage can be measured is under a 0.5pum
movement from the stage. Thus the final precision of the
polishing is 0.5pum.

In this research, with the proposed force sensing
mechanism, the force under fiber polishing can be measured
online easily. The experiments have shown that the system is
capable of detecting the fiber polishing variation smaller than
0.5um. Although the result did not match to the theoretical
calculation, this is still much better than the original Sum.
Future works will proceed to improve the mechanism
instability problem, automate the system process, and to
verify the final polishing result of the QPSF to show the
performance of the mechanism.
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