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Plastic optical fiber (POF) has the advantages of low 
cost, pliable and large diameter, etc. The technol-
ogy and applications of POF have progressed rapidly 
in recent years. A large number of sensors based on 
POF have been developed, such as breathing, alcohol, 
displacement, temperature, and refractive index sen-
sors[1–5]. Optical fiber pressure sensor has the advantag-
es of small volume, high measuring accuracy, and quick 
response, and has been widely studied. The pressure 
sensors based on optical fiber include fiber Bragg grat-
ing[6,7], taper fiber[8], distributed optical fiber[9], Fabry-
Perot interference[10], and so on. Additionally, this could 
also be achieved by using the bending loss mechanism 
of the POF[11].    

Femtosecond laser micromachining has the advantag-
es of being able to process on a tiny area and having 
little thermal effects[12,13]. Femtosecond laser microma-
chining has been reported[14–16]. Multi-hole POF force 
sensor based on bending loss is fabricated by femto-
second laser micromachining. The measurement ranges 
from 0 to 65 N, and the maximum output changes ex-
ceed 15.51 dB with good linearity. 

The schematic diagram of multi-hole POF is shown 
in Fig. 1. The refractive indices of the core and the 
cladding are 1.491 and 1.417, respectively. There are 
many modes in multimode POF, that is, many light 
rays with different incident angles propagate in the 
core. For those light rays, total reflection occurs at the 
core–cladding interface. However, when the light rays 
arrive at the hole–core interface, because there is air 
in hole and the refractive index of air is approximately 
1—which is lower than that of the fiber core—the mi-
cro-hole will behave as a negative lens and some light 
rays will deflect and enter into the cladding and will 
be lost. The remaining light will continue to propagate 
along the fiber core. Based on Snell’s law, the formula 
for intensity reflectivity is
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The simulation uses step multimode POF. The fiber-
core and cladding outer diameters are 0.96 and 1.0 mm, 
respectively. The refractive indices of core and cladding 
are 1.491 and 1.417, respectively. Each micro-hole di-
ameter is approximately 150 μm. The yellow lines in 
Fig. 1 show the reflected light rays. Using MATLAB 
software, Fig. 2 models the relationship between light 
intensity reflectivity and the incident angle a at the 
core–cladding. Thus it is evident that the smaller the 
incident angle the lower the light intensity reflectivity 
and the greater the light intensity entering the clad-
ding—which naturally translates into greater loss.

Moreover, because there is a great difference between 
the refractive indices of the core and the hole, strong 
reflection will happen at their interface, as shown by 
the red lines in Fig. 1. The simulation result in Fig. 3 
shows the relationship between light intensity reflectiv-
ity and incident angle b. Unlike Fig. 2, at the core–hole 
interface, the smaller the incident angle at the core–
hole interface, the lower the intensity, reflectivity, and 
the loss.
 In view of the aforementioned mechanism, every hole 
will induce some loss. By increasing the number of 
holes, the total loss will increase.

In addition to the number of holes, inter-hole spac-
ing can also impact the level of insertion loss. In Fig. 
4, suppose the emergent ray from hole 1 can  penetrate 
through the latter holes 2 and 3. As the  distance 
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Fig. 1. Diagrammatic sketch of multi-hole POF.

Fig. 2. Relationship between light intensity reflectivity and in-
cident angle at core–cladding interface.

Fig. 3. Relationship between light intensity reflectivity and the 
incident angle at the interface of fiber core and hole.

Fig. 4. Schematic diagram of inter-hole spacing.

Fig. 5. Relationship between the incident angle and the 
 bending angle.

 between holes increases, the incident angle at the core–
hole interface will also increase (i.e., q1 < q2, where q1 
and q2 are the incident angles at the core–hole interfaces 
of holes 2 and 3, respectively). By Snell’s law, light ray 
that passes through the hole will deflect; the angle be-
tween the incident ray and the emergent ray is defined 
as the bending angle. The relationship between the in-
cident angle and the bending angle is shown in Fig. 5. 
As shown, the bending angle has the same variation 
trend as the incident angle; therefore it follows that 
q4 < q3 and the light intensity reflectivity at the core–
cladding interface will decrease as the incident angle 
decreases. Therefore, when the number of holes remains 
the same, loss due to hole-deflection will increase as the 
holes are spread further apart. However, if the holes are 
set too far apart, such as the case of holes 1 and 4, the 
emergent ray from the front hole cannot be deflected by 
the latter hole. Consequently, as the inter-hole spacing 
widens, the level of insertion loss will also increase until 
it peaks at a certain point and then begins to decrease.

 Bends in fiber usually cause some transmitted light 
not to be totally reflected and result in some loss. How-
ever, bending loss is not noticeable in multimode POF 
because large amount of light rays are confined in the 
fiber core. Figure 6 shows a bent multi-hole POF. If 
there is no hole in the fiber, light would transmit along 
the dotted line and the incident angle is still greater 
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in Fig. 9, the insertion loss grows at first and then de-
creases as the inter-hole spacing increases past a certain 
point. Here, the maximum loss appears when the inter-
hole spacing is 1.25 mm. The experimental result is 
consistent with the theoretical predictions based on the 
aforementioned loss mechanism.

The schematic diagram of a force sensor is shown in 
Fig. 10. The sensor mainly comprises spring, cylinder, 
and force plate. The diameter of the cylinder is 10.0 
mm. An annular groove is carved on the periphery. The 
POF is placed within the groove and the plane of the 
bend is set perpendicular to the axis of the cylinder. As 
force is applied against the plate and the spring com-
presses under the stress, the cylinder will shift down-
ward causing the section of the optical fiber with holes 
to bend and wind around the cylinder. If the entire said 
region winds around the cylinder, the sensor’s measure-
ment range would reach its maximum. The relationship 
between force F and loss is studied while the inter-hole 
spacing is held constant. As shown in Fig. 11, the more 

than the critical angle for total internal reflection. That 
is to say, even though the POF bends, light can con-
tinue to propagate within the core. However, if a hole 
is introduced and light passes through the hole, the 
incident angle would be smaller than the critical angle 
due to deflection and the light ray would be cut off. 
In such case, bends in the POF will cause more light 
not to meet the critical angle necessary for total reflec-
tion and induce additional loss. Thus, it is evident that 
multi-hole POF is more sensitive to bend.

In these experiments, the step multimode POF is 
used. The fiber-core diameter and cladding outer diam-
eter are 0.96 and 1.0 mm, respectively. The multi-hole 
POF is connected to a 650 nm semiconductor laser and 
a photoelectric converter via couplers. POF is sensitive 
to heat, but the femtosecond laser micromachining pro-
cess has virtually no heating effect. The femtosecond 
laser had a pulse width of approximately 110 fs and a 
repetition rate of 1 kHz; the laser energy used for the 
fabrication was approximately 0.5 mJ per pulse. The 
800 nm femtosecond laser can process micro-holes and 
avoid destroying the structure of the optical fiber. The 
machining results can be seen in Fig. 7. The diameter 
of each hole is approximately 150 mm.

The impact of the number of holes has on inser-
tion loss while keeping the inter-hole spacing constant 
is tested. As shown in Fig. 8, the insertion loss grows 
as the number of holes increases. Next, the impact of 
inter-hole spacing on insertion loss is tested. As shown 

Fig. 6. Bended multi-hole POF.

Fig. 7. Side view of multi-hole POF in CCD: (a) not transmit-
ting 650 nm laser and (b) transmitting 650 nm laser.
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Fig. 9. Relationship between loss and inter-hole spacing with 
the number of holes at 6, 13, and 20.
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Fig. 8. Relationship between loss and the number of holes with 
inter-hole spacing set at 0.5 mm.
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position; this process is repeated many times. The re-
lationship between the insertion loss at the horizontal 
position and the number of bend recoveries is shown 
in Fig. 14. It is thus evident that this particular sen-
sor has the advantages of good repeatability and reli-
ability. The thermal effects on insertion loss of a POF 
having 13 holes and spacing of 1.0 mm is shown in 
Fig. 15.

In conclusion, we analyze the effects of hole quantity 
and inter-hole spacing on insertion loss from both theo-
retical and experimental aspects. Further, the mecha-
nism of bending loss in multi-hole POF is presented. 
Bend-sensitive multi-hole POF is made by femtosecond 
laser micromachining. A force sensor based on bending 
loss of the multi-hole POF is fabricated. The measure-
ment ranges from 0 to 65 N, and the maximum ranges 
in output are above 15.51 dB with high linearity and 
good repeatability, and the sensitivity is 0.24 dB/N. 
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Fig. 11. Relationship between loss and force F for POFs having 
varied number of holes set 0.5 mm apart.

Fig. 12. Relationship between loss and force F for POFs hav-
ing 13 holes but varied inter-hole spacing.
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Fig. 13. A sensor fabricated with a POF having 13 holes and 
spacing of 1.0 mm is tested four times.

Fig. 10. Schematic diagram of the force sensor.

holes the POF has, the more sensitive the sensor is. 
The relationship between force F and loss is studied 
while the inter-hole spacing is varied. As shown in Fig. 
9, the insertion loss of a POF with 20 holes is too large, 
while the measuring range of a POF with 6 holes is too 
small. Therefore, a POF with 13 holes is the most suit-
able choice for fabricating the force sensor. For POFs 
with 13 holes and varied inter-hole spacing, the rela-
tionship between loss and force F is shown in Fig. 12. 
The measurement accuracy increases at first and then 
decreases as the inter-hole spacing continues to widen. 
The highest precision occurs when the spacing is set at 
1.25 mm; the loss changes over 15.51 dB in the measur-
able range. At the same time, the insertion loss is also 
the highest.

Because the POF with spacing of 1.0 mm is sensitive 
to force and its insertion loss is moderate, it makes a 
suitable choice for fabricating the force sensor. A sen-
sor fabricated with a POF having 13 holes and spacing 
of 1.0 mm is tested four times; the result is shown in 
Fig. 13. Next, we use the structure as shown in Fig. 10 
to bend this POF from its initial horizontal position to 
the extreme and then let it recover to the horizontal 
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Fig. 14. Relationship between insertion loss at the horizontal 
position and the number of bend recoveries for a POF having 
13 holes and spacing of 1.0 mm.

Fig. 15. Thermal effects for insertion loss of POF with 13 holes 
and spacing of 1.0 mm.

This particular sensor also has the advantages of low 
cost, simple construction, and quick response.
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