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Development of a visualized underwater rescue-rope system

Nam-Hoon Kim! + Tae-Ho Kang? + Dong-Hyun Ahn® + Tae-Soo Kim* + Gyung-Suk Kil®
(Received January 30, 2020 ; Revised March 25, 2020 ; Accepted April 7, 2020)

Abstract: Underwater rescue-ropes have been used for the underwater activities of divers such as lifesaving, exploration, investiga-
tion, and filming and for securing their return paths. Studies have been conducted to visualize rescue-rope by applying an optical
fiber and light emitting diode (LED) to pre-existing non-luminous ropes made of nylon, polyethylene, or polypropylene. Furthermore,
previous results showed that the visualized ropes could be used for underwater experiments. However, further studies on the reduc-
tion of the heat radiated by the low driving current of the LED and an efficient utilization of luminous flux are necessary, as the opti-
cal fiber used in the previous study would be damaged by the radiation of the light source. Hence, this study was conducted to utilize
the electrical and optical features of the LED and the optical fiber, and to develop a high luminance underwater rescue-rope that is
stable for long-term operation. By applying an optimal light concentrator between the LED light source and the optical fiber, the
surface luminance was increased by 180% at half the driving current of the LED light source compared with that in the previous
study.
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1. Introduction other proactive activities and safety. Therefore, studies have
Rescue-ropes have been widely used for underwater activities been conducted to visualize rescue-rope by applying a high

of divers such as lifesaving, exploration, investigation, and luminance light emitting diode (LED) to a side-emitting optical

- . . . fiber as a replacement of existing non-luminous ropes made of
filming as well as for securing their return paths, as shown in

Figure 1 [1]-[3]. nylon, polyethylene, or polypropylene.

The fundamental issues of existing rescue-rope have been
solved, as the radiation of the prototype rescue-rope, which is
visible underwater, is green in color with a wavelength of 525
nm and a high transmittance. Further, the surface luminance of
the prototype is 120 cd/m2.

In a previous study, the maximum surface luminance of the
end of the optical fiber was 1,500 cd/m2, but the heat from the
LED frequently damaged the optical fiber [4][5].

Accordingly, a high luminance rescue-rope usable in any un-
derwater environment where floating materials and microbes

cause high turbidity is required for application to diving activi-
Figure 1: Example photograph of a conventional non-luminous ties.

rescue-rope in water This study was conducted to apply a light concentrator that

focuses the luminous flux from an LED onto the core of a side-

Visualized underwater rescue-ropes have been in demand for emitting optical fiber, to control the shielding and reflection of
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the jacket, and to apply a reflector to the end of the optical fiber
so that the surface luminance is increased with stability, while
the driving current of the LED remains the same as that in the
previous study [4][5].

As a rescue-rope using a side-emitting optical fiber does not
require electric wiring, the issues of waterproofness and electri-
cal insulation are resolved fundamentally. Furthermore, a visu-
alized underwater rescue-rope is expected to be utilized with
economic and technical distinctions in several fields such as
shipboard decoration lights, safety lines for railroad platforms,

tunnel guide lines, and landscape uses [6].

2. Method of Luminance Improvement

2.1 Structure of the optical fibers

The optical fiber used to visualize the underwater rescue-rope
is made of polymethyl methacrylate (PMMA), which has no
problems related to electric insulation and corrosion in an un-
derwater environment [7]. The light attenuation rate at the core
is 0.15 dB/m [8][9].

The quantitative performance indicator of the rescue-rope is
the brightness that can be recognized by divers from a certain
distance; therefore, the surface luminance of the optical fiber is

used as the criterion.

Table 1: Specifications of the light source

side emission, the clad is applied to radiate a certain amount of
light outward, at right angles to the propagation passage of the
light.
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Figure 2: Structure of optical fibers: (a) Communication pur-

pose; (b) Side emission purpose

In addition, for communication, the jacket is used only to
protect the clad, whereas for side emission, the jacket is made
of materials with a high transparent rate so that it can also radi-
ate the light to the clad outward.

The specifications of the optical fiber used as an underwater
rescue-rope are shown in Table 2. The following experimental
studies were conducted to enhance the surface luminance of the
side-emitting optical fiber:

- Application of a light concentrator between the light source

Items LED . .
and the optical fiber
Forward voltage 52V
Maximum forward current 135 A - Shielding and reflection control of the jacket
Peak luminous flux at 13.5 A 2,250 Im - Application of a reflector at the end of the optical fiber
Package type DOB
Beam angle 120° o S
Luminous area 12 mm2 (4 mmx3 mm) Table 2: Specifications of the optical fiber
Lifetime 60,000 h ltems Specification
Outer diameter 10 mm
The specifications of the light source used in the experiment Spool length. 100 m/RL
) o . Cladding material Clear PVC
are shown in Table 1, which is a 525 nm device-on-board Typical attenuation <0.15 dB/m
(DOB) type green LED package [10]. Weight 2.5 kg/RL
. . . . . Working lifetime 50,000 h
The main factors influencing the selection of the light source Working temperature - 40-70 °C
for the underwater rescue-rope were the total luminous flux and Tensile strength 100 kg/cm2
Core material Polymethyl methacrylate

the surface luminance (Im/mm?) within the core area of the
optical fiber.

The structure of an optical fiber for communication and side
emission purposes consists of a core, clad, and jacket, as shown
in Figure 2.

The light passes through the core. For communication, the
clad shields the light that propagates into the core, whereas for

2.2 Application of a light concentrator

The beam angle of the LED package is generally greater than
110° unless a specially designed lens is applied. In addition,
the radiant heat from the luminous surface of a high-power LED

is over 100 °C, which indicates that the optical fiber may be
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damaged if its core and the luminous area of the LED come into
direct contact [11].
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Figure 3: Method of light concentration (a) Direct coupling; (b)

Insertion of the light concentrator

As shown in Figure 3 (a), the distance between the LED
package and the optical fiber should be at least 10 mm to pre-
vent the damage to the optical fiber by the radiant heat. In this
case, 60% of the luminous flux from the LED is condensed at
the core and the rest dissipates. Therefore, a light concentrator
between the LED package and the optical fiber is required to
utilize the luminous flux fully. In this study, a multi-layer glass
lens composed of a concave lens and 3-convex lens was applied
as the light concentrator. Subsequently, an optimal light concen-
trator that focuses the radiated flux from the LED onto the core
of the optical fiber was placed [12]-[14].

The beam angle of the light concentrator was narrower than
60° and its height was 10 mm. As shown in Figure 3 (b), the
light concentrator was inserted between the LED package and
the optical fiber. To analyze the efficiency of the light concen-
trator, the ratio of the luminous area of Figure 3 (a) without the
concentrator; and Figure 3 (b) with one, at a 10mm from the
LED was compared. As a result, the following is obtained:

In Figure 3 (a), the radius passing through the luminous flux
at a beam angle of 120° is 17.32 mm (=10xtan60°) and the
cross-section area of the solid angle is approximately 940 mm?
(=I1x17.322). Only the luminous flux incident on the cross-
section area of 200 mm? that corresponds to the radius of 8 mm
was focused on the core.

In Figure 3 (b), the radius passing through the luminous flux
at a beam angle of 60° is 5.77 mm (=10xtan30°). Therefore, the

luminous flux that corresponds to a beam angle of 120° was
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focused on the core. Similarly, by the application of a light con-
centrator with a beam angle of 60°, the luminous flux focused
on the core was increased by 470% (=940+200).

Even considering an absorption and reflection loss of 30% in
the light concentrator, the incident luminous flux onto the core
was increased by 330%. The surface luminance measured at the
end of the optical fiber was increased by 170%, as the forward
current of the LED was fixed at 5 A and a light concentrator

was applied at a 20-m-long optical fiber.

2.3 Control of shielding and reflection in optical fiber

The light radiated from the surface of the optical fiber is dif-
fused underwater and a rescue-rope with a higher surface lumi-
nance is better recognized by divers in turbid water.

In this study, a 100-cm-long auxiliary jacket with a reflec-
tance of 50% and a transmissivity of 20% was covered on the
optical fiber at intervals of 10 cm, as shown in Figure 4. It was
used to prevent the surface luminance of the optical fiber from
decreasing, as more luminous flux was radiated outward with
the increase in the distance of the optical fiber from the light

source.

Auxiliary Jacket

"y

Ly

Figure 4: Structure of the optical fiber with auxiliary jackets

In addition, a reflector with a reflectance of 85% was covered
at the end of the optical fiber to reduce the loss of luminous flux
as shown in Figure 5.

Reflector

Auxiliary Jacket

Figure 5: Installation of the reflector at the end of the optical fiber

Figure 6 shows the surface luminance of the optical fiber after
applying all the three aforementioned techniques. The surface lu-
minance increased considerably, as the number of jackets was in-
creased and the reflector was installed. The surface luminance was

increased by 280% with the installation of auxiliary jackets. In
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addition, the surface luminance was increased by a maximum of
430% after applying the reflector.
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Figure 6: Increase in luminance with the number of auxiliary

jackets
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Figure 7: Prototype visualization rescue-rope system (a) Con-

figuration; (b) Photographs; (c) Luminous in water

3. Design and Fabrication

The configuration of the prototype rescue-rope system, which
was developed using all the aforementioned techniques to in-
crease the surface luminance of the optical fiber, is shown in
Figure 7. Considering the portability and operation time, a
commercial-frequency AC and a DC battery can be alternately
used as the power sources. The remaining energy level is al-
ways indicated, which is necessary as the activities and return
path of the divers may be put in danger if the power source of
the rescue-rope shuts down during operations.

The forward current and voltage of the LED of the prototype
rescue-rope system were 5 A and 4.7 V, respectively. By apply-
ing the light concentrator, jackets, and reflector, the optical fiber
showed high performance in environments with high turbidity.
Using the prototype rescue-rope system in Figure 7 (b), the
surface luminance measured at the end of the optical fiber was
compared with the result of the previous study.

In the previous study, the driving current of the LED was in-
creased to enhance the luminance. Consequently, the surface
luminance was a maximum of 1,650 cd/m? at a driving current
of 10 A, and 950 cd/m? at 5 A as shown in Figure 8.

Upon applying a light concentrator between the LED package
and the optical fiber, controlling the shielding and reflection of
the optical fiber jacket, and applying the reflector, the surface
luminance of the optical fiber was measured to be 1,750 cd/m?

at a driving current of 5 A, indicating an increase of 180%.
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Figure 8: Current-luminance curve

4. Conclusions

In this paper, methods for increasing the luminance of un-

derwater rescue-ropes were proposed and a prototype was
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designed. The three methods were the placement of an optimal
light concentrator between the LED light source and the optical
fiber, the control of the shielding and reflection of the optical
fiber jacket, and the application of a reflector at the end of the
optical fiber.

The light concentrator increased the luminous flux focused
on the core by 330% and the auxiliary jackets increased the
surface luminance by 280%. In addition, the reflector increased
the surface luminance by a maximum of 430%.

The performance evaluation of the prototype showed that the
surface luminance was the same as that in the previous study at
only half the driving current i.e., 5 A, whereas its maximum
luminance was increased by 180%.
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