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Helicopter Wire Strike Protection and Prevention Devices: Review,
Challenges, and Recommendations
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Abstract

Due to the nature of their operations, rotorcraft tend to commonly fly at low altitudes and this places them
at high risk of striking various types of obstacles. Wires, in particular, are very difficult to discern and
easily blend in the background which explains why wire strikes are a major cause of helicopter accidents.
In the context of helicopter operations, a wire hazard is any wire or structure supporting those wires that
presents a danger to the aircraft. Data from the National Transportation Safety Board (NTSB) shows that
wire strikes were responsible for 124 fatalities between 1994 and 2018. Data on civil helicopter wire strikes
further show that the majority of helicopter models involved fall in the lightweight category. In this study,
existing aircraft-mounted and ground-based wire strike prevention and protection technologies are reviewed,
along with some other potential technologies that have not been specifically developed for use on helicopters
but that might be able to prevent wire strikes. In particular, commercially available wire detection systems
such as laser scanning systems, database-dependent warning systems, wire cutters, radar scanners and aerial
markers are surveyed and evaluated against each other. Publicly available databases of transmission lines
in the U.S. are identified and documented for the development of wire strike prevention technologies for
lightweight helicopters. The feasibility of creating useful maps of wires from tabulated data or image data
is discussed and various Electronic Flight Bag manufacturers are surveyed and compared to determine the
feasibility of integrating and displaying such information in the cockpit. Challenges of implementing safety
devices, in particular wire cutters, on lightweight helicopters are also discussed and recommendations are
provided to improve helicopter wire strike safety. Finally, a multi-criteria decision-making analysis is carried
out to rank wire strike safety devices and compare the robustness of their rankings with respect to various
operator’s preference scenarios. It is shown that the Wire Strike Protection System (WSPS), the Electronic
Flight Bag (EFB), the Obstacle Collision Avoidance System (OCAS), and the wire markers perform best
regardless of the preference scenario.
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1. Introduction

Historically, the safety record of the rotorcraft industry has been an order of magnitude poorer than
that of civilian airlines and fixed-wing general aviation [1],[2]. Although the total and the fatal helicopter
accident rates per flight hour has been decreasing over time, the rate of improvement has reached a plateau
and has started increasing again over the past few years. Our study of helicopter accident reports from the
National Transportation Safety Board (NTSB) between 2005 and 2018 combined with the study of helicopter
accidents between 1994 and 2004 by Nagaraj et al. [3] showed that wire strikes were responsible for a total
of 214 accidents and resulted in 124 fatalities. Helicopter wire strikes and fatalities data from 1994 to 2018
are shown in Figure 1. It was also reported that the majority of the fatal strikes took place in day visual
meteorological conditions, which makes helicopter wire strikes an alarming major source of helicopter fatal
accidents.

Practically, helicopters are extensively used for missions such as agricultural spraying, surveillance of
power lines and pipelines, medical emergencies, border patrol, law enforcement, wildlife monitoring, motion
picture filming and even rounding up cattle, during which they fly at low altitudes, typically around a
thousand feet above ground level (AGL). Military helicopters, in particular, are at a higher risk of wire
strikes due to sabotage wires and to more frequent Nap of the Earth (NOE) flights to avoid enemy detection.
Operating at such low altitudes for extended periods of time puts helicopters at a higher risk of flying into
obstacles, especially wires, as they are relatively harder to see. Wire strikes are also common during take-off
and landing in an unfamiliar terrain.

Wires can be very difficult to detect and avoid because of their small sizes and their tendency to blend
in the background. The following reasons are stated as the most probable causes of wire strikes by the FAA
[3] and the NTSB:

e Inadequate visual lookout

e Inconspicuousness of power lines

e Failure to maintain sufficient clearance with the transmission wires

e Low angle of the Sun

e Failure to maintain proper altitude

e Improper judgment

e Lack of preflight planning

e Darkness and lack of visual cues

e Failure to see and avoid wires

e Selection of an unsuitable area for landing

e Distraction due to ground activity

Rotorcraft with a maximum take-off weight (MTOW) below 7,000 1b ( 3175 kg) are considered to be
lightweight by the FAA and the European Aviation Safety Agency (EASA). The EASA provides an addi-
tional category, called very lightweight rotorcraft, for helicopters with MTOW below 1,320 1b ( 599 kg). In
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Figure 1: (left) Helicopter Wire Strikes from 1994 to 2018; (right) Fatalities Involving Wire Strikes from 1994 to 2018.

this study, the term ”lightweight” will be used to address both lightweight and very lightweight helicopter
categories. Data on helicopter wire strikes show that the majority of helicopter models involved fell in the
lightweight category, as depicted in Figure 2. For example, the Robinson R22 and the R44 accounted respec-
tively for 14.01% and 8.87% of all the wire strike events, while the Bell 47 and the Bell 206 accounted for
15.42% and 22.89% respectively. The MD 269/369 was also involved in 14.01% of all the wire strike events.

14.01%

mR22 mR44 = Bell 206 Bell 47 ®MD 269/369 u Others

Figure 2: Helicopter Models Involved in Wire Strike Accidents from 1994 to 2018.

In most of these accidents, helicopters were not equipped with any safety device that could have warned
pilots about potential wires in the proximity. Furthermore, aviation obstacle maps which show the location
of power transmission lines or any other wires are very limited in the public domain. Some proprietary
databases exist, such as Garmin’s WireAware, but their extent of coverage is not quantifiable without
sufficient information about the software, information which is not readily available. In addition, helicopters
could be equipped with wire cutters to protect the rotor blades from an impending strike if a collision with
wires becomes unavoidable. Although many helicopter models may be equipped with wire cutters, the latter
are not currently installed on lightweight models such as the R22 or the R44. However, a Wire Strike
Protection System (WSPS) has been designed for the R66, Robinson’s turbine-powered model of similar size
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as the R44.

The scope of this paper is to provide the reader with information on various helicopter wire strike
prevention and protection technologies along with their advantages and shortcomings. In addition, the
challenges and recommendations regarding the installation of protection devices on lightweight helicopters
are discussed. The paper is organized as follows. Section 2 provides an overview of publicly available power
line maps and describes a method to create power line databases using Google Earth. Section 3 reviews,
discusses, and compares wire strike prevention devices available for helicopters, protection systems such as
wire cutters and their limitations, as well as potential other safety technologies that could be implemented on-
board helicopters in the near future. Some challenges specific to the implementation of protection technologies
on lightweight helicopters are discussed in section 4 and some recommendations to improve helicopter wire
strike safety are made in section 5. In particular, we perform a multi-criteria decision-making analysis to rank
wire strike safety devices and compare the robustness of their rankings with respect to various operator’s
preference scenarios regarding the weight, cost, and other attributes of safety devices when considering their
implementations on-board helicopters. Finally, some conclusions and the major contributions of the paper

are provided in section 6.

2. Wire Databases

Transmission power lines are the most commonly involved wires in helicopter wire strikes, especially
during take-off and landing in unfamiliar terrain and low altitude agricultural spraying. It would therefore
be of interest for helicopter pilots to know the location of these lines in order to avoid them. Such information
could be incorporated into the helicopter avionics or into Electronic Flight Bags (EFBs) to warn helicopter
pilots about any potential collisions or wires in the proximity in a timely manner.

Apart from power lines, there exist other types of (smaller) wires such as static wires, guy wires, and
telephone wires which might also be of concern to helicopter pilots when flying at low altitudes but informa-
tion on those are much more limited and/or not publicly available which makes the creation of a database
containing such types of wires much more difficult. Possible avenues to gather data about the location of
these wires and the height of their associated poles or towers include crowdsourcing and/or satellite im-
ages analysis. For example, OpenStreetMap' may contain some information about telephone wires or poles
thanks to crowd-sourcing in certain parts of the world but mostly contain information about transmission
power lines. As such, in this section, we will only discuss publicly available power line databases and new

methods to obtain relevant data in order to expand such databases or create a new one when none exists.

Thttps://www.openstreetmap.org/ [Last accessed on 06/13/2019].
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2.1. Power Lines Databases

2.1.1. Federal Emergency Management Agency
The Federal Emergency Management Agency (FEMA) provides a map of the network of High Voltage
(HV) - 100 kV to 200 kV, and Extra High Voltage (EHV) - 200kV to 800 kV, power lines across the U.S. It

s is reproduced in Figure 32.

2.1.2. Energy Information Administration

A more detailed and interactive database is made available by the U.S. Energy Information Administra-
tion (EIA). This database is depicted in Figure 43. It not only provides information about the locations and
voltage readings of power lines across the U.S., but it also provides the service status of a transmission line,

o the operating company, and the substation to which it is connected.

United States
transmission grid
Source: FEMA

» LayersiLegend
Vancouver

» Basemaps
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Figure 4: (left) Interactive Map of the U.S. Power-Grid from EIA; (right) Interactive Map of the U.S. Power-Grid Showing

Power Line Information.

?https://en.wikipedia.org/wiki/Continental_U.S._power_transmission_grid [Last accessed on 06/13/2019].
Shttps://www.eia.gov/state/maps.php [Last accessed on 06/13/2019].
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2.1.3. Argonne National Laboratory
Less detailed maps of high voltage (HV) and extra high voltage (EHV) power lines are provided by

Argonne National laboratory, as shown in Figure 5.

300
—— Miles
Electrical Transmission®
/\/ Less than 500 kv
/\/ 500KV or Greater
Source: PO ovre platts.com ©2009 Platts, A Division of The McGraw-Hill Companies TEEICO1

Figure 5: Transmission Lines in the EHV Range from Argonne National Laboratory.

2.1.4. FAA Database

The Digital Obstacle File (DOF) on the FAA website provides metadata on obstacles which could be
a threat to aircraft and rotorcraft operators in the form of several DAT files: one for each U.S. state, as
well as one for some obstacles in Canada, the Bahamas, the Caribbean, Mexico, the Pacific, and Puerto
Rico [4]. This metadata includes coordinates, location name, height (above ground level), type, and several
other properties and characteristics of the obstacles in the database. However, most of the available data is
concentrated near big cities and airports. With regards to useful information to prevent potential helicopter
wire strikes, the FAA database only provides ”catenary” information (most probably, the towers along
transmission power lines). Figure 6 (left) displays in Google Earth the ”catenary” data as red dots for the
state of Alabama. Each ”catenary” has an associated height and this is depicted in Figure 6 (right) as a red

cylinder.

2.2. Wire Database Creation and Visualization

Figure 6 shows that such ”catenary” data may be utilized to create a map of transmission lines in the
U.S. However, it is to be noted that only discrete locations along transmission lines are provided in the FAA
database. Connections should be made appropriately to track the path of these lines. This can either be
done manually or with the aid of image processing techniques. Creating maps manually over large areas is
a time-consuming and tedious process, even if all the necessary data is available. If all the necessary data is

not available, creating such maps manually is even more difficult. One may then either use crowdsourcing

4http://www.moj avedesertblog.com/2013/07/how-much-more-transmission-do-we-need.html [Last accessed on

06/13,/2019].
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Figure 6: (left) Power line (Catenary) Data Plotted in Google Earth; (right) Cylinders Representing Catenary Heights in Google
Earth.

to gather information about the locations of power lines or satellite imagery to assist in the identification of
power lines.

In scenarios such as this, Machine Learning (ML) algorithms have been successfully implemented to
accelerate the tagging and identification process. In 2018, the company Development Seed used satellite
images and machine learning techniques to create power-grid maps of Pakistan, Nigeria, and Zambia. This
study exploited the fact that high voltage (HV) towers are the most striking and easily identifiable feature of
the power-grid system. A machine learning model known as Xception convolution neural network was then
trained to identify HV towers in different terrains. The algorithm predicts the existence of an HV tower
inside a region and draws a box enclosing the area as shown in Figure 7°. A power-grid map corresponding
to the HV wires can be obtained by connecting the towers inside these locations manually and overlaying
the results on satellite images. Such results could be used to create databases of power lines and display

information such as their locations and heights in the helicopter cockpit via an avionic system or an EFB.

3. Safety Devices

Some of the wire strikes reported in Figure 1 may have been avoided if pilots had received a warning
about the proximity of their helicopters to wires. Likewise, the dire consequences of a wire strike event
may have been prevented if a protection device such as a wire cutter had been installed on the helicopters.
Several systems that may safeguard helicopters from wire strikes are available commercially. Some of them

are discussed in this section.

Shttps://developmentseed.org/blog/2018/02/15/hv-grid/ [Last accessed on 06/13/2019].
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Figure 7: Machine Learning Algorithm Prediction of High-Voltage Tower Locations.

1o 3.1. Prevention Devices

Systems that are able to prevent a wire strike event from taking place are classified as prevention devices

in this paper. These can be broadly classified into aircraft-mounted and ground-based devices.
3.1.1. Aircraft-Mounted
3.1.1.1 Powerline Detection System (PDS)

135 A system to detect active power lines close to a helicopter and provide audio and visual warnings to the

pilots was developed by Safe Flight Instrument Corporation. It is shown in Figure 8°.

POWERLINE
DETECTOR

Figure 8: Powerline Detection System (PDS).

The PDS sensor is located at the front of the fuselage below the nose and detects the electromagnetic
field emitted by active power lines [5]. A very low frequency band-pass filter connected to the antennas can
detect frequencies around 50 Hz and 60 Hz. Upon the detection of a power line, the red ”WARN” light

1o comes on and a click sound, much like that of a Geiger counter, is heard in the pilot’s audio system. The
frequency at which the clicks are emitted changes depending on both the proximity of the power line and

the speed at which the helicopter is approaching the power line. If required, the pilot can choose to mute

Shttp://aviationweek.com/business-aviation/flying-safe-flight-s-pds [Last accessed on 06/13/2019].
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the audio output. The ”WARN” light, however, will remain on as long as the power line is detected. A
knob controlling the sensitivity of the system allows the pilot to dial out nuisance warnings depending on
the operation in progress.

Tests have shown that the DPS can detect a 22 kV power line located a mile away. The latest version of
the PDS is called the DPDS (Dual frequency PDS). It can detect frequencies of 60 Hz in the United States,
as well as 50 Hz which is more common internationally. The DPDS is certified by the FAA, the EASA and
the Civil Aviation Safety Authority (CASA). The DPDS is currently being used on the Airbus SA 341, the
Gagzelle, and the Bell 206.

The PDS costs around $12,000 and weighs about 0.86 1b ( 0.4 kg). The PDS is said to be able to detect
active power lines as far as 1.5 km, and is supposedly tuned to pick-up electromagnetic waves only from
power lines. Finally, the PDS has several advantages and disadvantages as follows:

Advantages

e Simple and lightweight system

e Can detect active power lines over long distances

e Easy to install
Disadvantages

e Cannot detect non-active power lines

e Cannot detect other types of wires, such as guy wires and static wires

3.1.1.2 Terrain Awareness and Warning System (TAWS)

The TAWS was invented by Don Bateman, a Honeywell engineer who developed the ground proximity
warning system. The TAWS warns the pilot when the aircraft comes into proximity to the ground, water, or
obstacles using an on-board terrain database by displaying 2D information on a screen. The TAWS makes use
of the aircraft position, altitude, and velocity from both flight instruments and GPS data and superimposes
this information with the nearby terrain features and obstacles. Some terrain and awareness systems have
been modified specifically for helicopters by adding transmission lines and other low-altitude obstacles to
the database. Examples of such systems are Garmin’s Helicopter TAWS (HTWAS)” and Sandel’s ST3400H
HeliTAWS® shown in Figure 9.

The Garmin system uses WireAware, which is a database of nearby terrain, towers, low-altitude obstacles,
and power lines in the U.S. along with some locations in Canada and Mexico. Information about power lines,
including location and altitude, is displayed on the screen along with terrain information, and both aural
and visual warnings are activated when operating in the vicinity of power lines. Sandel’s WireWatch serves

as the database of wire lines in HeliTAWS. HeliTAWS also features the TruAlert technology, a proprietary

"https://buy.garmin.com/en-US/US/p/72799 [Last accessed on 06/13/2019].

8http://www.sandel.com/sandel-avionics-products/item/helicopter/st3400h-helitaws-3-ati-terrain-safety-system-3

[Last accessed on 06/13/2019].
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algorithm which reduces nuisance alerts that may be triggered during take-off, cruise, hover, and landing at

off-airport locations.

Figure 9: (left) Garmin’s HTAWS; (right) Sandel’s HeliTAWS.

Terrain awareness and warning systems cost around $22,500 to $35,000, and weigh about 6.6 to 11 1b
(3 to 5 kg). Garmin claims that WireAware is the most comprehensive wire database, while Sandel claims
that the TruAlert technology is optimized to remove false alerts to minimize disturbances to pilots. Finally,
terrain awareness and warning systems have several advantages and disadvantages as follows:
Advantages

e Give information about natural and man-made obstacles

e Visual system provides better situational awareness
Disadvantages

e Costly equipment (HTWAS - $35,000 , HeliTAWS - $22,500)

e Accuracy of information depends on accuracy of databases

e False warnings could distract pilot

3.1.1.3 Obstacle Avoidance and Warning System (OAWS)

Unlike systems which rely on a database for terrain and obstacle information, obstacle avoidance systems
scan for obstacles around a helicopter in real-time using radio waves or laser technologies. If an obstacle is
detected, the system sends a warning to the pilot. Because they don’t need a database, such systems can be
used in uncharted regions. Compared to radio wave-based systems, laser scanning systems can detect smaller
objects and produce a more precise image due to their short wavelengths. The laser-based technology is
referred to as Light Imaging Detection and Ranging (LIDAR). The most popular LIDAR systems are the
Laser Obstacle Avoidance and Monitoring (LOAM) system, shown in Figure 10 (left) [6], and the Helicopter
Laser Radar (HELLAS) system, shown in Figure 10 (right) [7]. Both systems use an eye-safe 1.55 pm
wavelength Erbium laser that can detect obstacles in the path of the helicopter. The two systems differ
only in their scan pattern: the HELLAS performs a combination of horizontal and vertical scans, while the

LOAM performs an elliptical Palmer scan.
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An OAWS costs around $100,000 and weighs about 66 1b (30 kg). The LOAM is capable of detecting a 5
mm cable from a distance of 500 m when the visibility is 1 km and from 620 m when the visibility is 10 km.
The LOAM can also detect large obstacles from a distance of 2 km. The HELLAS is able to detect a 10 mm
cable from a distance of 500 m when the visibility is 5 km and from 300 m when the visibility drops to 1 km.
The HELLAS is capable of detecting large obstacles from a distance of 1 km with a detection probability
of 99.5%. Finally, obstacle avoidance and warning systems have several advantages and disadvantages as
follows:

Advantages

e Active systems

e Do not require a database

e (Can detect thin obstacles like wires
Disadvantages

e Detection depends on field of view and weather conditions (visibility)

e Heavy equipment

e Costly equipment

\g’h‘ =5
i

Figure 10: (left) The LOAM System Mounted Under the Nose of an AB-212; (right) The HELLAS System on an EC 135.

3.1.1.4 Electronic Flight Bags (EFBs)

An electronic Flight Bag (EFB) is defined by the FAA as an electronic display system intended primarily
for cockpit/flight deck or cabin use. An EFB is intended to store and display information a pilot would
traditionally store in a paper format such as maps, charts, manuals, and more. Before the use of EFBs,
traditional flight bags could weigh 39.6 1b (18 kg) or more and were labor-intensive to use. Modern EFBs
weigh between 1.1 and 4.8 1b (0.5 and 2.2 kg) and in addition to saving valuable space in the cockpit, they
facilitate management tasks for the crew by allowing an easy retrieval of relevant information. An example

EFB screen displaying weather information is shown in Figure 11°. Some EFBs utilize commercial-off-the-

9https://newsline.kitplanes.com/2016/03/01/garmin-unveils-the-aera-660-next-generation-aviation-portable/

#more-8116 [Last accessed on 06/13/2019)].
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shelf devices such as iPads and laptops that run software designed for use in aviation. Other EFBs have
their own hardware with an easy-to-use interface during flight.

225 Several commercial EFBs were reviewed, namely FlightDeck Pro[8], t.BagC2219, Aera 660!, ForeFlight
Mobile'?, FlyQ EFB 3.0'3, HeliEFB'#, and Ramco'®. Detailed information on each EFB is not included
in this paper but the results of our investigation are summarized in Table 1 which compares the EFBs
reviewed according to a set of features of interest to helicopter pilots. For example, compared to most other
EFBs, HeliEFB and Ramco EFB do not provide valuable information and/or warnings about the terrain and

20 surrounding obstacles and do not allow dynamic mapping, features which would be required for helicopter

wire strike safety purposes.

Figure 11: An EFB Device Displaying Weather Information.

EFBs typically cost anywhere between $500 to $25,000, and weigh about 1.1 to 4.8 Ib (0.5 to 2.2 kg).
Finally, they have several advantages and disadvantages as follows:
Advantages
235 e Reduced on-board weight
e Reduced pilot workload
e Easy to update
Disadvantages
e Could be expensive
240 e Needs regular product updates

e Accuracy of information depends on accuracy of databases

10 Flying Magazine, Page 96, May 2005.

Hhttps://newsline.kitplanes.com/2016/03/01/garmin-unveils-the-aera-660-next-generation-aviation-portable/
#more-8116 [Last accessed on 06/13/2019)].

2https://www.foreflight.com/products/foreflight-mobile/ [Last accessed on 06/13/2019].

13 [9]

Mhttps://heliefb.com/ [Last accessed on 06/13/2019].

Shttp://www.ramco.com/aviation-suite/heli-operators/features-and-benefits/ [Last accessed on 06/13/2019).
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3.1.2. Ground-Based
3.1.2.1 Obstacle Collision Avoidance System (OCAS)

The OCAS, along with its replacement called Intelilight, is a system produced by the company Vestas which
is mounted directly on an obstacle. The system scans the airspace surrounding the obstacle in order to detect
aircraft that might be on a collision course. If that is the case, the system is designed to warn the pilots of
those aircraft that there is an obstacle close by and that they are heading towards that obstacle. The system
was developed in Norway and was therefore designed to operate in remote locations with low visibility and
minimal power requirements. A key part of the system is a radar unit placed on or close to the obstacle that
is used to detect and track aircraft flying nearby. The radar unit is connected to a light system on or near
the obstacle that can illuminate if an aircraft is close, as depicted in Figure 12!, thus providing a visual

warning to pilots.

Figure 12: Obstacle Collision Avoidance System Visual Warning Light Turned On.

A power source along with a backup battery provide energy for both the lighting system and the radar,
making the OCAS functional even during power outages. If the visual warning fails to alert the pilot that
he/she should alter course, a second warning system takes over. The OCAS is equipped with a VHF radio
which can, in this context, send an audio message to the aircraft radio in the VHF warning spectrum. The
OCAS lights are automatically turned off once the aircraft maneuvers out of the collision course. The OCAS
is a suitable obstacle strike prevention system for both power line towers and wind turbines. In addition,
light pollution is kept to a minimum by turning the warning lights off when not required.

The OCAS costs around $50,000. The OCAS is said to have a minimum range of 8 km and a maximum
range of 36 km, and to use 3D terrain maps to ensure efficient radar coverage. Finally, the OCAS has several
advantages and disadvantages as follows:

Advantages

e lights are activated only when required

6https://www.youtube.com/watch?v=dzFD3r-vd40 [Last accessed on 06/13/2019).
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e System reduces light pollution
e No installation on helicopter necessary
Disadvantages
e Range is limited by radar capability and other obstacles in the path
e Multiple radars required for 360° view

e Costly system

3.1.2.2 Wire Markers

Aerial markers aim to prevent wire strikes by increasing the visibility of wires to aircraft flying at low
altitudes. A typical aerial marker, also known as an overhead wire marker, is shown in Figure 13 (left)'".
Aerial markers are hollow spheres made of two halves: the bottom half is attached to the wire with bushings
at the points where the wire contacts the marker, while the top half is bolted to the bottom half, thus
sandwiching the bushings between the two halves and preventing the marker from slipping on the wire. The

bolts clamping the two halves of the sphere together are made of either aluminum or steel alloy.

Figure 13: (left) Spherical Aerial Marker on a Wire; (right) Alternating Color Pattern of Wire Markers.

Typical aerial markers are made up of fiber reinforced plastic (FRP) and are painted with UV resistant
pigment to prevent color degradation due to long time exposure to sunlight. The FRP body reduces the
weight of the sphere significantly. Markers come in various colors, with international orange (# FF4F00)
being the most common color used in the aerospace industry to identify wire obstacles. In addition to

orange, white and yellow are also used in some situations as shown in Figure 13 (right)!®. The FAA actually

Thttps://flightlight.com/products/aerial-marker-balls-for-power-lines-model-jx/ [Last accessed on 06/13/2019).
8https://hillermuseum.wordpress.com/2010/05/28/helicopter-%E2%80%493-1ive-power-line-operations/ [Last ac-

cessed on 06/13/2019].
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recommends an alternating pattern of orange, yellow, and white. In general, overhead wire markers can be
seen over a distance of 1.2 km in all directions.

The cost of a wire marker varies between $100 and $200. Finally, wire markers have several advantages
and disadvantages as follows:
Advantages

e Low cost per marker

e Passive system

e No installation on helicopter necessary
Disadvantages

e Markers could be hard to see in low light conditions

e Marker color could degrade over time

e Marking every power line could be hard

e Multiple markers are required for a single catenary which could end up being rather costly

3.2. Protection Devices

Any device that can protect a helicopter during an inevitable wire strike event is classified as a protection
device in this paper. Some commercial wire strike protection devices and some conceptual designs available

in the form of patents are discussed in this section.

3.2.1. Passive Wire Cutter: The Wire Strike Protection System (WSPS)

All wire strikes cannot be prevented, and hence wire cutter systems are designed to protect helicopters
by cutting the wire before it reaches the rotor mast, the rotor blades, or the skids. The most common wire
cutter system available commercially is manufactured by Bristol Aerospace Limited (BAL) in Winnipeg,
Canada which is a subsidiary of the Magellan Aerospace Company. This wire cutter system is called Wire
Strike Protection System (WSPS). The WSPS was designed by Nelson Chan in 1979 for KIOWA (OH-58)
helicopters and was originally designed to sever a 3/8 inch diameter seven-strand cable (tensile breaking
strength of slightly above 10,000 1bf or 44,482 N), found to be the cause of many fatal strikes at the time. A
patent was assigned to the initial design in 1980 [10]. Several design modifications followed and the resulting
WSPS is currently implemented (or being implemented) on various medium- to heavy-weight helicopter
models.

The WSPS is composed of two wire cutters with cutting blades made of hardened steel. One cutter is
located at the front end of the fuselage above the wind shield, while the other is placed below the nose, as
shown in Figure 14'. Each wire cutter has an arm that extends from the cutting blades out at an angle.
The arm acts as a device intended to capture the wire and deflect it into the cutting blades. The system is

also comprised of a deflector which is attached to the center of the windshield and deflects wires striking the

http://magellan.aero/product/wsps/video/ [Last accessed on 06/13/2019].
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windshield into the upper cutter. Some deflectors incorporate a serrated edge which damages and weakens
the wire before it reaches the upper cutter. The cutting blades, which ultimately form a V-notch, are
designed to partially cut cables so that they fail under tension. These cutting wedges are arranged at about

45° apart and sever cables as they proceed between them.

Uppé;”-”

N\ (/Cutter
) 4

Windshield

/ Deflector:

o / Cutter

Figure 14: Wire Strike Protection System.

The helicopter speed, combined with the capture of the cable in the V-notch, causes the cable to be
placed in increasing tension. As a result, stresses in the cable reach a critical value and the cable tends to
fail even before it fully traverses the cutter. Therefore, the performance of the cutter depends on both the
tension in the cable and the ability of the cutter to create notches in the cable, which in turn both depend
on the speed of the helicopter. Several impact dynamics tests performed on both the KIOWA and the UH-1
helicopters showed that the WSPS has an operating range corresponding to helicopter speeds larger than 15
mph (24.14 km/h) and yaw angles between 0° and 45° [11], [12].

Wire cutter systems cost between $6,870 to $59,400, and weigh about 15.4 to 19.8 Ib (7 to 9 kg). Finally,
they have several advantages and disadvantages as follows:

Advantages

e Passive system does not require a (potentially heavy) trigger mechanism

e System protects helicopter in case of contact with wire

e Lightweight system protects rotor and windshield
Disadvantages

e System does not cover the whole helicopter frontal area

e System may not be effective at low helicopter speeds and for certain helicopter orientations

e System can be costly

e Larger wires may not be severed
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3.2.2. Active Wire Cutter: Patents

As discussed in the previous section, passive wire strike protection systems are effective for helicopter
speeds greater than 15 mph and impact angles up to 45°. For impact speeds below 15 mph and impact angles
greater than 45°, a passive system may not be able to cut wires it comes in contact with [3]. To overcome
these disadvantages, active wire cutter systems have been proposed as a solution.

Some embodiments of active wire cutter systems are given and described in McKowns patent [13]. A
typical active wire cutter system is shown in Figure 15 [13]. The system displayed in Figure 15 has a moving
cutter with a V-notch feature. When a cable enters the V-notch of the cutting assembly, the cutter rotates
back about a pivot point and pushes a piston into a pyrotechnic cartridge (much like a firearm cartridge)
back into a trigger pin, activating the primer of the cartridge. This ignites the powder in the cartridge, thus
creating an explosion which drives the piston forward rapidly. This, in turn, forces the V-notch to cut the
cable by swinging forward. A cartridge magazine is placed behind the cartridge trigger, such that as the
explosion occurs, the used cartridge falls out of the cylinder and is replaced with a new cartridge from the
magazine placed above. The system is reset and ready for further firing if needed. As described, the wire

cutting mechanism of this active system resembles the technology developed for semi-automatic firearms.

Cartridge

artridge Trigger Pin

Piston

V Notch Cutter

Figure 15: An Active Wire Cutter System.

Other patents describe other types of wire cutting mechanisms. Two example mechanisms are shown in
Figure 16 (left [14], right [15]). The cutter shown in Figure 16 (left) has two wedge-like cutting surfaces
that are moved against the wire surface by a cutter wheel that rotates about a pivot point. The moving
cutters act like a saw mechanism in the cutting process. A benefit of this invention is that multiple cutter
surfaces can be attached to the wheel and can thereby increase the cutting efficiency of the whole system.
The patented device shown in Figure 16 (right) has a probe fitted with multiple active wire cutters facing
forward. With this system installed, any wire that contacts the probe will encounter multiple explosive
cutters until it is severed. In this concept, a cutter holds the cable until a detonation mechanism attempts
to sever the cable. If not completely severed, the cable slides down the probe until it encounters the next

cutter. This continues until the cable is severed completely. The complexity of the mechanism, as well as
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the mass and drag properties of the probe, makes this cutter less practical.

Figure 16: (left) Active Wire Cutter; (right) Wire Cutter Probe.

Active cutter mechanisms are designed to ensure that the cable is cut regardless of the speed of the vehicle,
thus having an operating range beyond the envelope of passive cutters. However, no active wire cutter system
is currently installed on helicopters or available commercially. Yet, less dependency on external factors might
make an active wire cutter system an ideal choice for lightweight helicopters. An active wire cutter system
has several advantages and disadvantages as follows:

Advantages

e Effective even at low helicopter speeds

e Can operate in a wide range of aircraft orientations

e Even cables without tension can be cut successfully

e Load transferred to the airframe is minimal (wires are severed immediately upon impact)
Disadvantages

e More complicated than passive wire cutter systems

e Maintenance procedure could be complicated

3.3. Protection Devices Comparison

All the wire strike safety technologies discussed in this paper are compared in Table 2. These technologies
may be categorized as shown in Figure 17. It is interesting to note that there are no readily available
active wire strike protection systems. Furthermore, there are no readily available passive aircraft-mounted
prevention systems or passive ground-based protection systems. While some of these categories may not have
any practical solutions due to feasibility or complexity issues, one might want to focus on developing new
concepts or safety technologies that would fall in the remaining categories. For example, one might want to
look into designing an active wire cutter which, instead of being mounted on the helicopter, would be installed
on a tower or pole attached to one or more wires and which would actively cut the wires when an aircraft
is deemed too close. Nevertheless, the authors believe that a combination of various technologies (ground-
based and/or aircraft-mounted, active and/or passive, prevention and/or protection) will most probably be

required to properly address helicopter wire strike safety for all helicopter weight categories.
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OCAS Stored Data Real-time Detection Cutter
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HTWAS HeliTAWS
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Figure 17: Summary of Wire Strike Safety Technologies.

3.4. Other Potential Safety Technologies

Advances in electric motors, electronics, and wireless technologies are partly responsible for the pro-
liferation of Unmanned Aerial Vehicles (UAVs). UAVs fitted with high-resolution cameras are becoming
very popular and commonly used for recreational purposes. Additionally, advanced control technologies are
allowing UAVs to be highly autonomous. In certain instances, the required level of autonomy is such that
the vehicle is equipped with collision avoidance technologies for both other vehicles and obstacles along its
trajectory. In this context, research has led to the development and use of multiple sensors, particularly on
commercial UAVs; along with advanced processing algorithms to handle multiple sensor inputs. A few of
those sensors have the potential to be used on helicopters, either readily or after rigorous design modifications,

to aid in the detection of wires in real-time. Such sensors are discussed in the subsequent paragraphs.

8.4.1. Stereo Vision System

A stereo vision system uses two cameras that are placed side by side in order to ascertain the depth of
objects in the system field of view. Based on the location of an object in the field of view, the images created
by each of the cameras will be offset from one another. The matching pixels in each image can be identified
using a computer algorithm and a geometrical relationship can be used to determine the distance of the
system to the object using the matching pixels and the images offset. The depth of field of an entire image
containing multiple objects can then be predicted by the stereo vision system. As an example, the image to

the left of Figure 1820 shows the depth information of the image to the right. Far away objects are shown in

20https://wuw.youtube. com/watch?v=Ckd1KJZreVE [Last accessed on 06/13/2019].
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blue while those that are closer to the system are colored in red. Such a technology can be combined with

the UAV control system to avoid obstacles by providing depth information in real-time.

Figure 18: Example Stereo Vision System Output.

Helicopters could potentially utilize a similar configuration of stereo vision to detect wire hazards in
real-time. As the technology is improving and the system resolution and detection range are increasing,

wires of various diameters could potentially be detected and avoided.

3.4.2. Ultrasonic Sensors

Ultrasonic sensors, along with stereo vision, are used on UAVs to obtain the distance of the vehicle from
the ground. Ultrasonic sensors can then be used by a flight control system to maintain the vehicle at a
specific altitude. In practice, an ultrasonic sensor sends ultrasonic pulses towards the ground and receives
back their reflection as they bounce off of the ground. The sensor calculates the distance to the ground as
the time lapses between the transmitted waves and the reflected waves. An ultrasonic sensor, such as the
one shown in Figure 192!, is a miniature version of the sonar technology used in ships and submarines. The
range of such sensors is limited to four meters due to their small sizes. Although light, smoke, dust, color of
the target, and some target materials do not affect the output of the sensor, external noise and gusts have
an effect on the range of the sensor. The quality of the reflected signal can be affected by tilted and soft
surfaces such as water or vegetation. Despite these drawbacks, an enlarged version of this sensor designed
for use on a helicopter might be capable of detecting obstacles, including wires. The operating frequency of
the sonic sensor would need to be chosen carefully in order to successfully detect obstacles in the vicinity

due to the large amounts of noise and airflow near and around the airframe generated by the helicopter.

3.4.8. Time-of-Flight Sensor
A Time-of-Flight (ToF) sensor is similar to an ultrasonic sensor. However, rather than sound waves, a

ToF sensor uses light waves. A ToF sensor has a lens with its own infrared light source which is used to

2Ihttps://wuw.theengineeringprojects.com/product/ultrasonic-sensor-hc-sr04 [Last accessed on 06/13/2019).
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Figure 19: An Ultrasonic Sensor.

illuminate a scene either continuously or in very short bursts. The time it takes for a pulse of light to travel
from the source and back to the sensor is determined to measure the distance of each point in the scene. With
continuous illumination, the distance information is determined using the phase-shift between the emitted
and the reflected signals. Therefore, the depth of an entire scene can be obtained in a single image made
by the sensor as shown in Figure 20%2. It is currently the fastest sensor on the market to capture depth
information. Because of their high refresh rates, ToF sensors are used for high-speed applications where the

scene is rapidly changing, such as during aerial flights.

Figure 20: Example Image from a Time-of-Flight Sensor.

A ToF sensor has some disadvantages however. Firstly, it uses its own light source, making it nearly
impossible to use in daylight conditions. Secondly, oddly shaped surfaces can create multiple reflections,
leading to erroneous data. Thirdly, the range of a ToF sensor is based on the strength of the light source.

Despite these drawbacks, existing ToF sensor technologies could be modified and improved for implemen-

22h1:1:ps ://www.dronezon.com/learn-about-drones-quadcopters/best-uses-for-time-of-flight-tof-camera-depth-sensor-technology-in:

[Last accessed on 06/13/2019].
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tation on-board helicopters in order to detect obstacles in real-time due to their ability to capture data at

high speeds.

3.4.4. Solid-State LIDAR

A solid-state LIDAR system operates on the same principles as a laser scanning system discussed in
section 3.1.1.3, but without any moving parts. A solid-state LIDAR system consists of a fixed laser source
and a sensor. The sensor divides the field of view into independent segments or channels and detects obstacles
within its range in each of these segments independently. The Vu8 solid-state LIDAR system, manufactured
by Leddar Tech, divides the field of view into eight independent segments as shown in Figure 2123, The Vu8
system can detect obstacles up to 200 m and weighs only 75 g.

OBSTACLE DETECTION OVER MULTIPLE CHANNELS

Figure 21: The Eight Independent Segments of the Vu8 Solid-State LIDAR.

The field of view and range of the sensor may be adjusted to suit various operational requirements. For
example, the wider the view, the shorter the range. The absence of moving parts makes the Vu8 quicker
than other scanning systems. The Vu8 system also provides an advantage over ToF cameras by operating in
a wide range of weather conditions. Leddar Tech claims that the Vu8 can work even in direct sunlight and in
adverse weather conditions such as rain or snow. The next generation Vu8 system could have a resolution as
low as 0.25° both in the horizontal and vertical directions. A solid-state LIDAR. costs around $500, placing
it in the price range of wire markers and EFBs. Multiple LIDAR systems can be used to obtain a 360°
coverage around a vehicle. Due to their high-speed detection, wide range of performance, light weight and
low cost, solid-state LIDARs are currently being used on-board UAVs for collision avoidance in missions
such as urban canyon flying and indoor navigation. As such, solid-state LIDARs could and probably should

be considered for real-time obstacle detection on helicopters.

23https://wuw.youtube . com/embed/xfX1FbqglDO [Last accessed on 06/13/2019].

24


https://www.youtube.com/embed/xfXlFbqgND0

460

465

470

475

480

Safety Device | Cost ($ FY2019) | Weight (kg) | Aircraft Mounted | Ground-Based
PDS 12,000 0.39 v

TAWS 22,500 to 35,000 3tob v

OAWS ~ 100,000 ~ 30 v

EFB 500 to 25,000 0.3 to 2.2 v

OCAS 50,000 - v

Wire Marker 100 to 200 - v

Wire Cutter 6,879 to 59,400 7t09 v

Table 3: Cost and Weight of Safety Devices

4. Challenges for Lightweight Helicopters

Devices that may be installed on lightweight helicopters to prevent or protect them from wire strikes are
highly subjected to cost and weight constraints. Cost and weight information of certified commercial safety
devices obtained from the literature are summarized in Table 3. Operators have to take this information
into account when choosing a safety device or a combination of safety devices that suit their operations and
expectations.

Some of these devices could be very expensive for an operator or too heavy to be used on a lightweight
helicopter. Other advantages and disadvantages of the safety systems were discussed in the previous sections.
However, a wire cutter system poses unique challenges to lightweight rotorcraft apart from cost and weight
constraints. Wire cutters are widely used on medium- and heavy-weight helicopters. However, they are
currently practically not available for lightweight, especially very lightweight, helicopters. The only helicopter
that is close to the very lightweight category and that has an installed wire strike protection system is the
Robinson R66. The R66 has a maximum gross weight of 2,700 b ( 1225 kg). The wire cutter system for the
R66 was certified by the FAA and installed on an R66 helicopter at the beginning of 2018. The wire cutter
system for the R66, priced at $22,800, weighs 16 1b (7.3 kg) including all the installation equipment. Some
of the main challenges that may be encountered when designing and installing wire cutters on lightweight
helicopters are as follows.

e The surface area available for installation is limited due to the smaller airframe size. Lightweight
helicopters are also designed with large windshields to provide better situational awareness to the
pilots. This further reduces the metal surface area available to affix a wire cutter system.

e Attaching a wire cutter to a glass surface may not be advantageous. Glass is a brittle material and
brittle materials do not perform well on impact due to their relatively small fracture energy absorption
ability. Brittle materials also have a relatively small tension strength, which further makes them
undesirable to handle tension stresses arising from bending moments during wire strikes. Installation

on glass will also be difficult as creating new holes might lead to crack nucleation.
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e The wire cutter system would therefore need to be installed very close to the rotor mast where a metal
surface is available. This, in turn, would leave most of the rotor unprotected from wire strikes.

e The mass of the helicopter also affects the efficiency of wire cutters. The lower the mass of the
helicopter, the greater the deceleration required to produce the same amount of force needed for a
successful wire cut. These physical quantities will need to be considered and/or computed appropriately

and carefully in future studies in order to design a wire cutter system efficient for lightweight rotorcraft.

e The wire cutter installation could also be challenging due to other essential equipment that need to

be installed on the airframe. An example is shown in Figure 2224

, where a camera obstructs the lower
cutter. This could prevent any wire from reaching the cutter, resulting in additional pitching moments
during a strike. Potential overlap or adverse interactions between equipment will be more problematic

for lightweight helicopters due to their limited available installation surface area.

Figure 22: Camera Obstructing Lower Wire Cutter on the Bell 429.

5. Recommendations

5.1. Reviewed Technologies

Prevention is always better than a cure. Hence, it is more desirable to avoid a wire encounter than to
protect the helicopter during a wire strike. Some pragmatic solutions to the helicopter wire strike problem
are discussed qualitatively in this section.

EFBs are being widely accepted in the aviation industry because of their weight advantages and ease
of use. Most of the modern tablet computers can be used as an EFB with appropriate software installed

[16]. This could prove to be greatly advantageous for lightweight helicopters. The cost of an iPad typically

24https://wuw.helis.com/database/news/apsconi8-bell-429-nassau/ [Last accessed on 06/13/2019)].
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varies between $300 and $1,000 depending on size and other features. A tablet computer with active moving
maps and an integrated wire database could be one of the practical solutions for the reduction of helicopter
wire strikes. Since many helicopters involved in wire strike events were operating in remote agricultural
locations, a wire strike database could be developed for the specific region in which the helicopter operates.
The creation of this database could be carried out using methods discussed previously. Various types of
wires such as static cables, guy wires, and telephone wires could be included in the database along with a
wide spectrum of power line cables. Since the weight of tablet computers could be as low as 0.66 1b (0.3
ke), EFBs would not add significantly to the weight of the equipment already carried on-board helicopters.
Additionally, the PDS is a very effective solution against active power lines. Although a PDS typically costs
around $12,000, its weight is competitive with an EFB system. Since it does not require a wire database
and can operate in any visibility condition, a PDS seems to be a relevant solution for lightweight helicopters
operating in unfamiliar areas. However, its operating principles prevent it from detecting any other type of
wires which might be an issue. Indeed, apart from power line cables, various other types of wires such as
static cables, guy wires, and telephone wires could be of importance when trying to decrease helicopter wire
strikes.

Ground-based systems, which do not require any installation on the helicopter, could be another ” weight-
less” solution. A system like OCAS could serve multiple aircraft in a given region when installed on obstacles
with wires that are prone to aircraft strikes. However, the cost of an OCAS is rather high so it would have
to be installed either by the companies owning the obstacle with wires, or through a collaboration between
aircraft operators and such companies. Several helicopter operators could also collaborate to install several
obstacle collision avoidance systems at preferred locations depending on their operations. Additionally, wire
markers offer a lower cost solution to wire strikes compared to an OCAS. Their use would need to spread
widely in regions where low altitude flights occur frequently, especially in agricultural fields where helicopters
are regularly used. However, the color of the wire markers could degrade over time and they could also be
hard to see in low light conditions. Before they can be widely deployed, these disadvantages would need to
be overcome by making them more resistant to color degradation and by increasing their visibility in low
light conditions.

From this discussion, it is obvious that there is no single device that could be an ultimate solution to
helicopter wire strikes. Each safety option has its own advantages and drawbacks. Hence, multiple safety
devices may need to be combined both in the air and on the ground to reduce helicopter wire strike events.
The utilization of multiple safety systems to avoid obstacles has been successfully implemented on various
UAVs along with data fusion techniques [17]. A similar approach may need to be taken to improve rotorcraft
safety. Combining data from different safety devices or sensors could prove to be efficient and reliable in
different scenarios. Nevertheless, some research might need to be carried out to make such safety systems
suitable for lightweight helicopters. Some of the potential technologies available commercially and currently

implemented on UAVs may need to be improved and adapted for use on-board helicopters as discussed
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previously. However, the certification of these potential technologies to be used on rotorcraft will certainly
pose a major challenge.

Finally, wire cutters are the only line of defense in case of an eventual wire encounter but existing passive
systems are not designed to be effective on lightweight helicopters. Active wire cutters seem a more viable
protection solution for lightweight helicopters. Hence, future studies would need to investigate this further

to reduce rotorcraft wire strikes and fatalities.

5.2. Ranking of Safety Technologies Using Multi-Attribute Decision-Making

With so many types of wire strike prevention and protection devices, each with its own advantages and
disadvantages, choosing which one or which ones to implement for a given type of operation or a given
type of helicopter may seem daunting. In order to facilitate this process, we propose the use of a multi-
attribute decision-making technique, the Technique for Order of Preference by Similarity to Ideal Solution
(TOPSIS), to rank safety devices based on potential operators’ needs [18],[19]. In order to compare and rank
various alternatives, options, or solutions to a problem, multi-attribute decision-making techniques require
some decision criteria or attributes. We consider the following eight attributes to rank safety devices in the
context of helicopter wire strikes:

e Cost of safety device

e Mass of safety device as installed on helicopter (a ground-based safety device will have an installed

mass of zero)

e Ability to detect power lines

e Ability to detect various types of cables

e Presence of an audio warning

e Presence of a visual warning

e Protection capability

e Weather independence

The cost and mass attributes need to be minimized, while the ability to detect power lines, the ability
to detect various types of cables, the presence of an audio warning, the presence of a visual warning, the
protection capability, and the weather independence attributes need to be maximized.

TOPSIS has been chosen here for its simplicity, its ability to identify the best alternative quickly, and
its ability to handle an unlimited number of alternatives and decision criteria. TOPSIS features a decision
matriz which summarizes the performance of each alternative for each attribute. Depending on the type of
attribute, the performance may be expressed as an absolute value specific to the alternative, or as a relative
value obtained by comparing each alternative with respect to each other in a pairwise manner. The decision
matrix used in this study is shown in Table 4. The cost and mass attributes are defined as quantitative
values that represent either the actual cost and mass of the corresponding safety device or the lower bound

of a range of values. The mass attribute is considered to be zero for ground-based systems since they are
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Safety Device | PDS | TAWS | WSPS | OAWS | Wire Markers | OCAS | EFB
Attributes
Cost ($ FY2019) 12,000 | 22,500 | 6870 | 100,000 100 50,000 | 500
Mass (kg) 0.39 3 7 30 0 0 0.3
Ability to detect power lines 8 8 1 8 9 9 8
Ability to detect various types of cables 1 8 1 8 9 9 8
Audio warning 9 9 1 8 1 10 9
Visual warning 7 9 1 8 9 9 9
Protection Capability 1 1 8 1 1 1 1
Weather independence 9 9 8 6 7 7 9

Table 4: Decision Matrix for the TOPSIS Analysis

not installed on the helicopter. For the rest of the attributes, scores are given to each safety device based on
their relative performance using a scale from one to ten (one being a very poor trait of the safety device and
ten being a very strong trait). All of the values provided in Table 4 were either directly obtained or derived
from the available literature on the safety devices reviewed in this paper.

TOPSIS is based on two fictive alternatives: a positive ideal characterized by the best values of each
attribute (minimum cost and mass, and maximum ability to detect power lines, ability to detect various
types of cables, presence of an audio warning, presence of a visual warning, protection capability, and
weather independence), and a negative ideal characterized by the worst values of each attribute (maximum
cost and mass, and minimum ability to detect power lines, ability to detect various types of cables, presence
of an audio warning, presence of a visual warning, protection capability, and weather independence). The
objective of TOPSIS is to rank the various alternatives of interest or highlight the best one according to
the preference of the decision-maker captured as relative attribute weights. This is done by determining the
Euclidean distance of each alternative to the positive and the negative ideal solutions: the best alternative is
the closest to the positive ideal solution and the farthest from the negative ideal solution. In this paper, we
use a 1-3-5-7-9 scale to define the relative importance of attributes depending on potential decision-maker
preferences. For example, a decision-maker highly interested in having the lightest possible safety device
installed on helicopters regardless of the other attributes would give a weight of 9 to the mass attribute and a
weight of 1 to all the other attributes. A decision-maker highly interested in one or more safety devices able
to detect power lines and various types of cables but moderately interested in its/their weather independence,
regardless of the cost and the mass of the safety device and of the remaining attributes, would give a weight
of 9 to the former attributes, a weight of 7 to the weather independence attribute, and a weight of 1 to the

remaining attributes including cost and mass.
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In order to determine which safety device alternatives are more robust to various decision-maker prefer-
ences, we simulate every possible combination of attribute weights and generate the corresponding rankings
of alternatives using TOPSIS. Given that we consider eight attributes that can each be characterized by five
different weights (1, 3, 5, 7, or 9), this amounts to a total of 5% = 390,625 combination scenarios or potential
decision-maker preferences. The resulting rankings of safety devices are summarized in Figure 23 which
shows the number of times (or frequency) each safety device is ranked first, second, ..., seventh amongst

the 390,625 combinations of attribute weights or decision-maker preferences studied. Figure 24 shows the

percentages of preference scenarios in which each safety device ranked first, second, ..., seventh.
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Figure 23: Safety Device Rankings by Frequency.

On the one hand, results show that both the electronic flight bag (EFB) and the wire strike protection
system (WSPS) rank first for a large number of preference scenarios or in about 47.8% and 39.9% of the
cases respectively. Individually, the EFB mostly ranks first and second (in 36.2% of the cases) as well as
third and fourth (in 14% and 2% of the cases respectively) but never fifth, sixth, or seventh. On the contrary,
the WSPS mostly ranks first and sixth (in 34% of the cases), then fifth and seventh (in 9.3% and 7% of
the cases respectively), and finally only ranks second, third, and fourth for a small number of preference
scenarios (in 2.8%, 3%, and 3.7% of the cases respectively). This makes the WSPS a less robust solution to
varying operators’ requirements and needs compared to the EFB. On the other hand, the obstacle avoidance
and warning system (OAWS) ranks last (seventh) in about 89.7% of the cases (although it also ranks fourth

to sixth for a small number of scenarios). This might be explained by its largely prohibitive cost and mass
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compared to other wire strike safety solutions. Finally, regarding the wire markers, the terrain awareness
and warning system (TAWS), the powerline detection system (PDS), and the obstacle collision avoidance
system (OCAS), their respective rankings are more equally distributed amongst the second to sixth positions.
Individually, the wire markers mostly rank third (in 23.4% of the cases) while they rank second (in 22.5%
of the cases) after the EFB, but they also rank first in 5% of the cases. Then, the TAWS mostly ranks third
and fourth (in 30% and 27.6% of the cases respectively), the PDS mostly ranks fourth and fifth (in 29.3%
and 28.3% of the cases respectively), and the OCAS mostly ranks sixth (in 29.4% of the cases), although it
also ranks first in 7.2% of the cases. Overall, Figures 23 and 24 show that the EFB, the WSPS, the OCAS,
and the wire markers perform best regardless of the preference of the decision-maker. As a consequence, any
combination of these systems could potentially be effective at reducing the risk of helicopter wire strikes.

They are followed by the TAWS, the PDS, and the OAWS.
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Figure 24: Safety Device Rankings by Percentages.

The authors would like to add the following disclaimer. The TOPSIS analysis and results presented
in this section, along with the associated discussions, are highly dependent upon the values entered in the
decision matriz and as such, should not be considered final. As mentioned earlier, the values provided in
Table 4 were either directly obtained or inferred by the authors from publicly available information on the
safety devices reviewed in this paper. Nevertheless, technologies evolve, various versions of the same system
or product may exist, and some system or product may be replaced or removed from the market so that the

values provided in the decision matriz (Table /) may change regularly or may not be applicable anymore at the
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time of reading. The goal of this exercise was to be able to explore the space of wire strike safety devices and
to compare them with one another according to a set of relevant attributes and decision criteria to ultimately
provide insight into their relative efficiency/relevancy when it comes to reducing helicopter wire strike events.
Should operators want or need to install one or more wire strike safety devices on their helicopters, some
attributes may need to be added or removed in the decision matriz and the TOPSIS analysis would need to
be redone to determine the safety device or combination of safety devices most appropriate for the nature of
their missions, their helicopters, and their operational and monetary preferences. Ultimately, it is still up to

the operators to decide if they wish or if it makes sense to install wire strike safety devices and which ones.

6. Conclusions and Contributions

In this paper, we reviewed several aircraft-mounted and ground-based wire strike prevention and protec-
tion technologies, along with other potential technologies currently implemented on unmanned aerial vehicles
but that could be implemented on helicopters, pending some modifications, improvements, and certification
constraints. We showed that several wire strike prevention systems exist that are capable of warning pilots
of wires in the proximity of their helicopters. However, additional technological developments are required
to reduce the weight and cost of some of these systems to make them viable for use on lightweight rotorcraft.
Regarding protection systems, we learned that the effectiveness of the passive WSPS is a function of aircraft
mass, speed, and orientation during impact and is restricted to certain ranges of values of these parameters.
Furthermore, such passive wire cutter systems are currently not available for most lightweight and very
lightweight helicopters. On the other hand, active wire cutter systems are effective even at low helicopter
speeds, can potentially operate at a wide range of aircraft orientations, and can sever cables without ten-
sion. Nevertheless, active systems are more complicated than passive systems and have mostly stayed at
the conceptual level, i.e. have not yet been deployed commercially. As such, a wire cutter system (whether
passive or active) suitable for lightweight, especially very lightweight, helicopters needs to be developed with
weight, cost, and operational capabilities in mind. We also showed that sensor technologies currently used
on-board UAVs to detect and avoid obstacles could be a suitable alternative for lightweight helicopters,
and could evolve to be part of a low cost and light weight obstacle/wire warning system. Moreover, we
surveyed electronic flight bags and publicly available databases of transmission lines in the U.S. that could
be integrated with and displayed on such EFBs. We noticed that the EIA provides the most comprehensive
publicly available high-voltage power lines database for the U.S. and that a comprehensive obstacle database
is only available close to airports and large cities. We discussed the feasibility of creating useful maps of wires
from tabulated data or image data and we demonstrated that it is possible to create power line grid maps
using machine learning techniques. Finally, we discussed the main challenges of implementing safety devices
on lightweight helicopters and we provided some recommendations to decrease the risk of helicopter wire
strikes. As part of these recommendations, we performed a multi-criteria decision-making analysis to rank

wire strike safety devices and compare the robustness of their rankings with respect to various preference
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scenarios. We showed that, based on the decision matrix considered, the electronic flight bag, the wire strike
protection system, the obstacle collision avoidance system, and the wire markers perform best regardless
of the preference scenario. To conclude, according to the results from the multi-attribute decision-making
analysis and since lightweight helicopters were involved in more than 50% of the wire strikes studied between
2005 and 2018, we anticipate that no single prevention or protection technology would be able to prevent
lightweight helicopter wire strike events. Rather, a combination of prevention technologies, both aircraft-
mounted and ground-based, and a protective device like a wire cutter would more likely be more effective at

significantly increasing the safety record of lightweight helicopters with respect to wire hazards.
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