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Abstract: Miconia is a highly invasive plant species with incipient plants occupying remote areas
of Hawaiian watersheds. Management of these incipient plants is integral to current containment
strategies. Herbicide Ballistic Technology (HBT) has been used for 8 years from helicopters as a
precision approach to target individual plants. We have developed a prototype HBT applicator
integrated onto an unmanned aircraft system, HBT-UAS, which offers the same precision approach
with a semi-automated flight plan. Inclusion of the HBT payload resulted in statistically significant
deviations from programmed flight plans compared to the unencumbered UAS, but the effect size
was lower than that observed for different stages of flight. The additional payload of the HBT-UAS
resulted in a large reduction in available flight time resulting a limited range of 22 m. The projectile
spread of the HBT-UAS, within a 2–10 m range, had a maximum CEP of 1.87–5.58 cm. The most
substantial limitation of the current prototype HBT-UAS is the available flight time. The use of larger
capacity UAS and potential for beyond visual line of sight operations would result in a substantial
improvement in the serviceable area and utility of the HBT-UAS for containment of invasive plants.

Keywords: unmanned aircraft system; aerial application; precision application

1. Introduction

Hawaii is a major hotspot for invasive species [1]. Effects of these invasions include
increases in wildfire frequency and size [2], disruptions in nutrient cycling [3], and increased
water use [4]. Miconia calvescens DC (miconia) is a melastome native to rain forests in
central and south America and was introduced to Hawaii in 1961 [5,6]. Miconia may reach
a height of 10 to 15 m and forms dense monotypic stands in invaded areas [6]. Miconia
stochastically colonizes remote forested watershed via zoochory, where a single, isolated
plant can threaten relatively large areas with autogamous fruiting [7]. Herbicide treatments
from a helicopter platform are reliable and lethal to individual miconia plants. Thus,
strategic containment of the invasion is largely driven by detection, where you can only
treat what can be found. Leary et al. [8] described manned helicopter search operations
constituting 75% of the operational cost and a majority of that effort necessarily searching
areas where miconia was not found.

Unmanned Aerial Systems (UAS) provide a platform for remote sensing and have
been used for mapping the distributions of plants (e.g., invasive and endangered) and pests
for forest management [8–18]. Advancements have been made in automated detection
of miconia from georeferenced UAS imagery which can replace and/or expand search
operations at reduced costs [13,15,19].

Due to the large amount of tour helicopter and other general aviation activities in
Hawaii, the FAA has imposed noise abatement and voluntary avoidance areas, largely in
and around residential areas [20]. Voluntary avoidance areas are areas where pilots are
requested to avoid overflight at low altitudes due to noise-sensitivity or other circumstances.
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Approximately 10% of the detected miconia on the island of Maui are contained in these
areas (Figure 1).
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cator systems are designed for automated broadcast applications to rapidly cover large 
swaths in open, homogenous field settings. These systems are less compatible with more 
discriminant, individual plant treatments in complex forest landscapes, such as the natu-
ral areas of Hawaii [35–37]. 

Herbicide Ballistic Technology (HBT) is a novel pesticide application technology con-
sisting of encapsulated herbicide formulations in soft-gel projectiles that are dispensed 
with a low-pressure, electro-pneumatic marker [38,39]. It was developed as a precision 
application tool intended for treating individual plant targets with long-range accuracy 
(i.e., up to 30 m) and often from oblique angles allowing for effective treatments on targets 
occupying steep, inaccessible terrain [39]. The HBT-G4U200 With Garlon® 4 Ultra projec-
tile is registered as an FIFRA 24(c) Special Local Need pesticide in Hawaii for miconia and 
strawberry guava [40]. The 0.68 caliber (17.3 mm) projectile contains a sublethal dose of 
triclopyr (10.07% ai; 89.93% inert ingredients) and requires a minimum of five projectiles 
per branching point on a miconia leaf canopy to be lethal. Current adoptions of HBT have 
been developed for manned helicopter operations, which greatly enhanced surveillance 
strategies targeting highly remote, incipient populations. Since 2012, hundreds of helicop-
ter missions have eliminated over 26,000 incipient miconia targets protecting over 17,000 
ha of the East Maui Watershed. 

Here, we seek to expand the target range capabilities of HBT with the development 
of a UAS-mounted HBT applicator (HBT-UAS) that can be remotely operated by a ground 
crew to engage targets within visible line of sight. This novel miconia management plat-
form would have an operational fit in wildland areas interfacing rural-residential com-
munities and terrain that is further prohibitive to ground management. The developed 

Figure 1. Map of detected miconia plants on the island of Maui. Approximately 10% of detected
miconia occur in voluntary avoidance areas [20].

For comprehensive strategic management of miconia on Maui, we are developing
complementary UAS detection and treatment systems better suited for areas near the
urban/wildlife interface. With the lifting of regulatory barriers, UAS have gradually
seen a greater use in pest management [21–23]. The use of UAS for aerial application of
pesticides originated in agricultural cropping systems [24–34]. Almost all of the commercial
applicator systems are designed for automated broadcast applications to rapidly cover
large swaths in open, homogenous field settings. These systems are less compatible with
more discriminant, individual plant treatments in complex forest landscapes, such as the
natural areas of Hawaii [35–37].

Herbicide Ballistic Technology (HBT) is a novel pesticide application technology
consisting of encapsulated herbicide formulations in soft-gel projectiles that are dispensed
with a low-pressure, electro-pneumatic marker [38,39]. It was developed as a precision
application tool intended for treating individual plant targets with long-range accuracy
(i.e., up to 30 m) and often from oblique angles allowing for effective treatments on targets
occupying steep, inaccessible terrain [39]. The HBT-G4U200 With Garlon® 4 Ultra projectile
is registered as an FIFRA 24(c) Special Local Need pesticide in Hawaii for miconia and
strawberry guava [40]. The 0.68 caliber (17.3 mm) projectile contains a sublethal dose of
triclopyr (10.07% ai; 89.93% inert ingredients) and requires a minimum of five projectiles
per branching point on a miconia leaf canopy to be lethal. Current adoptions of HBT have
been developed for manned helicopter operations, which greatly enhanced surveillance
strategies targeting highly remote, incipient populations. Since 2012, hundreds of helicopter
missions have eliminated over 26,000 incipient miconia targets protecting over 17,000 ha of
the East Maui Watershed.

Here, we seek to expand the target range capabilities of HBT with the development of a
UAS-mounted HBT applicator (HBT-UAS) that can be remotely operated by a ground crew
to engage targets within visible line of sight. This novel miconia management platform
would have an operational fit in wildland areas interfacing rural-residential communities
and terrain that is further prohibitive to ground management. The developed prototype
consists of an electro-pneumatic system to discharge projectiles and 2-axis gimbal operated
by a remote control. The current HBT-UAS platform is designed for a two-member crew
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operating the aircraft within visual line of sight and the payload operator making use
of a first-person-view (FPV) camera feed for precision treatment. This study consists of
two primary objectives: (i) to determine the viability of flying with an HBT payload and
(ii) examine the accuracy and precision of the HBT treatment. We hypothesize that the
gimbal-marker system will increase the power required to operate the aircraft due to the
weight which will limit the available flight time but will not otherwise adversely affect
flight stability, and that the system can deliver the pesticide dose with sufficient precision
and accuracy to treat a miconia target from a minimum safe distance and oblique angle.

2. Design
2.1. Concept of Operations

The HBT-UAS operates in a similar fashion to manned helicopter operations where the
pilot is responsible for operation of the aircraft and the payload operator is responsible for
treatment. There are four phases of operation (Figure 2): (1) launch, (2) target acquisition,
(3) treatment, and (4) return to launch site.

Robotics 2022, 11, 22 3 of 16 
 

 

prototype consists of an electro-pneumatic system to discharge projectiles and 2-axis gim-
bal operated by a remote control. The current HBT-UAS platform is designed for a two-
member crew operating the aircraft within visual line of sight and the payload operator 
making use of a first-person-view (FPV) camera feed for precision treatment. This study 
consists of two primary objectives: (i) to determine the viability of flying with an HBT 
payload and (ii) examine the accuracy and precision of the HBT treatment. We hypothe-
size that the gimbal-marker system will increase the power required to operate the aircraft 
due to the weight which will limit the available flight time but will not otherwise ad-
versely affect flight stability, and that the system can deliver the pesticide dose with suf-
ficient precision and accuracy to treat a miconia target from a minimum safe distance and 
oblique angle. 

2. Design 
2.1. Concept of Operations 

The HBT-UAS operates in a similar fashion to manned helicopter operations where 
the pilot is responsible for operation of the aircraft and the payload operator is responsible 
for treatment. There are four phases of operation (Figure 2): (1) launch, (2) target acquisi-
tion, (3) treatment, and (4) return to launch site. 

 
Figure 2. Four phases of HBT-UAS operation: (1) launch, (2) target acquisition, (3) treatment, and 
(4) return to launch site. Active personnel during each phase are colored green. 

In the target acquisition phase, the pilot moves the UAS into position for the payload 
operator to be able to perform the treatment. In manned HBT operations, the pilot and 
other crew are conducting surveillance operations and will treat miconia on detection. 
Available UAS flight time and line of sight restrictions substantially limit the ability of 
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Figure 2. Four phases of HBT-UAS operation: (1) launch, (2) target acquisition, (3) treatment, and
(4) return to launch site. Active personnel during each phase are colored green.

In the target acquisition phase, the pilot moves the UAS into position for the payload
operator to be able to perform the treatment. In manned HBT operations, the pilot and
other crew are conducting surveillance operations and will treat miconia on detection.
Available UAS flight time and line of sight restrictions substantially limit the ability of this
type of operation for the proposed HBT-UAS system. Consequently, it is envisioned that
HBT-UAS will operate from an accessible home point to treat known targets identified
from previous ground or aerial (e.g., UAS) surveillance missions [15]. Approximate target
coordinates from these surveys can be used to automate the initial approach to the target.
From there, the pilot would assume manual control to maneuver the UAS into the most
effective position for target treatment, in consultation with the payload operator.

The payload operator views a live video feed (600 × 480 px) colinear with the HBT
marker barrel (Figure 3), and correspondingly controls an electronic gimbal to align it to the
target and a servo to trigger the treatment application. The payload operator communicates
with the pilot to coordinate the aircraft position and attitude and for clearance to apply the
treatment. Once the treatment is finished, the pilot may either continue on to maneuver the
aircraft to position to treat nearby targets or return to the launch site. This depends on the
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available battery charge and/or projectile inventory to complete the next treatment and
still return home.

Robotics 2022, 11, 22 4 of 16 
 

 

to apply the treatment. Once the treatment is finished, the pilot may either continue on to 
maneuver the aircraft to position to treat nearby targets or return to the launch site. This 
depends on the available battery charge and/or projectile inventory to complete the next 
treatment and still return home. 

 
Figure 3. View from first person view video feed of HBT-UAS. 

2.2. Component Selection 
The HBT-UAS prototype was designed to mount on an S1000+ octocopter (SZ DJI, 

Shenzhen, China) with an A3 flight controller (SZ DJI), and retractable landing gear  
(Figure 4). The maximum takeoff weight of the S1000+ is 11 kg, with a hover time of 15 
min when equipped with a 6S 15,000 mAh battery at 9.5 kg takeoff weight. The custom-
ized gimbal-marker system was designed and fabricated in collaboration with Tippmann 
(Fort Wayne, IN, USA). The system is mounted under the fuselage between the landing 
gear by four hardpoints. Two linear actuators (L16-50-150-6-R Actuonix, Victoria, Canada) 
control the attitude of the marker and a third (HS-5645MG, Hitec RCD, Cheongwon-gun, 
Korea) engages the pneumatic valve to discharge projectiles. An FPV camera (Fat Shark 
700 CMOS 700 TVL, Stockholm, Sweden) is mounted in the front of the HBT marker with 
a clear view of the barrel, and electronics are housed in the rear of the HBT payload as-
sembly. The aircraft is controlled by DJI Lightbridge 2 remote ground station which uses 
a 100 mW 2.4 GHz transmitter. The gimbal marker system is controlled by a Spektrum 
DX8 G2 (Horizon Hobby, Champaign, IL, USA) remote ground station with an AR8000 
transmitter and receiver which uses a 100 mW 2.4 GHz transmitter. Video from the FPV 
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Figure 3. View from first person view video feed of HBT-UAS.

2.2. Component Selection

The HBT-UAS prototype was designed to mount on an S1000+ octocopter (SZ DJI,
Shenzhen, China) with an A3 flight controller (SZ DJI), and retractable landing gear
(Figure 4). The maximum takeoff weight of the S1000+ is 11 kg, with a hover time of 15 min
when equipped with a 6S 15,000 mAh battery at 9.5 kg takeoff weight. The customized
gimbal-marker system was designed and fabricated in collaboration with Tippmann (Fort
Wayne, IN, USA). The system is mounted under the fuselage between the landing gear
by four hardpoints. Two linear actuators (L16-50-150-6-R Actuonix, Victoria, BC, Canada)
control the attitude of the marker and a third (HS-5645MG, Hitec RCD, Cheongwon-gun,
Korea) engages the pneumatic valve to discharge projectiles. An FPV camera (Fat Shark
700 CMOS 700 TVL, Stockholm, Sweden) is mounted in the front of the HBT marker with a
clear view of the barrel, and electronics are housed in the rear of the HBT payload assembly.
The aircraft is controlled by DJI Lightbridge 2 remote ground station which uses a 100 mW
2.4 GHz transmitter. The gimbal marker system is controlled by a Spektrum DX8 G2
(Horizon Hobby, Champaign, IL, USA) remote ground station with an AR8000 transmitter
and receiver which uses a 100 mW 2.4 GHz transmitter. Video from the FPV camera is
transmitted by a 250 mW 5.8 GHz video transmitter (Fat Shark A/V transmitter) viewed
by the payload operator through FPV goggles (Fat Shark Dominator v3).
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The total weight of the gimbal-marker system is approximately 4.0 kg and the total
takeoff weight of the aircraft with battery (6S 15,000 mAh MaxAmps, Spokane, WA, USA)
and gimbal-marker system and a full hopper with 180 projectiles is 10.9 kg. The compressed
air cylinder (Tippmann 26/3000, Tippmann, Fort Wayne, IN, USA) when charged to
5.86 MPa contains enough air to discharge up to 500 projectiles under the regulator settings
and other conditions summarized in Table 1. The center of gravity of the UAS with the
gimbal-marker system loaded is 13.9 cm behind the leading edge of the center frame,
which we compensated for by positioning the aircraft battery 2.4 cm forward of its normal
position.

Table 1. Model parameters for projectile trajectories from HBT-UAS.

Parameter Value (US) Value (SI) Parameter Value (US) Value (SI)

PR 850 psi 5.86 MPa m 0.106 oz 3.00 g
V0 26 in3 0.426 L L 8.5 in 21.6 cm
D 0.689 in 1.75 cm T 80.3 ◦F 300 K

2.3. Projectile Mechanics

To estimate the muzzle velocity and deviation of the projectile trajectory from the axis
of the barrel, we considered forces on the projectile both before and after exiting the barrel.
Within the barrel motion of the HBT projectile is governed by the sum of the force exerted
by the compressed gas entering the barrel, atmospheric pressure, and friction between the
barrel and projectile surface.

F = m
dx2

dt2 = AB(PB(t))− f (1)

where F is the sum of forces acting on the projectile, m is the mass of the projectile, x is the
position of the projectile, t is time, AB is the cross-sectional area of the barrel, PB(t) is the
pressure of the compressed gas in the barrel, and f is the force due to friction (Figure 5). All
pressures are relative to atmospheric pressure.
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The pressure of the gas in the barrel is dependent on the flow of compressed gas from
the tank into the barrel which can be described by the ideal gas law:

PRVB(t) = NB(t)kBT (2)

where PR is the regulated pressure through the solenoid, V0 is the volume of the tank, VB(t)
is the volume of gas in the barrel behind the projectile, NB(t) is the number of molecules of
compressed gas in the barrel, kB is Boltzmannn’s constant (1.38 × 10−23 J·K−1), and T is the
absolute temperature of the compressed gas.

The volume of gas in the barrel behind the projectile, VB, is defined as

VB = Vd + AB(x(t)) (3)
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where Vd is the initial volume of space in the barrel behind the resting projectile. The
molecular flow rate (Q) from the tank, through the regulator and solenoid, to the barrel
follows a choked regime controlled by the regulator (set to pressure PR) on the connector
between the tank and the solenoid valve [41] (assuming ideal gas behavior):

Q(t) =
2
3

BPRCv

√
r

GgT
(4)

where B is an engineering constant to convert into molecules per unit time
(3.11 × 1019 K1/2(Pa·s)−1, Cv is the flow coefficient of the valve, r is the ratio of airflow
through the valve, Gg is the specific gravity of the gas mixture (a value of 1 by definition
when using compressed air). The ratio of airflow through the valve, r, is given by Rohrbach
et al. [41]:

r =
PR−PB(t)

PR
. (5)

The flow from the tank and into the barrel can then be described as:

dNB(t)
dt

= Q. (6)

Once the projectile leaves the barrel its motion is governed by gravity, lift and drag
forces (Figure 6). This motion can be described by Robinson and Robinson [42]

m
..
→
r = m

.
→
v = −1

2
ρA ACD

∣∣∣∣⇀v − ⇀
W
∣∣∣∣(⇀

v −
⇀
W
)
+

1
2

ρA ACL

∣∣∣∣⇀v − ⇀
W
∣∣∣∣

→
ω×

(
→
v −

→
W
)

ω

+ m
→
g (7)

where
→
r is the position vector of the projectile relative to the end of the barrel,

⇀
v is the

velocity vector, ρA is the density of air, A is the cross-sectional area of the projectile, CD is

the drag coefficient, CL is the lift coefficient,
⇀
W is the velocity vector of prevailing winds,

→
ω is the angular velocity vector, ω is the magnitude of the angular velocity, and

→
g is the

force due to gravity. An initial value of angular velocity of the projectile at the exit of
the barrel was estimated based on the assumption that maximum angular velocity would
be generated if the projectile is frictionless on all barrel surfaces except for the line at the
bottom of the barrel where no slipping occurs such that linear motion corresponds to the
rate of the projectile rolling on this line. The resulting magnitude of the angular velocity is

ω =
2L

DtB
(8)

where tB is the time for the projectile to travel the length of the barrel based on the dynamics
of the pneumatics described above.
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forces (Figure 6). This motion can be described by Robinson and Robinson [42] ݉ܚԦሷ ൌ ሬԦሶܞ݉ ൌ െ12 ρAACDหܞሬറ െ܅ሬሬሬറห൫ܞሬറ െ܅ሬሬሬറ൯ ൅ 12 ρAACLหܞሬറ െ܅ሬሬሬറห ቈωሬሬԦ ൈ ൫ܞሬԦ െ܅ሬሬሬԦ൯

ω
቉൅  ሬԦ (7)܏݉

where ܚԦ is the position vector of the projectile relative to the end of the barrel, ܞሬറ is the 
velocity vector, ρA is the density of air, A is the cross-sectional area of the projectile, CD is 
the drag coefficient, CL is the lift coefficient, ܅ሬሬሬറ is the velocity vector of prevailing winds, 
ωሬሬሬԦ is the angular velocity vector, ω is the magnitude of the angular velocity, and ܏ሬԦ is the 
force due to gravity. An initial value of angular velocity of the projectile at the exit of the 
barrel was estimated based on the assumption that maximum angular velocity would be 
generated if the projectile is frictionless on all barrel surfaces except for the line at the 
bottom of the barrel where no slipping occurs such that linear motion corresponds to the 
rate of the projectile rolling on this line. The resulting magnitude of the angular velocity 
is 

ω=
2L
DtB

 (8) 

where tB is the time for the projectile to travel the length of the barrel based on the dynam-
ics of the pneumatics described above. 

 
Figure 6. Forces acting on projectile after leaving the barrel. Lift is caused by the “Magnus” effect of 
the projectile spinning through the viscous fluid. 

Figure 6. Forces acting on projectile after leaving the barrel. Lift is caused by the “Magnus” effect of
the projectile spinning through the viscous fluid.
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A simulation of the velocity of the projectile within the barrel (Figure 7A) was con-
structed based on Equations (1)–(6) and the parameters in Table 1 using the SciPy Python
library [43]. The resulting exit velocity (81.76 m/s) and initial angular velocity (9344 rad/s)
were used as an input to simulate the trajectory of the projectile upon leaving the barrel
based on Equation (7) (Figure 7B).
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Figure 7. (A) Simulation of velocity of projectile as it travels through the barrel results in predicted
exit velocity of 81.76 m/s (white circle) from the barrel of the custom HBT marker. (B) Simulation of
the trajectory of the projectile after it leaves a horizontally aligned barrel with positioned locations of
targets relative to the marker barrel axis (vertical position 0) during experimental validation indicated
by white circles.

3. Experimental Validation
3.1. Flight Stability and Battery Draw

To determine the effect of the payload on the flight characteristics of the S1000+, the
aircraft was flown in an autonomous mode following a rectangular pattern at the Magoon
Agricultural Research Station (Honolulu, HI, USA) at an altitude of 10 m with a 30 s pause
to simulate target treatment at the furthest waypoint from the launch site (Figure 8). The
flight plan was created in UgCS (SPH Engineering, Riga, Latvia) with a climb speed of
0.5 m/s, horizontal speed of 1 m/s and descent speed of 0.25 m/s. The flight plan covered
a total linear distance of 100 m with an estimated flight time of 170 s. The aircraft was flown
with and without the payload with 5 min between flights to ensure similar weather and
GPS constellation conditions between flights. The horizontal and three-dimensional (3D)
deviation from the planned flight path for the two flights were determined from the GPS
positions and barometric altitudes, during four phases of flight: climb, level, stationary, and
descent. A two-way ANOVA was performed to determine the significance (α = 0.05) and
effect size (η2) of the configuration, i.e., with and without the marker payload. Pairwise
t-tests of the mean deviation for the two configurations were performed for each phase of
flight. Statistical analyses were performed using R software v 3.6.0 [44]. Battery charge,
measured as a percent capacity by the flight controller, were examined to determine the
effects on power demand for each configuration.
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3.2. HBT Gimbal-Marker System Application

Precision and accuracy were measured in accordance with standards developed by
the Army Research Laboratory [45,46] consisting of circular error probable, which is the
radius of the smallest circle containing 50% of the points of impact and RMSD relative to
the aiming point. Ten 0.68 caliber (1.73 cm diameter) solid nylon projectiles, which have
a slightly higher mass than HBT-G4U200 at 3.60 g per projectile, were fired at a rate of
one projectile per second into a 75 cm × 90 cm target made of kraft paper held in tension
by four clamps to ensure clear perforation from ranges of 2, 4, 6, 8 and 10 m. A 2.5 cm
diameter dot was drawn at the center of the target and the barrel aligned with the center
of this point such that the height of the leveled barrel and the dot above the ground were
equal (Figure 9). Locations of impact points relative to the aiming point were measured
from calibrated images of the targets using ImageJ (NIH, Bethesda, MD, USA).
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Kraft paper are mapped using ImageJ with a tape measure used to calibrate the pixel size.

4. Results
4.1. Flight Stability and Battery Draw

Flights were performed on 5 April 2016 at 11:55 with sustained winds of 6.7 m/s from
30◦ NE. All flight paths had a horizontal deviation less than 1.5 cm and three-dimensional
deviation less than 25 cm (Figure 10). While mounting of the HBT-UAS prototype to a
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test system resulted in statistically significant horizontal and three-dimensional deviations
(p < 0.001, p = 0.003) from the planned flight path, the effect size from the addition of the
HBT-UAS (η2 = 0.005, η2 < 0.001) was smaller than deviations seen across various stages
of flight (η2 = 0.424, η2 = 0.382) and never exceeded 1.5 cm of horizontal deviation or
20 cm of three-dimensional deviation (Tables 2 and 3). This result suggests that the flight
controller was able to compensate for the payload and maintain the planned flight path. As
expected, the added weight of the payload resulted in a significant increase in the power
demand, particularly during the initial climb (Figure 11). With the payload attached, the
operational time per battery was reduced to approximately 3 min, assuming a 30% buffer
for landing due to the added power required for the aircraft to climb in the event of a balked
landing. The largest deviations from the flight path were measured during the descent
phase of flight. This is likely due to the motors operating at reduced angular velocities
while descending which likely reduced the ability of the flight controller to correct for drift.
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Figure 10. (A) Horizontal deviation and (B) 3D deviation from planned flight path for control (red)
and payload equipped (blue) aircraft. Results of pairwise t-tests of the means are shown for each
phase of flight.
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Table 2. ANOVA table of factors affecting horizontal deviation from programmed flight path.

Factor Sum of
Squares df Mean

Square F p η2

Phase 911.5 3 303.83 2351.63 <0.001 0.424
Configuration 9.9 1 9.90 76.62 <0.001 0.005

Residuals 1228.8 9511 0.13

Table 3. ANOVA table of factors affecting three-dimensional deviation from programmed flight path.

Factor Sum of
Squares df Mean

Square F p η2

Phase 53,306 3 17,769 126.15 <0.001 0.382
Configuration 1206 1 1206 8.56 0.003 <0.001

Residuals 1,339,615 9511 141

4.2. HBT Gimbal-Marker System Precision and Accuracy

Analysis of the CEP showed projectile spread gradually increases as distance is in-
creased with a maximum of 5.58 cm (Figure 12 and Table 4). The centers of each circle and
the RMSE indicate that at close range impacts tend to be higher than initially predicted
(Figure 13), which may be due to the Magnus effect being larger than expected, caused by
initial top spin as the projectile leaves the barrel, and then drops as air resistance slows the
projectiles and gravity overcomes the initial lift. The lowest RMSD is at the 6 m range which
may be the optimal range for target accuracy. This is also a reasonable safe distance from
target as opposed to the shorter 2–4 m range increasing flight risks. The longer distances
not only have lower accuracy and precision, but other challenges come into play as well,
i.e., velocity loss on impact and lower resolution on the FPV for target sighting.
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4 m, red; 6 m, green; 8 m, purple; 10 m, yellow).
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Table 4. CEP and RMSD of projectiles (n = 10).

Distance (m) CEP (cm) RMSD (cm)

2 1.87 10.41
4 3.81 12.89
6 4.87 6.40
8 5.58 12.11
10 5.05 10.08
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Figure 13. Positions of projectile impacts (black circles) and local regression (black line) with standard
error of the mean (gray) deviate from the positions initially predicted by the simulation (dashed line).

5. Discussion

The need for a takeoff/landing area that is free of obstructions limits the potential
area that the HBT-UAS could be deployed from. Roadsides constitute the most likely area
for these operations to take place. To consider the impacts of the implementation of the
HBT-UAS on miconia management of the island of Maui, we estimated of the number
of plants that could be treated and the amount of voluntary avoidance area that could
be covered by creating buffers based on theoretical ranges. We considered three ranges:
(1) 40 m range of the prototype HBT-UAS, (2) 150 m range due to visual line of sight, and
(3) 500 m limit of radio range. The 40 m buffer is based on the current battery limitations of
the UAS we evaluated. The 150 m range is based on the current requirements for visual line
of sight as stated in 14 CFR §107.31. The 500 m range is based on the maximum range of the
radios listed by the manufacturer. Buffers were generated around available roads [47] and
the number of miconia plants within the buffer and overlap with the voluntary avoidance
areas were calculated (Figure 14 and Table 5).
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Table 5. Number of miconia plants and amount of overlapping voluntary avoidance area within
40 m, 150 m, and 500 m buffers of roads.

Miconia Voluntary Avoidance Area

Plants (%) Area (ha) (%)

Total 138,297 64,329
Within 40 m 1627 1 7099 11

Within 150 m 8103 6 17,721 28
Within 500 m 30,423 22 32,395 50

While the limitations of the developed system would result in limited benefits due
to the small range, these are high priority targets due to the increased risk for stochastic
dispersal from human-mediated traffic on the road. Improved ranges up to visual line of
sight are possible by transitioning to an alternative higher performance UAS. Heavy lift,
beyond visual line of sight UAS have rapidly developed as package delivery operations
receive additional attention [48,49]. Multiple technologies have been proposed to provide
situational awareness during beyond visual line of sight operations [50–54]. Operation of
the HBT-UAS beyond visual line of sight would face substantial safety obstacles, especially
in the intended area where response to an inflight emergency or a crash is limited, however,
the potential to cover over 20% of known plants and over 50% of voluntary avoidance
areas represents a substantial asset to natural resource managers. While these metrics are
for miconia, additional invasive species that can be treated with HBT include strawberry
guava (Psidium cattleyanum), banana poka (Passiflora mollisima), Australian tree fern (Cyathea
cooperi) and Kahili ginger (Hedychium gardnerianum) [40,55]. The adoption of HBT-UAS to
supplement manned helicopter operations would enable greater focus of manned surveil-
lance efforts in areas that are inaccessible to UAS and reduce environmental impacts from
helicopter operations.
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6. Conclusions

In conclusion, the effects of the payload on flight stability in autonomous flight
are compensated by the flight controller but the added weight substantially reduces the
available flight time. Projectile dispersal is within limits to reliably target individual
branching points to treat an individual miconia plant. Future work to be undertaken
includes investigation of alternative UAS and operational testing. Used in conjunction
with UAS surveillance technologies for miconia [13], the HBT-UAS provides an alternative
to ground and aerial invasive species management operations in many areas, especially
where dense forest and noise abatement procedures preclude helicopter operations.
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