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Unmanned Aerial Sensor Placement for Cluttered
Environments

André Farinha , Raphael Zufferey , Peter Zheng , Sophie F. Armanini , and Mirko Kovac

Abstract—Unmanned aerial vehicles (UAVs) have been shown to
be useful for the installation of wireless sensor networks (WSNs).
More notably, the accurate placement of sensor nodes using UAVs,
opens opportunities for many industrial and scientific uses, in
particular, in hazardous environments or inaccessible locations.
This publication proposes and demonstrates a new aerial sensor
placement method based on impulsive launching. Since direct phys-
ical interaction is not required, sensor deployment can be achieved
in cluttered environments where the target location cannot be safely
approached by the UAV, such as under the forest canopy. The
proposed method is based on mechanical energy storage and an
ultralight shape memory alloy (SMA) trigger. The developed aerial
system weighs a total of 650 grams and can execute up to 17 de-
ployments on a single battery charge. The system deploys sensors of
30 grams up to 4 meters from a target with an accuracy of ± 10 cm.
The aerial deployment method is validated through more than
80 successful deployments in indoor and outdoor environments.
The proposed approach can be integrated in field operations and
complement other robotic or manual sensor placement procedures.
This would bring benefits for demanding industrial applications,
scientific field work, smart cities and hazardous environments
[Video attachment: https://youtu.be/duPRXCyo6cY].

Index Terms—Aerial systems, applications, robotics in
hazardous fields, sensor networks.
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I. INTRODUCTION

W IRELESS sensor networks (WSNs) are a remote sensing
framework that can operate over relatively large spatial

and temporal scales. This is achieved through the usage of low
cost and low power sensors with limited communication ranges,
densely distributed throughout a physical space. Communica-
tion strategies between nodes are an established research topic
that uses low energy communications to create a data forwarding
mesh, through which the acquired information is transmitted to
data sinks and then uploaded to a server.

The use of robotics for WSNs can bring improvements in
terms of reliability and data yield, which is strongly affected
by environmental conditions. In fact, the usage of sensor net-
works in the field is far from fail-proof: their deployment is
very labor-intensive and unforeseen environmental conditions
commonly lead to errors and, therefore, reductions in the data
yield as high as 98% [1]. This is a research topic that is still
in its infancy and even though the major challenges and op-
portunities are becoming clear, few systems have been tested.
While most work, [2]–[4] has focused on the architecture of
a flexible network whose structure adapts to newly deployed
sensors and to the presence of UAVs as mobile agents, some
recent research, [5]–[7] reports on the development of new
sensor delivery methods.

The deployment systems in [2], [5] make use of a mechanism
that consists of an auger actuated by a servomotor with the sensor
nodes attached between the loops. This allows for multiple
sensors to easily be stored on-board and dropped from flight.
The survival of the sensor node has also been an area of interest.
Sensor packaging has been shown to absorb the ground impact
energy [3], while the use of an aerial breaking system inspired
by Samara seeds reduces the impact speed [5].

The “drop from flight” approach used in most previous re-
search is a viable approach for scenarios where the aim is to
deploy large scale networks, as the precision in placement of the
sensor is normally not critical. In these scenarios, the scaling of
the cost per node is detrimental for a network to be economically
viable [5], thus, a method that does not require extra attachment
mechanisms per node is advantageous.

However, drop from flight deployment is often not applicable
to industrial sensing cases and other field studies where precise
placement of the sensors is required. For example, the usage of
WSNs in oil rigs and wind farms has been demonstrated in the
field to reduce their high maintenance costs [8]. This has been
shown for a manually controlled UAV deploying a NDE sensor
into a flat metal plate and a metal pipe using a passive contact
release gripper [6]. Another study shows sensor placement in
trees using an aerial manipulator with simulated compliance [7].

Another application of interest are nuclear fusion reac-
tors. Even though this technology is still not fully ready for
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Fig. 1. Impulsive aerial sensor launching method for sensor installation at
height has applications in forested environments. The relevant elements covered
are: sensor attachment (A), sensor trajectory (B), energy storage (C) and trigger
mechanism (D).

commercial use, current reactors such as EURO fusion’s JET
tokamak and ITER have the potential to achieve controlled
fusion burn [9]. However, a fully functioning nuclear reactor will
produce high levels of radiation and contamination, making hu-
man maintenance in the facility impossible. There is thus a need
for the development of robotic and autonomous maintenance
systems. Current systems consist of remotely operated robots
that perform a wide variety of tasks [10]. The maintenance tasks
performed by these robots are complex and can benefit from the
usage of UAVs as a fast inspection, surveying and sensing tool.

Likewise, placing sensors at know heights within forests
requires some degree of accuracy. In fact, forest canopy imposes
a strong buffering effect on microclimate conditions beneath it,
which is essential for the survival of these ecosystems [11]. A
system that can deploy sensors at different heights in compact
forests can allow researchers to quantify this phenomenon.

This article proposes a novel approach to remote sensor place-
ment, keeping a safe distance to the target without compromising
precision. This is achieved by impulsively launching the sensor
in flight, owing to a small form factor mechanism that both
stores and releases the necessary energy. We discuss the relevant
theory and practical considerations to understand, design and
demonstrate this method, illustrated in Fig. 1.

Section II presents a brief overview of existing sensor delivery
strategies, motivating the new approach proposed. The require-
ments for attachment to a tree or metallic structure are defined
in Section III. Based on this information, accurate trajectory
planning and launch energy storage methods are discussed in
Sections IV and V. The energy stored mechanically in the spring
system is released via an SMA trigger mechanism designed and
modelled in Section VI. The launching mechanism was tested
in flight. Indoor deployment, with closed-loop position control,
was conducted to quantify the dispersion pattern. Qualitative
flight tests were conducted outdoors with manual piloting to
further assess the robustness of the platform. The results are
shown in Section VII.

Integrating the proposed mechanism with a standard quadro-
tor control and navigation framework will result in a fully-
fledged, autonomous and robust sensor-launching system, en-
abling many new real-world applications.

II. SENSOR DELIVERY METHODS

This section discusses the two sensor placement methods
studied thus far in the literature, i.e. direct surface interaction
and drop from height. The proposed alternative approach of

Fig. 2. Aerial sensor placement methods for sensor installation.

TABLE I
ESTIMATED INDENTATION ENERGY FOR WOOD [21]

impulsive deployment is then introduced and motivated. The
main features of all three approaches are presented in the table
below Fig. 2.

A. Direct Placement

The usage of manipulators is a viable method for sensor
delivery. This is a well-developed field whose contributions can
be directly applied to sensor placement [12]. The added mass
of a manipulator, however, means mission lengths are shorter
and flight is more unstable due to the off-centered mass of
the manipulator, [13]. Moreover, operation at close proximity
carries high risk factors. Accurate state estimation is required
to ensure stability of the platform [14]. Sudden events, such
as gusts or falling debris, may cause irrecoverable crashes.
These penalties are often compounded by the need to use larger
platforms to accommodate ample computing resources.

B. Sensor Dropping

In order to be able to drop sensors in an accurate manner, a
sensor pod should be equipped with control surfaces so that it can
change its trajectory to reach a target. This can take the form of a
sensor pod such as the one in [5], with some guidance capability
such as the microglider in [15]. The usage of biodegradable
materials, low-cost and low-power actuation, as well as laminate
manufacturing, could potentially bring the costs of such smart
sensors down. This method is the simplest to implement due
to the launcher aircraft’s large standoff distance from obstacles.

iThis work.
iiEstimated from [2].
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For field operation, it is also the most robust, owing to the limited
need of heavy computation and automation.

C. Impulsive Launching

Impulsive sensor deployment (or launching) can achieve a
good compromise between placement accuracy and clearance
from obstacles. This is a method that to the best of our knowledge
has not been studied thus far in the literature. However, it is a
highly promising option for UAV sensor placement operations
in environments that would otherwise be considered too risky.
When compared to direct placement, one can expect lower
accuracy. While direct sensor placement methods suffer mostly
from uncertainty in the state estimation of the UAV, the later has
the added component of the trajectory of the sensor, as well as
the effect of pitch oscillation at the moment of launching.

In order to be used in the field, such an impulsive system
should be capable of operating in cluttered environments and
deploying sensors within a radius smaller that the smallest
feature where a measurement is necessary. These features are
taken as an approximately 20 cm tree branch, a 30 cm oil rig pipe
or an analogous active gas pipe with a potential leak. The task
should be achieved with a clearance of up to 3 m from the target
to keep the aircraft further away from potential obstacles in the
environment. Furthermore, the mass of the system is required
to stay below 1 kg to keep the UAV as small and nimble as
possible. A payload of 30 g is set for the sensor and peripherals
to be deployed which has been shown to accommodate micro-
controllers and batteries available today.

III. SENSOR ATTACHMENT

Depending on the application scenario, the surfaces where
the sensors are to be attached will have different morphologies.
In the offshore environment one can expect steel as the main
construction material, therefore magnets are a good method of
attachment. Surfaces of interest are likely to be smooth and pos-
sibly curved. In the nuclear environment, surfaces are likely to be
ceramics, such as concrete, or non ferromagnetic metals suitable
for fusion environments, such as Beryllium. Here, adhesives,
chemical bonding and microspine mechanisms [16], [17] are the
methods most likely to be successful. In a forested environment,
the interest is in attaching to wood, for which penetrating spines
have been shown to be a good candidate [18]. Given that this
last option requires the most contact force on impact, energetic
considerations in this paper are based on it.

The energy necessary to penetrate wood can be decomposed
into energy expended in indentation at the tip of the indenter,
and energy expended in friction by the body of the indenter in
(1).

Upen =

∫
δ

Find + Ffric dδ (1)

It has been shown that the minimum uniform pressure of a
conical indenter occurs for 20◦ to 30◦ cone angle [19]. The
value of uniform indenting pressure varies strongly with friction,
which was taken as half the maximum Coulomb friction (0.5σy).
This yields 3σy for the uniform indenting pressure, where σy is
the material’s shear strength. The spine radius is a function of
δ in the cone region of the indenter. Finally, assuming half the
maximum Coulomb friction, the second term is obtained.

Find = 3σyπr
2(δ)

Fig. 3. Estimated trajectories for a 24 gram sensor modelled as a point mass
under the influence of drag with drag coefficients of 0.5 to 1.5 and as a ballistics
object. Range of impact locations of sensor placement tests are shown at the end
plane of the trajectory.

Ffric =
σy

2
2πRδ (2)

By taking data for common wood types, one can obtain the
energy levels required for at least 4 mm of indentation as shown
in Table I. These estimates indicate that this process requires a
considerable amount of energy, which poses safety concerns for
flight. However, since the sensor will often only need to perch
to tree bark, the required amount of energy is actually smaller.
Mechanical data on wood bark is scarce, however, results in [20]
show that oak’s bark shear strength is approximately 12% that
of its wood and this ratio is adopted throughout.

IV. SENSOR TRAJECTORY

The flight of the projectile is influenced by the action of
gravity and drag, as well as pitch, yaw and roll stability. Here,
only a planar trajectory under the effect of weight and drag is
considered and the equations of motion decoupled as in (3). Pitch
is thus only considered for static stability and the sizing of tail
stabilisers.

m · a = W +D (3)

This equation can be integrated to obtain the trajectory of a
sensor in flight. However, one of the boundary conditions is the
kinetic energy at impact. Since the relation between initial and
final velocity is monotonic, we use simple convex optimisation
to obtain the initial value. Taking a payload of 15–30 grams, a
sphere of 25 mm diameter and drag coefficients ranging from 0.5
to 1.5 (Re ∼ 104) one obtains that the kinetic energy at launch
must be in the order of 0.94 J to 1.74 J for the considered wood
barks and a 3 meter flight.

In order to achieve accurate sensor deployment, we must
estimate the sensor trajectory with external ballistic calculations.
This however, incurs a certain amount of error due to the unac-
counted variance in the launcher. In Fig. 3 are shown predicted
ballistic trajectory with the bounds of estimated drag, as well as
experimental results from flight. These results show that even
though drag has some effect, it is likely not the crucial source of
uncertainty in placement location.

V. ENERGY STORAGE

The critical feature when choosing a sensor launching system
for aerial sensor placement is the energy storage mode. Different
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approaches have been used in aerial robots for applications such
as anchor launching [22]. Propellant based systems, although
energy dense, require chemicals and tight tolerance components.
This adds substantial complexity to the manufacturing process
and limits the ability for in-field repairs. Similarly, other pneu-
matic systems, such as compressed gas launchers, need heavy
high pressure gas-sealing components. For deployment on a
compact and lightweight UAV, where payload weight severely
limits flight endurance, mechanical launch is deemed to be the
optimal solution. Mechanical systems are also simple to reload,
repair, and are more tolerant to defects.

A first screening of energy storage modes can be done by
evaluating the specific energy of each mode, while design con-
straints are evaluated on a later stage. The methods evaluated
here make use of mechanical energy stored as strain energy. This
can be done by using linear springs, bending elements, buckling
elements or hyperelastic elements.

Energy storage due to bending is given by (4) where we
consider a linear cantilever beam vertically loaded at the free
end, and the maximum stress in the system as σm = Plt/I .

Uel =
3EI

2L3
δ2 (4)

Energy storage due to buckling can be approximated by (5),
which corresponds to a thin column storing energy under the
constant Euler load. The maximum deflection in buckling is
not straightforward to obtain as the full elastica solution must
be calculated. This requires the evaluation of elliptic integrals
that can be approximated by their Taylor expansion. As shown
in [23], an approximate closed form solution can be obtained
and the maximum deflection calculated by solving (6) for δ.

Uel =
π2EI

L2
δ (5)

2Iσy

tPcritl
=

√
80δ/l

π (4− δ/l)3
(6)

Hyperelastic elements can suffer large deformations and thus
store large amounts of energy in tension. There are a number of
constitutive models for such materials. Among these, Mooney-
Rivlin’s model is widely used in the literature and an expression
can be derived for uniaxial stress as:

σ =
1

λ

(
2C1 +

2C2

λ

)(
λ2 − 1

λ

)
(7)

As for linear springs, the energy stored can simply be cal-
culated as U = 1/2kδ2. Numerical solutions were obtained for
these different methods, observing geometrical constraints and
the physical limits of the materials. The materials chosen were
CFRP for bending and buckling, natural rubber for tension and
spring-steel for linear springs, due to the high energy storage
modulus of these materials. The solutions obtained show that
for the desired system scale (< 120mm) only elastomers out-
perform commercially available linear springs. However, the
actuation length of these solutions are still out of bounds of
the desired dimensions.

Considering a perfect transfer of energy between the storage
element and the sensor, the amount of energy available to the
sensor can be calculated as K = V/(1 +ms/mrot), where the
mass of the sensor and the rotorcraft are known.

VI. TRIGGER MECHANISM

A trigger mechanism with high actuation force is necessary
to rapidly release the mechanical energy stored for launching.
The mechanism must also hold the sensor safely during flight
and produce the necessary force to actuate the trigger release.

Shape memory alloy (SMA) actuation, characterised by high
actuation force to weight ratio, is an attractive solution. Such
actuators are normally sized using empirical rules provided by
manufacturers. However, in order to have an accurate stroke
range and a good prediction of the actuation time (which is
important in flight), a detailed description of the actuator is
necessary.

Nickel-Titanium SMA actuators make use of a one-way shape
memory effect that occurs when the material undergoes a phase
transformation from martensite to austenite. This transforma-
tion can occur by increasing temperature or decreasing stress.
Some materials, such as the commercially available Flexinol-
HT wire, undergoes two phase transformations with increasing
temperature: martensite - Rhombohedric (R phase) - Austenite.
However, as the R-phase is present at ambient temperatures,
in practice, it’s only the second transformation that is used for
actuation. This process is thoroughly described in [24] where an
analogy with statistical thermodynamics is explored to obtain
a description of phase fraction for any given temperature-stress
state. As we are only interested in the heating stage (fast repeated
strokes are not required), the phase fraction can be simplified:

R(T, σ) =
1

1 + exp(CK · (T − c · σ − Tm))

Tm =
As +Af

2

CK =
4.4

Af −As

(8)

Taking the sections of material in different phases as being
arranged in series, one can obtain the stress strain relationship
for any phase fraction. The constitutive relation for the R-phase
takes plasticity into account [25], as a 2 segment relation with
intermediate stiffness (plastic section) of (σ2 − σ1)/εr and final
stiffness equal to the Young modulus.

ε = (1−R)
σ

EA
+R(

σ

ER
+ α(σ2 − σ1) + εr) (9)

The length of the wire can then be obtained from the engineer-
ing strain definition and used to calculate the actuation length.

The geometry of the mechanism itself is taken as a halfway
point between a classic linear bias spring in series with the wire
and a thin curvature based actuator. This is achieved by using a
thin cantilever spring steel beam loaded by the SMA at a certain
angle β. This allows for a balance between larger displacements
and low actuation forces to be obtained. We are interested in
taking advantage of the non-linearity of such a system and thus
a simple linear bending model is not representative. The force-
displacement response of such mechanism is shown in Fig. 4C,
where the system is modeled as a linear cantilever beam and as
a buckled Euler element when the axial force increases above
Pcrit.

The response of the mechanism in time can be obtained by
deriving a relation for temperature in time. The heat transfer rates
have to be estimated, which entails convective and conductive
heat losses, as well as a Joule resistive heating. Assuming
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Fig. 4. Modelling of an SMA driven mechanism. (A) SMA wire temperature
during actuation for a 0.25 mm diameter SMA wire, using coupled and decoupled
formulation. (B) Actuation length for a planar mechanism with wire length
of 20 mm and bias stress of 100 MPa using coupled and decoupled solvers.
(C) Normalised actuation force and actuation length for the double bias spring
setup. Results shown for linear spring model, linear spring with geometric non-
linearity, and for axial force cap equal to the Euler critical load.

the temperature gradients within the wire to be negligible, we
evaluate the balance of heat transfer rates from the wire as in
(10). The Joule heating is obtained as I2Rρl, the convective
heat transfer coefficient is estimated using Churchill’s relation
and the contact thermal resistivity is taken as an average of NiTi
and steel.

ρV · dT
dt

= SJ − q̈conv − q̈cnt (10)

Due to the presence of the source term, there is no closed
form solution for this equation and it thus needs to be integrated
numerically. Despite the potentially weak coupling (thermal
inertia is very low), solving the coupled system is necessary
due to the varying properties of the material and heat transfer
rates. As shown in Fig. 4A,B that neglecting this coupling
leads to an underestimation of the steady state temperature and
overestimation of the actuation period.

A sketch of the mechanism is shown in Fig. 5. As shown,
there are 2 bias springs; one provides the bias force while the
second buckles, creating a discontinuity in the response of the
mechanism. The design of such a mechanism can be fine-tuned
by varying the thickness of the the two springs, diameter of the
SMA actuator wire and the value of A and β to obtain a desired
behaviour. This procedure follows the following steps:
� Increase A until the desired actuation length is reached
� Starting from the lowest available actuator wire diameters:

– Increase the thickness of the zero bias spring until the
required initial stretch is reached.

– Choose secondary bias spring so that its Euler load is
higher than the zero bias load.

– Confirm that the SMA’s maximum stress is not reached
an iterate if required.

� Decrease β until the Euler load is as close to the zero bias
load as possible.

It is shown in Fig. 6 how the mechanism model correlates
with data acquired experimentally, using visual tracking. There
is approximately a 20% mismatch on the final actuation length
due to slight flex of the SMA attachments. The response of the
trigger with an engaged sensor is considerably different, which
is expected due to the presence of friction between the sear and
sear catch. This is further supported by the the presence of an
inflection point, as the friction force decreases with the reduction
of contact area during actuation. The non-zero derivative at start
of actuation is a consequence of the difference between static
and dynamic friction. Moreover, the actuation length is cut short
with the sensor being disengaged from the mechanism and the
launch. Even so, this shows that the presence of friction creates
a 10% mismatch on the actuation time of the mechanism, which
is negligible for higher driving currents.

A. Transient Response

The mechanism’s actuation time is an important parameter
for this application because of the relative motion of the UAV
to the target. As the pose of the rotorcraft oscillates in time, a
longer actuation time leads to more uncertainty on the pose at
launch. Besides, as friction has some influence on the trigger,
the actuation times are not very consistent (±0.1Δt) and cannot
be accounted for with a simple delay.

Experimental and calculated response times for different input
current values are shown in Fig. 7A. For larger currents the
trigger can be actuated faster as it takes a shorter period to supply
necessary latent heat of transformation. However, due to the low
thermal inertia of the actuator, the current switching has to be
done precisely as to avoid burning the wire.

The trigger’s response will vary with the environmental con-
ditions due to the SMA’s sensitivity to ambient temperature. The
variation is estimated by performing calculations for different
temperatures and varying the thermophysical properties of air
accordingly. The results in Fig. 6B show a linear relationship for
the actuation time and thus it is easy accounted for in the field.

VII. DEPLOYMENT TESTS

A. System Setup

A system that fulfils the requirements defined in Section I was
developed in order to execute the envisioned sensor placement
method in controlled indoor conditions. The same system was
also used in an outdoor environment but operated in open-loop
mode to examine its robustness. A schematic of the full system
is shown in Fig. 5 and consists of a trigger mechanism with
the necessary drivers for the SMA, a linear spring for energy
storage, a sensor pod that includes the sear catch and a single
spine for attachment.

As shown in Fig. 8A, a quadrotor configuration with a demon-
strated maximum flight time of 16 minutes with a flight weight
of 650 g is used. The system has capacity for one sensor, which
is manually loaded prior to flight. A 24g sensor pod was used
in the experiments, Fig. 8B,D. The pod includes the elements
for the spring compression, a flight stabiliser and a capsule for
the sensor. The 1.55 J of energy used for launching the sensor
is stored as elastic energy with a linear spring with a maximum
actuation force of 10 N. The hook (sear) is part of a single piece
of steel that also comprises the bias spring and the attachment
for the SMA, which is crimped to two screws that permit it’s
adjustment, Fig. 8C.
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Fig. 5. Schematic of the sensor placing system with a detailed view on the trigger mechanism and its main parameters for behaviour adjustment: SMA wire
diameter(ΦSMA), spring length(A), springs thickness (t1,2) and angle between the springs and the SMA wire(β).

Fig. 6. Comparison of vertical displacement of the bias springs as calculated
by the model and as measured experimentally using visual tracking. In red,
experimental results for the disengaged mechanism and in yellow, for the
mechanism engaged with a sensor pod.

Fig. 7. (A) Comparison of experimental and theoretical results of the actuation
time of the disengaged mechanism with varying driving current. (B) Evolution
of actuation time with ambient temperature as calculated by the model, for a
0.25 mm diameter wire at 1.4 A current. Dashed line shows a linear fit of the
simulated conditions.

In order to avoid loss of kinetic energy in components attached
to the spring or in shock absorbers, the compression of the
linear spring is done using the sensor housing and the trigger
mechanism hooks into a nock at the back of the sensor. These
components are made from 7075 Aluminium to reduce wear over
multiple uses. In practice, one sensor is built for a single extended
mission and can thus be built from more perishable materials.
Improvements in horizontal trajectory were obtained by adding
flight stabilisers to the back of the sensor pod. Experiments
executed using 55 mm2 stabilisers (a total of 3 grams added)
caused the 95% confidence interval to decrease threefold for
3 m distance.

The quadrotor is flown autonomously, with position-
orientation given by a motion capture system. An offboard PID
position controller computes the desired roll/pitch angle, thrust,
and yaw rate. The commands are then converted to PPM and
sent to the flight controller via an RC transmitter. The offboard
control loop runs at 50 Hz and centimeter scale setpoint tracking
accuracy was achieved. Position way-points were autonomously

Fig. 8. Setup used for experiments. (A) Experiments carried out indoors using
motion a capture system and a tree branch as the target. (B) Sensor pod for
attachment in wood. (C) Launch mechanism loaded with an empty sensor pod.
(D) 3D model of the launch mechanism.

generated to guide the quadrotor to the best launch position
relative to a target detected by the motion capture system. The
launch position was calculated neglecting drag or other dynamic
behaviours of the sensor. Once the position is reached, the launch
command is sent to the flight controller (Omnibus F4 pro running
the Betaflight firmware). This command sets an auxiliary PWM
to high, whose signal is passed through an RC filter then used
to switch the SMA drive current on.

B. System Performance

There are two main performance metrics on impulsive sensor
launching from an UAV. First and foremost, the success rate
of placement. A failed placement may not be retrievable in
some environments or might even become a hazard for industrial
activities. Consequently, the precision and accuracy of system
are also important because missing the target, whilst not fatal,
is an unsuccessful placement.

A total of 81 successful sensor placements were executed
in laboratory conditions. Two different attachment mechanisms
were used throughout these experiments: a magnet for attach-
ment on a ferromagnetic surface and a pipe of 30 cm diameter,
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Fig. 9. Sensor placement results for the 64 tests executed on a flat metallic
surface. (A) Accuracy as function of distance for a 24 gram sensor with magnetic
attachment. The error bars correspond to one standard deviation on the location
of the sensor on a flat metallic surface. In green, the percentage of successful
placements for each distance tested. In green is shown the success rate of
placement at each tested distance. (B) Illustration of the influence of imprecision
on the positioning of the UAV, drag of the sensor pod and losses in potential -
kinetic energy conversion.

as well as a penetrating spine for attachment on a tree branch of
13 cm width.

The placements using a magnet for attachment show a clear
decrease in success at close proximity due to the sensor bouncing
off upon impact. Placements on the metal pipe curved surface
showed lower attachment success. Two out of 5 placement
attempts at 2 meter distance were unsuccessful. A total of 12
successful experiments using spine attachment were completed
at distances between 2 and 4 meters from a 13 cm width branch.

The precision of this sensor placement method depends on
the precision in position estimation, the pose of the vehicle
and imprecision in the flight of the sensor. The first can be
estimated from the accuracy of the position system used e.g.
motion capture system or event camera. The second is analogous
to the accuracy of the position controller used in flight, and the
third is closely related to deviations from the model used to
estimate the trajectory of the sensor.

Tests were performed indoors at varying distance to the target,
using magnetic and spine attachment. Fig. 9A summarises 64
indoor experiments with a flat metal plate target. It is shown
that accuracy in y tends to decrease with distance. This is a clear
consequence of not considering drag in the trajectory estimation,
as well as losses in the energy transfer between the spring and the
sensor. These results can be improved by using lookup tables that
take into account drag or by solving the ODE (3) in real time,
and by measuring the exact launch velocity of the sensor. As
for the accuracy in the x axis, the trend is not regular as this is
related with pitch yaw and roll oscillations during launch. As
for precision, there is a clear trend for it to drop with increased
distance to the target.

The sources of inaccuracy of sensor launching at 3 meters are
considered in the form of drag, controller accuracy, drag and
dynamic effects at the moment of launch. Fig. 9B shows that the

Fig. 10. Outdoor flights in forest environment.

Fig. 11. Framework for field sensor placement using the proposed method.
The process used for indoor experiments uses a motion capture system for pose
estimation. On-board sensing for pose estimation and target detection/selection
are steps necessary for field usage.

expected effect of oscillations in flight does not equate to the
total of the experimental standard deviation and neither does the
bias and uncertainty due to drag.

Analysis of high speed footage brings some insight into this
discrepancy. While we here consider the conversion of kinetic
energy at 90 to 95%, the footage shows that this value is actually
closer to the 80% mark. This is associated with strain energy
stored in deformation of the quadrotor’s structure and vibration
of the spring after launch. By adding this source of bias on
the plot we can now account for the deviation in y of our
experiments. With the placement of the launch mechanism above
the center of mass, pitching of the platform was expected during
launch. However, upon high-speed video analysis, we see that
while the drone pitched up, the majority of the visible motion
occurs after the sensor exits the mechanism.

C. Outdoor Tests

The system was tested in an outdoor forested location, where
three trials were made. Successful attachment was performed
on white birch trees at approximately 2 and 4 meters height
while harder wood types did not permit reliable fixing. The
deployed sensors rely on an Arduino nano 33 BLE Sense which
streams temperature, atmospheric pressure and luminosity data
over Bluetooth Low Energy.

Initial tests have shown that the proposed method can be used
under manual control, due to the clearance maintained between
aircraft and the target. However, regular and safe operations
should be carried out autonomously, which additionally requires
the usage of a state estimator and localisation, as well as a
target detection system (Fig. 11). In this work, a motion capture
system was used for state estimation and localisation. While this
permits precise testing and quick optimisation of the system,
such complex camera setups are often not available outdoors
and in industrial environments.
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Particularly in forests, some key challenges need to be taken
into account. For instance, dense tree canopy blocks GPS signal
thus making the need for alternative on-board sensors for posi-
tion estimation. Vision based systems are particularly attractive,
among which, visual inertial odometry (VIO) is a well developed
technique [26]. As shown in Fig. 11, VIO largely functions as
a direct replacement of the motion capture system. However,
onboard localization systems, such as a time-of-flight sensor,
stereo vision, or depth sensor, has the added benefit of providing
depth information. Having knowledge of the target depth allows
loop closure for the calculation of the launch position.

The need for target detection is highly dependent on the
purpose of the WSN. For ecological monitoring, automated
target detection and selection may lead to data bias. Therefore,
manual target selection may be preferable. In this case, the depth
sensor would still be beneficial in ranging, or the post-launch as-
sessment of accuracy and the calculation of ballistic corrections.
By incorporating this additional on-board sensing capability,
the proposed method can effectively be deployed in challenging
environments.

VIII. CONCLUSION

This letter presents a novel method for aerial sensor placement
through impulsive launching with application to Wireless Sensor
Network deployment in hazardous environments. The proposed
system does not require direct physical interaction to accurately
place sensors which brings significant advantages in safety as
well as operation in cluttered environments.

The key aspects of designing this method are discussed, in par-
ticular energy storage methods, and the trigger that releases this
energy. The micro SMA-based trigger is modeled theoretically
in order to estimate actuation times and reduce uncertainty on the
sensor launching. Environmental factors are taken into account
so that the system can be used across a variety of climates.

The performance of the system is analysed experimentally
where the main sources of uncertainty in sensor placement are
identified and initial tests are carried out outdoors.

Future work will focus on improving the reliability of the
method for field operations. This will required the usage of
vision state estimation and positioning, as well as a depth sensor
for estimation of the target location. The possibility of carrying
multiple sensor on-board will also be considered.
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