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Abstract— The project objective encompassed a biologically
inspired aerial construction of a web, for use as a landing
platform, using a swarm of quadcopters. This was successfully
implemented as individual factions in the respective workpackage teams, although complete integration of all workpackage
deliverables into a final cohesive demonstration was not feasible
due to the restricted project timeline.
Furthermore, the autonomous swarm coordination of the
quadcopters was rendered unachievable due to the inability
of employing a visual tracking system. The following Executive
Summary provides a brief statement of the project objectives, individual workpackage responsibilities, concise technical analysis
and main conclusions with suggestions for future development.

I. I NTRODUCTION
In remote areas, often too dangerous or too inaccessible
for humans, it can be possible to send drones to operate autonomously. Many application scenarios have been
discerned for unmanned aerial vehicle activities including:
search and rescue, surveillance, environmental monitoring,
inspection for various purposes, medical and aid delivery
or construction. [1]–[4] However, a major issue with using
drones, or quadcopters in our case, for any purpose is their
low battery life. It has been suggested that drones operating
autonomously in swarms are highly effective in executing
simple tasks in a robust, flexible and scalable manner. [2],
[5] Swarm behaviour and characteristics amongst robots have
been developed taking inspiration from nature, especially
from social animals such as bees, birds and ants. [5]–[7] Even
though each drone in a swarm is expendable, similar low
levels of battery life will hinder drone performance. Here,
the quadcopters took inspiration from orb weaving spiders
extended phenotype [8], [9] to autonomously construct a
web suitable as a landing platform between trees. As such,
it allows spontaneous landing capabilities which can enable

recharging to take place on the platform.
II. S WARM COORDINATION FOR COLLECTIVE
CONSTRUCTION

Coordinating multiple quadcopters is fundamental for the
success of aerial construction missions. In this work, we
aimed at controlling a swarm of Parrot AR.Drone 2.0 quadcopters in order to build a web structure between three trees.
Particular attention was paid to create a swarm control
system that could make the swarm completely autonomous,
so that there was no need of a remote control unit and the
flight coordination could be operated by the drones themselves. In addition, the system should be able to work outside
the laboratory environment, where precise and expensive
tracking systems (e.g. VICON tracking) cannot be used to
determine the state of each vehicle.
The former goal required setting up a network over which
the drones could share flight data and camera information,
which was achieved through a suitably configured WiFi
network. The latter requirement was more challenging, as it
called for some state-estimation mechanism based on combining the images captured from on-board cameras and the
inertial measurements from sensors such as accelerometers
and gyroscopes.
The following sections describe how the networking, state
estimation, control and building strategy implementation
were addressed. Notice that extensive use of well-tested
open-source software to control the AR.Drones was made.
A. WiFi network setup
Keeping in mind the cooperative nature of the mission, a
network over which all AR.Drones could communicate and
share flight data had to be implemented since the current
Developer’s Software provided by the manufacturer did

not easily allow multi-vehicle applications. As explained
in [10], there are several options to achieve this; we
opted for communication through a common ad-hoc WiFi
network. In particular, a routed network with guest access
and DHCP options enabled was set up and a WiFi setup
file wifi.sh was downloaded into the ./data folder of each
drone by means of a telnet link. An example of such a file is:
killall udhcpd
ifconfig ath0 down
iwconfig ath0 mode managed essid ardrone_hub
ifconfig ath0 192.168.1.101 netmask 255.255.255.0 up

where ardrone hub was the name of the ad-hoc network
and 192.168.1.101 was the desired IP address of the particular AR.Drone; clearly, such IP must be unique.
This file could be executed by connecting to the
AR.Drone’s default network (e.g. AR.Drone-xxxxxx) and
using the following command from the Terminal:
echo "./data/wifi.sh" | telnet 192.168.1.1

where 192.168.1.1 was the default IP of the drone on its
own default network. Upon execution of such a file, each
drone closed its own default network and joined the ad-hoc
common network with the desired IP address. However, the
default AR.Drone settings were restored every time the drone
was switched on, which allowed safe testing of the network
configuration and connectivity.
B. Control of the AR.Drones through ROS
The AR.Drones were controlled using the Robot Operating
System (ROS), as some well-tested packages exist to easily
send commands and receive navigation data to and from the
drones. In addition, an advantage of using ROS was that the
node-topic structure could be set up over multiple machines
and the interactions between ROS nodes were independent
of which machine the nodes are running on. Consequently,
although in this work the data processing was done on a
PC due to the limited hardware of each AR.Drone, the
same packages could be run on-board more powerful drones,
making the swarm completely autonomous. Hence, our PC
well represented any on-board workstation.
In this work, the interface between the drones and the
workstation was set up using the ardrone autonomy package,
which can easily be downloaded through the ROS website.
Minor changes to the package were necessary in order to
enable multi-vehicle implementation.
Note that an instance of each package was needed for each
AR.Drone; these were set up by using different namespaces
for nodes of the same type. In order to avoid conflicts, particular care was taken to consistently use the same namespace
for all nodes referring to a particular quadcopter.
First, control of the quadcopters was attempted using
the tum ardrone package, which provided the user with an
autopilot and a state-estimator based on on-board computer
vision and Parallel Tracking and Mapping (PTAM). [11],
[12] Again, the package had to be modified to allow multivehicle applications and multiple node instances were set up.

A node to implement the building strategy (Section IV)
was also prototyped to read the state estimates of each
drone and send suitable control commands to the individual
autopilots to build the web. This node also allowed us to
bypass the use of the the GUI provided with tum ardrone,
which required direct user inputs or preplanned trajectories,
making the system autonomous.
However, preliminary tests demonstrated that the initialisation of PTAM for state estimation was unacceptably susceptible to changes in the background features. In addition, the
autopilot was unreliable even for simple linear translations
(e.g. the vehicle moved by 3.30 m when a 2.00 m movement
was requested).
A second control strategy was consequently developed
based on vision detection from a reconnaissance drone
hovering above the area of operation (Section III). The (X,Y)
position, in pixels, for all trees and drones was used in
conjunction with the altitude reading from the flight data
to control the drones and fly to given target points. Because
collision avoidance algorithms could not be implemented, the
drones were operated sequentially by means of communicating nodes. In particular, a ROS node was launched to control
each drone and drive it to a given target; when the target was
reached, the node would communicate the information to all
other nodes and the subsequent move would be made by
another drone. This would effectively mimic the behaviour
of a swarm.
Unfortunately, some major issues could not be dealt with
in the limited time available. For example, basic performance
data of the AR.Drones were not available, so that the PID
gains had to be determined by trial and error in a very limited
time, leading to poor controller performance.
Also, the lack of accurate state estimations meant that each
drone’s coordinate system had to be correlated to the (X,Y)
pixel position by aligning the drones to an arbitrary reference
direction. This was in turn referenced explicitly in the ROS
scripts, which was clearly a limiting factor.
To complicate the control algorithm, the ultrasound sensors were found to be very susceptible to any ground feature,
in particular the drones could not maintain the correct altitude
when flying near the trees.
Finally, despite the reasonable success in controlling a
single drone, the downwash from other drones in the swarm
seriously affected the flight mechanics, making it impossible
to keep control. Increasing the distance between drones or
incorporating the effects in the control algorithm may have
solved the problem, however time limits and the experimental
setup did not allow such solutions.
As a result of the above complications, the swarmcoordinating task was unsuccessful, although it has provided
the fundamentals for any future work and outlines the major
limitations of using AR.Drone 2.0 quadcopters without the
help of a tracking system.
C. Suggestions for future work
In light of the previous section, we suggest that a completely autonomous swarm of AR.Drones may be developed

if some basic issues are solved.
For instance, a dynamical model of the AR.Drone should
be developed, so that a control algorithm can be developed
to achieve the desired performance. In particular, a relation
between the rotors’ thrust (currently unavailable) and the desired input velocity should be determined, so that kinematic
equations can be determined based on velocity inputs rather
than forces.
Another obvious improvement would be to develop a state
estimator based on the on-board IMU (Inertial Measurement
Unit), however this task is notoriously difficult. This would
allow the quadcopter to easily share a common coordinate
system rather than requiring an arbitrary initialisation.
Moreover, the only camera information used in this work
came from the reconnaissance drone while better performance and improved scope of operation would be achieved
if vision information of other drones could be included. An
example could be to use a second reconnaissance drone to
extend the field of operation, as no control means currently
exist to keep the drones within the field of view of the
reconnaissance drone’s camera.
Finally, complete autonomy can be achieved by running
the ROS scripts on-board the different drones, however
this requires hardware extensions and some further network
development which was intentionally left for future work.
III. V ISION AND FLIGHT CONTROL
The role of vision and flight control in this project was
to enable autonomous navigation and construction using onboard vision information only. This was only possible with
accurate information of the positions of drones and the
construction targets. In a GPS-denied environment, this information could only be achieved by using on-board sensing
units (e.g. IMU and monocular cameras). Therefore, the main
focus of the vision and flight control team was to devise a
method to locate the drones and the constructions targets (i.e.
trees) based on computer vision alone.
Our first approach to the problem used a monocular
Simultaneous Localisation and Mapping (SLAM) based state
estimator described in [11] to provide the positions of the
drones, while the localisation of the construction targets
was achieved by using a simple circle detection algorithm
based on OpenCV functions. It was then realised that the
monocular SLAM system was not reliable enough due to
the conditions of the flight arena and insufficient knowledge
of the system.
The second approach used a suspended drone to achieve
localisation. By using a multiple-shape detection algorithm,
it was possible to achieve positioning of the drones and the
construction targets independently.
In the following subsections, a literature review is provided. Then, the method working principles and the implementation of the two approaches attempted are described.
Finally, a discussion on the method’s performance and possible future work is documented.

A. Literature review
This section of the project builds upon work, which has
previously been done in vision-based flight control of UAV
systems. The navigation of UAVs using on-board vision has
been a widely studied topic for use in autonomous systems.
The use of onboard monocular cameras and sensors only
for navigation of previously unknown, GPS-denied environments is studied in [13] using a fast environment mapper
and in [14] using image perspective cues. Further work,
using a SLAM methodology to navigate a UAV, in such
environments, is presented in [15]. The use of SLAM to build
a visual odometry algorithm, utilizing an Extended Kalman
Filter (EKF) to combine unsynchronized sensor readings is
demonstrated in [16].
Another approach, which employs a simple vision-based
navigation system consisting of a record and replay mode, is
presented in [17]. A method for navigation of a UAV in forest
environments, using a learner algorithm, which observes
a human pilot and correlates inputs to optical features, is
displayed in [18]. A biomimetic approach to vision control,
inspired by insect vision, utilizing reflexive schemes and
optical flow is presented in [19].
A fundamental part of computer vision for use in flight
control is the ability to detect and recognize features. In
[20] a method is demonstrated for performing simple landing maneuvers, using visual tracking of key features on a
pushcart. The importance of having robustly recognizable
targets for such maneuvers is studied in [21], demonstrating
the deterioration of navigation accuracy with decreasing
distinctness of the targets. The use of a forward facing
monocular camera for feature tracking in order to detect
and avoid obstacles is shown to be sufficient in [22], while
in [23], a Rapidly Exploring Random Belief Tree (RERBT)
algorithm is presented in order to choose a suitable path to
the desired goal.
The use of various feature detection algorithms for dynamic navigation have been studied extensively; in [24] edge
detection is demonstrated to be effective given sufficient
motion of the camera, while in [25] the use of shape
detection and object depth calculation is presented using an
onboard camera. The challenges of using the AR.drone are
highlighted in this paper, namely the lack of accurate sensing
and control.
A commonly encountered problem is the estimation of
a location target or feature in 3D space, which is fairly
difficult in real-time using a monocular camera, given the
hardware constraints. The use of laser rangefinders to assist
in 3D vision are demonstrated in [26] and [27], while [28]
presents an approach using a stereo camera for vision-based
navigation of a UAV.
An additional approach, which has not been as widely
studied, is the use of multiple robots to perform accurate
vision estimation. The use of multiple UAVs for visionbased target detection with cooperative bearings are presented in [29] and [30]. The difficulties in developing a
systems architecture to robustly handle any scenario are
highlighted. In [31] and [32], a UAV and ground robot

working in collaboration are shown to provide robust visionbased navigation in unstructured environments.
B. Initial approach: circle detection with a monocular SLAM
based state estimator
The principal behind this idea was to utilize: a state
estimator, based on a monocular SLAM system developed by
the Technical University of Munich [11]; and an idealisation
of the top view of the trees as circles in order to allow the
use of simple circle detection to locate the trees in a global
reference frame.
In general, detecting natural objects using computer vision
was much more difficult than man-made objects, due to
the lack of distinct features; hence there was a need for
simplification of such objects. This was observed during
several unsuccessful attempts to identify the trees using
simple feature detection functions, such as edge detection,
colour thresholding and texture differentiation. One possible
simplification was to idealise the top view of the trees as
circles.
A circle detection algorithm was created utilising the
following OpenCV functions: cvCvtColor, cvSmooth and
cvHoughCircles [33]. Firstly, the function cvCvtColor converted the raw image from the onboard camera into
grayscale; then, in order to reduce noise, the image was
smoothened by Gaussian Blur using the cvSmooth function.
Finally, a circle detection algorithm in Hough space was
implemented using cvHoughCircles.
The circle detection algorithm was used in a simple visionbased feedback controller to make the quadcopter hover
above an idealised tree. The quadcopter, upon detecting
a circle within the image frame of its downward facing
camera, would proceed to move autonomously in order to
align the centre of this circle with the centre of its image.
Simple conditional statements were implemented in order to
minimise false positive circle detection. It can be seen from
Figure 1 that an artificial circle placed on a tree was detected
using the above method.

Fig. 1: Raw image from the downward-facing camera in
grayscale (left). Colour image of the artificial circle on the
tree being detected (right).
The idea behind this strategy was to use a reconnaissance
drone to detect all the trees from above, one at a time, and
relay back their coordinates using the state estimator. The
implementation of this required an efficient search, using a
systematic pattern, to locate the trees as quickly as possible
due to limited flight time. During the testing phase of the
search algorithm, it was discovered that the state estimator
was very unreliable, sometimes giving errors in excess of

200%. This was due to its reliance on monocular SLAM,
which was inaccurate, given the operating environment. The
variation in lighting and the cluttered environment led to
inaccuracies in the vision-based marker tracking; moreover
our lack of understanding of the implementation of SLAM
prevented us from making it reliable enough for our application.
C. Final approach: multiple shape detection
The principal behind the final strategy revolved around
developing a local VICON replacement, using an observer
drone hovering above the construction scene. This relied
on the ability to identify multiple objects uniquely in a
2D plane, in order to obtain the relative coordinates of
the trees and drones. This information was fed back to the
swarm coordination team to allow the implementation of the
construction strategy.
We first approached the problem using in-built tag detection from the AR.Drone SDK. This was successful for
detecting single tags, however failed with multiple tags; thus
we realised that it would be necessary to develop our own
feature detection system. In our development of an identification system, we assigned different simple geometrical shapes
to each object, allowing us to identify them uniquely based
on the number of sides of the shape.
A multiple shape detection algorithm was created utilising
the following OpenCV functions: cvCvtColor, cvThreshhold,
cvFindContours and cvApproxPoly [33]. The cvCvtColor
function was used in the same way as before; then cvThreshhold was used to convert the grayscale image to a binary
format. The cvFindContours function required a binary image in order to find all the contours and return the vertices of
the shapes. Finally the cvApproxPoly function approximated
the polygonal curves in the image based on the previously
found vertex points. The input parameters for each function
were fine-tuned for our particular application. The centre of
each shape was returned to the swarm coordination team as
the location of each object in the camera frame of reference.
The first iteration involved a drone hovering high above the
trees, with video stream from the downward-facing camera.
Various difficulties were encountered using this approach
such as: misidentification of shapes due to the low resolution
of the camera; small image projected view due to a limited
ceiling height; limited flight time due to battery constraints;
interference of the construction drones due to downwash
from the observer drone and the difficulty in maintaining
a stationary hovering position of the observer drone. For all
these reasons it was decided that suspending a drone above
the construction scene, using the forward facing camera
(higher resolution and wider viewing angle), would be a
superior alternative.
Figure 2 shows a processed image frame from the observer drone feed, displaying the detection of various shapes.
Testing was carried out in order to determine the ideal
geometry of each shape representing each of the objects in
the construction scene.

Fig. 2: Camera feed image showing detection of shapes of different geometries (left). Image showing the detected shapes
after simple geometry filtering (right).

D. Summary
The above work has presented an idealisation for visionbased autonomous navigation and construction. The use of
simplifications and abstractions can be extrapolated to more
realistic situations, such as a vegetation detection camera for
tree identification or image processing being done onboard
a drone with a more powerful processor.
The current work can be extended in the future to involve
a second observer drone, which would allow for 3D localisation of the objects. Additionally, the various idealisations
could be challenged to make the construction more robust
for different environments.
IV. B UILDING STRATEGIES , MATERIALS SELECTION AND
CHARACTERISATION

In order to design for the geometry of the structure and
the building sequence, a comprehensive literature review
was conducted of publications related to animal architecture.
Gaining inspiration mainly from spider web building methods, a list of possible strategies was constructed and each
one was evaluated in terms of the crucial design parameters
for this particular project. After the two best theoretical
strategies were selected, they were experimentally tested
both in small and full-scale in the designated flight arena.
Obstacles were identified and the strategies were optimised.
Having the finalised strategies at hand, material and adhesive
characterisation was performed. Results were then verified
by experiment and are presented in the Experimental Results
section.
A. Literature review
Throughout the animal kingdom, there are examples of
animal architecture; structures that are constructed by animals. [34], [35] When considering nature as inspiration to
create a landing platform between trees, we first note nests
that are built by birds. However, nests are built from collected
materials and this was not ideal in our case, where we would
like to carry on-board, all the materials required to construct
the platform. Hence, we turned to those animals that erect
structures based on self-secreted materials, notably, spiders.
Spiders have evolved to construct various optimised web
architecture depending on local environmental topology. [36]
Many categories exist such as: irregular aerial webs, sheet

webs, cobwebs, orb webs, etc. Orb webs possess higher
capture efficiency than its counterparts [37] and as such, shall
be the architecture analysed further.
In terms of architecture, orb webs are highly redundant
structures constructed in the following order: outer framework, wheel of radii within the frame, auxiliary non-sticky
spiral from the centre to the periphery, and finally the sticky
capture spiral on the spiders way back towards the centre
whilst destroying the non-sticky spiral. [38] Occasionally,
the non-sticky spiral remains in Nephila orb webs, which
contributes to the mechanical properties of the macro web
structure. [39] Most research agrees, however, that the majority of the global mechanical properties of the web are
determined by the radii and not the spirals. [40], [41]
Furthermore, the structure of an orb web is an example
of tensegrity, whereby a highly efficient structure is created
due to optimal distribution of mass, with strands of silk in
a state of pre-tension. [42] This is made possible due to the
supercontraction of some spider silk when exposed to water
or urea. [43] Moreover, the high tension that can be found
in the spirals also points towards its role in stabilising the
radii [44] even though they are significantly weaker. [41]
Several experimental studies have been performed to discern the manner in which spiders construct their webs. An
interesting observation is the considerations that a spider
makes in designing and constructing a web. First, it decides
on the timing, locality and orientation of the web, and
then considers the allocation and distribution of silk in the
structure to be made, based on its strategy of searching for
prey. [45] It is useful to take into account the decision making
process of the spider so that our own building strategies and
algorithms can be optimised in this way.
In fact, virtual webs have been created in the past with the
use of a computational genetic algorithm. [46] Several rules
are used to dictate the order of construction and each gene is
simulated by a particular variable, that when varied, would
yield a different cost-to-benefit ratio. Upon repeated iteration,
optimisation occurs based on the gene variables, and the ideal
web is constructed. This type of decision making process
could be implemented by the quadcopter to construct an
optimum web, for instance, based on the amount of material
it is carrying and the battery life remaining. However, this
is outside the scope of this project.

In terms of material selection, we first considered spider
silk as a potential material since it is the material utilised in
nature. Research has been previously conducted in the biochemical processes governing spider silk production and its
mechanical properties. [47], [48] Albeit, it possesses fantastic
mechanical properties, spider silk is still not available mass
produced on the market even though artificial silk has been
spun with solvent spinning of recombinant proteins. [49]
Therefore, we considered looking at manmade fibres that
already exist in abundance. Those considered were braided
Kevlar, Nylon, polyethylene and regular cotton twine.
B. Building strategy
Taking inspiration from the literature review and combining with some other original ideas, 16 strategies were
devised and evaluated. The evaluation was based on certain
key criteria that characterise the project, such as weight
carried and coding complexity for swarm coordination. Two
strategies were short-listed and tested in full-scale in the
flight arena before the final web design was chosen.
Step 2

Step 3

Strategy 1

Step 1

Fig. 3: Step by step construction sequence of the final
strategy.
As seen in Figure 3, the strategy involves three simple
steps.
1) Two strings carried by an AR.Drone catch onto one
tree before flying off to the middle of the other two
trees. The process is repeated in sequence for two more
AR.Drones.
2) In the same order as Step 1, each AR.Drone returns to
the tree it originated from.
3) Looping around each tree twice ends the sequence and
generates the required geometry.
After evaluating different ways of attaching the strings
to the tree, it was concluded that a rod connecting the two
strings was the best attachment mechanism. However the
main disadvantage of the rod was its weight and therefore an
optimisation was required in order to determine the optimum
geometry and the best material to be used.
C. Materials selection and characterisation
The aforementioned optimisation was a combination of
Engineers’ Theory of Bending (ETB) and experiment. ETB
was used to derive a relation between deflection and geometrical characteristics. Combined with the mass equation, two
merit function were derived which allowed to minimise for
mass with respect to shape and material used. After fixing
certain parameters and using the original ETB relation the
exact geometry was defined. The resulting geometry was

determined to be a cylindrical tube with radius of 1.4mm
and a thickness of 1mm, and the material chosen was carbon
fibre.
In order to determine the properties of the string used, a
selection of materials, including cotton, Kevlar and Nylon,
was evaluated using criteria such as weight, strength and
roughness. Cotton twine of diameter 1.5mm was found to
give the most desirable combination of properties.
After testing the strategy the rod was found to be able to
slide in the x-y plane. To reduce this problem, the surface of
the rod was coated with a combination of coarse sandpaper
and abrasive cleaning pad placed at regular pattern.
D. Summary
The overall performance of the combination of strategy
and materials was found to be satisfactory. However, certain
characteristics need to be improved if the strategy is to be
used in a real-life application. These include adaptability and
multi-use capability.
V. C ONSTRUCTION STRATEGIES AND PROTOTYPING
Drones, quadcopters and other unmanned vehicles all have
payloads, whether it be cameras or ordnance to perform a
designated task. Without payload, all these drones would
become redundant toys. Hence, a payload delivery system
was designed in accordance with the set building strategy.
However, the limitations of the drone must be taken into
account when designing the construction pack.
A. Design requirements
On the base of the quadcopter, there were two ultrasound
sensors that could not be obstructed for altitude measuring purposes. The total weight of the construction pack,
including materials used for web construction, could not
exceed 120g to maintain stability and flight capabilities.
The drone had to be able to store 10m of thread (5m
per thread reel) and demonstrate multi-usability, i.e. the
drone had to be capable of constructing more than one web
without its supplies needing to be replenished. Also, the pack
mechanism required power, which would have to be provided
by either the incumbent on-board battery or an externally
fitted battery. The control inputs for the mechanism were
limited to a single input for the purposes of simplicity. Many
different designs were conceptualised and evaluated to yield
the following mechanism for the selected web construction
strategy.
B. Construction pack design
The first step was to design a frame that allowed flexibility
in terms of interchangeability of the construction modules
that would be attached to the drone. The frame, as shown in
Figure 4, has modular dove tail attachment joints and can be
reconfigured to allow for the use of different modules.

Fig. 6: Construction pack prototype assembled onto the
quadcopter.
Fig. 4: Modular frame design.
C. Summary

Fig. 5: Construction pack assembly.

The next step was to design the construction pack mechanism. This mechanism allowed the pack to release a rod
(attached to a string) to a predefined height at which the
string would not unravel. It would then allow some time for
the quadcopter to position itself so that the rod engaged the
tree and allow the unravelling of the string. Finally, it would
be able to repeat this mission in flight. Figure 5 shows the
final design for this construction pack which weighs 105g,
thus satisfying the weight requirement.
The rods and thread reels are stored on opposing sides
of the construction pack as shown in Figure 6. Taking the
location of the reel in the circular rotating disc as the hour
hand of a clock, the mechanism starts at a 3 o’clock position.
The motor rotates the disc 60 degrees anti-clockwise, where
there is a locking pawl in place, engaging the ratchet gear
end of the reel to prevent the string from unravelling. At
the same time, the rod deploys due to gravity. The disc is
then rotated another 60 degrees to the 11 o’clock position,
where the string is free to unravel. As the disc moves to the
9 o’clock position, the rod cannot enter the disc as the reel
is still in place, and the reel cannot enter since the insertion
point meant for the rod is too small to accommodate the reel.
At the 7 o’clock position, the reel falls off. Then, at the 3
o’clock position again, the second rod and reel are loaded
into the correct slots on the reloading disc by gravity.

This type of construction pack design was hugely dependent on the correct alignment of the components, and
allowed little margin for error, an observation made during
initial testing. Hence, the manufacturing of such a design
required a high precision 3D printer which increased the
cost of printing. However, the cost was limited by designing
the parts such that they could be assembled like flat-pack
furniture. When tested manually, the mechanism proved to
be successful in terms of locking, rod and thread deployment.
To be able to transfer this mechanism to the real-world environment, the design could be made to have more tolerance
in terms of alignment such that if any turbulence is experienced, the mechanism is still able to operate effectively. A
further improvement would be to extend the legs of the drone
such that it is able to land independently of a landing pad,
without causing the mechanism to be damaged by coming
into contact with the ground.
VI. E XPERIMENTAL SETUP, SAFETY AND RAPID
PROTOTYPING

Safety is always an essential consideration for experiments
and as such, sound experimental and workshop practice were
ensured. We aimed to have zero accidents due to negligence.
The experimental setup involved (i) purchase and organisation of the necessary equipment, (ii) modification of the
allocated venue to suit the requirements of the experiment
and (iii) definition of the experimental protocol.
Prototypes of the construction pack were fabricated by
high resolution 3D printing. We also had access to a laser
cutter and a lower-end 3D printer, which provided cheaper
fabrication alternatives for any ad-hoc tests. We aimed to
keep the fabrication cost low, whilst maintaining ease of
manufacturing.
A. Safety
A number of injuries have been reported world-wide by
people working with quadcopters [50], so we have strived
to ensure safe experimental practice. Our flight arena was
enclosed by four floor-to-ceiling nets that helped to contain
the drones while providing good vision of the setup. In addition, we conducted a risk assessment for the project using
the standard template for the Department of Aeronautics
at Imperial College London. Control measures implemented

primarily involved usage of safety equipment and restriction
of personnel in the testing grounds. We also conducted
routine checks to ensure compliance from the members.
We were mindful that ensuring safety is an ongoing process, therefore ad-hoc risk assessments were done whenever
new tasks cropped up. No accidents were reported at the
end of the five weeks - a testament of the effectiveness of
the control measures.

C. Rapid prototyping
The construction pack (Figure 9) and its mechanical
transmission (Figure 10) were fabricated using the Objet
350 Connex, a mid-sized multi-material 3D printer. The
material used was ’VeroBlack’, a polypropylene-like Polyjet
photopolymer that is widely used in 3D printing due to its
low weight, toughness and durability. [52]

B. Experimental setup
The four quadcopters we used were off-the-shelf, electrically powered models from Parrot (Figure 7): AR.Drone 2.0.
Without payload, they have a flight time of approximately 12
minutes at a speed of 5m/s [51].
Fig. 9: Prototype of the construction pack, printed using the
Objet 350. It weighs 55 grams and costs £29.10 to print.

Fig. 7: The AR.Drone 2.0 used in our experiments.

Fig. 10: The mechanical transmission printed using the Objet
350. It weighs 33 grams and costs £19.43 to print.

Fig. 8: Schematic of the experimental setup in the L50 flight
arena. The trees are spaced 1.5m apart, and are 1.5m tall.
The venue provided was the L50 Flight Arena in the
Roderic Hill Building, with a length of 10.5m, width of 5.5m
and height of 6.2m. Activities conducted here included (i)
flight tests for both swarm coordination and vision control,
(ii) simulations of web construction and (iii) the final demonstration. The experimental setup is illustrated in Figure 8.
To prevent glare that might interfere with the quadcopters’
vision, we covered the floor with cardboard and carpet. We
also arranged for the pine trees to be modified with wooden
supports in order to increase stability and height (to 1.5m),
to better imitate outdoor trees. The trees were arranged in an
equilateral triangle spaced 1.5m apart.

We maintained a close working relationship with the
construction strategies team during the design of the construction pack. Besides suggesting design modifications to
keep the printing cost low, we played an active role in
testing as well. With access to the VERSALaser VLS6.60
cutter and Makerbot Replicator 3D printer, we were able to
make certain components of the prototypes using cheaper
materials (like acrylic), test their functionality and optimise
their design prior to the actual printing.
We wrote tutorials that explain the use of the VLS6.60 and
Makerbot Replicator. Both machines were frequently used
during the prototyping process, hence we see these tutorials
helpful for future development.
D. Protocol for the final demonstration
The final demonstration will aim to exhibit a swarm of
quadcopters constructing a web between three trees. The
steps to be taken are:
1) Position 3 pine trees in an equilateral triangle spaced
1.5m apart. Cover the floor with cardboard if it is
reflective.
2) Hoist a quadcopter above the trees, so that the entire
layout can be captured on camera. Position 3 quad-

copters integrated with the construction pack at the
base station.
3) Set up the WiFi network shared by the quadcopters.
4) Run the ’ardrone autonomy’ package on ROS.
5) To start the demonstration, run the ROS package for
swarm coordination and vision control.

relationship between the drone’s energy reserves and its flight
duration for various drone weights. (Figure 11)

E. Discussion
Although rapid prototyping delivered high quality products
quickly, it was not cheap. With the Objet 350 Connex,
building materials cost 25p per gram while support materials
cost 12p per gram. In contrast, printing from the MakerBot
cost 3p per gram while acrylic cost 1p per gram. We realised
that breaking up the components of the construction pack
into smaller printed parts reduced the quantity of support
materials used during fabrication, which lowered the overall
printing cost. The trade-off, however, was in the structural
integrity. Thus, a balance of both had to be reached.
We experienced technical difficulties with the MakerBot
printer as well. Initially, the printable resolution was poor
and the machine itself was unreliable. In due course, however, tweaks to the software settings enabled high quality
fabrication, providing a cheaper alternative to the Objet 350.
F. Summary
In our role, we pointed out the safety concerns, outlined
the rapid prototyping process and detailed the equipment and
procedures involved for the experiment. Future work could
include better simulation of real-life conditions, such as
randomly-arranged trees or trees with varying heights. With
no budget constraints, the components of the construction
packs should ideally be printed as an assembly to maintain
structural integrity.
VII. C ONSTRUCTION PACK INTEGRATION
Our task made us responsible for the integration of the
construction pack with the existing hardware. To achieve
this, we had to investigate and quantify the limitations of our
drone experimental platform, allowing us to establish weight
and flight endurance limits for the benefit of the other teams.
Following this, an understanding of the drone’s electronics/software was required, which showed us the nature of the
available control signals for actuating the construction pack.
Finally, we designed and fabricated an actuator, supplying
the mechanical forces to operate the pack in response to a
control signal.
A. Investigation of drone limitations
The primary limitations of our drone included the low
maximum payload weight and the low energy density of
its batteries which severely constrained the total flight time
between charging. Thus, our investigation focussed on quantifying the relationship between aircraft weight and total
power consumption.
Combining experimental data with a momentum theory
based analytical model of the power consumption of a
hovering rotorcraft allowed us to graphically represent the

Fig. 11: Plot of drone energy reserves vs flight time. X
intercept indicates maximum flight time.

This work was invaluable in terms of coordinating the
activities of the other teams, as it quantified the effects
of construction pack and building material weight on the
flight time available to the mission planners designing the
controller for swarm coordination.

B. Integration
Research into the drone’s systems led us to identify the onboard LEDs as the most conveniently available control signal
source. As the LEDs transitioned from green to red, the
voltage increased from 2.89 volts to 4.87 volts. This voltage
increase, coupled with the inbuilt LED control commands,
was all that was necessary to provide the control signal for
the actuation of the construction pack.
It was initially planned that the signal from the LEDs,
combined with a comparator circuit, would provide an adequate control signal for a servo or stepper motor. This was
not possible and we therefore resorted to our backup plan for
providing controlled construction pack actuation, developing
a mechanical transmission powered by a brushed DC motor.
The final design used an LM393 comparator chip to step
voltage, supplied to the motor, up from 0 volts to 5 volts on
demand. This provided control over the DC motor’s on/off
cycles.
The final design for our control mechanism incorporated
epicyclic gear sets, a revolution regulator and a six-stop
Geneva drive, resulting in a transmission which would consistently produce a 60 degree rotation per on/off cycle of
the motor (Figure 12). Additionally, the transmission was
capable of locking the rotation of the output shaft while the
motor was at rest.
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“Simple yet stable bearing-only navigation,” J. Field Robot., vol. 27,
no. 5, pp. 511–533, 2010.
[33] G. Bradski and A. Kaehler, Learning OpenCV, M. Loukides, Ed.
O’Reilly Media, Inc., 2008.
[34] M. Hansell, Animal architecture. OUP Oxford, 2005.
[35] F. MANDAL, Textbook of Animal Behaviour. PHI Learning Pvt. Ltd.,
2010.
[36] T. Blackledge, “Reconstructing web evolution and spider diversification in the molecular era,” Proceedings of the . . . , vol. 106, no. 13,
pp. 5229–5234, 2009.
[37] A. Rypstra, “Building a better insect trap; an experimental investigation of prey capture in a variety of spider webs,” Oecologia, pp.
31–36, 1982.
[38] F. Vollrath and W. Mohren, “Spiral geometry in the garden spider’s
orb web,” Naturwissenschaften, vol. 72, pp. 10–11, 1985.
[39] T. Hesselberg and F. Vollrath, “The mechanical properties of the nonsticky spiral in Nephila orb webs (Araneae, Nephilidae),” The Journal
of Experimental Biology, vol. 215, no. Pt 19, pp. 3362–9, Oct. 2012.
[40] F. Omenetto and D. Kaplan, “Spider webs: Damage control,” Nature
Materials, vol. 11, no. 4, pp. 273–4, Apr. 2012.
[41] A. Harmer, “High-performance spider webs: integrating biomechanics,
ecology and behaviour,” Journal of The . . . , vol. 8, no. 57, pp. 457–
471, Apr. 2011.
[42] F. Ko and J. Jovicic, “Modeling of mechanical properties and structural
design of spider web,” Biomacromolecules, vol. 5, no. 3, pp. 780–785,
2004.
[43] C. Boutry and T. Blackledge, “Evolution of supercontraction in spider
silk: structurefunction relationship from tarantulas to orb-weavers,”
The Journal of Experimental Biology, vol. 213, no. Pt 20, pp. 3505–
3514, Oct. 2010.
[44] E. Wirth and F. Barth, “Forces in the spider orb web,” Journal of
Comparative Physiology A, vol. 171, no. 3, pp. 359–371, 1992.
[45] A. ap Rhisiart and F. Vollrath, “Design features of the orb web of the
spider, Araneus diadematus,” Behavioral Ecology, vol. 5, no. 3, pp.
280–287, 1994.

[46] T. Krink and F. Vollrath, “Analysing spider web-building behaviour
with rule-based simulations and genetic algorithms,” Journal of theoretical Biology, vol. 185, no. 3, pp. 321–331, 1997.
[47] F. Vollrath, “Strength and structure of spiders’ silks,” Reviews in
Molecular Biotechnology, 2000.
[48] J. Gosline, M. DeMont, and M. Denny, “The structure and properties
of spider silk,” Endeavour, vol. 10, no. 1, pp. 37–43, Jan. 1986.
[49] F. Vollrath and D. Knight, “Liquid crystalline spinning of spider silk,”
Nature, vol. 410, no. 6828, pp. 541–548, 2001.
[50] I. Sa and P. Corke, “Estimation and control for an open-source
quadcopter,” in Australasian Conference on Robotics and Automation
(ACRA 2011), Monash University, Melbourne, Vic, December 2011.
[Online]. Available: http://eprints.qut.edu.au/47046/
[51] ParrotSA. (2012) Parrot AR.Drone 2.0 technical specifications. [Online]. Available: http://ardrone2.parrot.com/ardrone-2/specifications/
[52] Stratasys. (2013) 3d printing with rigid opaque materials. [Online].
Available: http://www.stratasys.com/materials/polyjet/rigid-opaque

Imperial College London
Group Design Project 2012 - 13
Bio-Inspired Aerial Construction

Individual Report
Project co-director

Author:
Akash Trivedi
Supervisor:
Dr. Mirko Kovač
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1

Introduction

1.1

Motivation

In remote areas, often too dangerous or too inaccessible for humans, it can be possible
to send drones to operate autonomously. Many application scenarios have been discerned for unmanned aerial vehicle activities including: search and rescue, surveillance,
environmental monitoring, inspection for various purposes, medical and aid delivery or
construction. [1–4] However, a major issue with using drones, or quadcopters in our
case, for any purpose is their low battery life.
It has been suggested that drones operating autonomously in swarms are highly effective
in executing simple tasks in a robust, flexible and scalable manner. [2, 5] Swarm behaviour and characteristics amongst robots have been developed taking inspiration from
nature, especially from social animals such as bees, birds and ants. [5–7] Even though
each drone in a swarm is expendable, similar low levels of battery life will hinder drone
performance.
Here, the quadcopters will be taking inspiration from orb weaving spiders’ extended
phenotype [8, 9] to autonomously construct a web suitable as a landing platform between
trees. As such, allowing spontaneous landing capabilities which can enable a multitude
of activities to take place on the platform.
This motivation section forms the introduction and part of my contribution to the executive summary.

1.2

My role

In this project, my formal role title is that of a Technical Project Co-director. This
entailed taking on a diverse set of responsibilities including:
• Project management and coordination.
• Communication with the various workpackage groups within the project team.
• Literature review of building strategies in animals; specifically spiders.
• Evaluation of building strategies and selection of the best for this project.
1

• Overall responsibility for the executive summary that forms a major component
of everybody’s report and the project deliverables.

1.3

Equipment

For this project, we were given an assortment of components that could be of use, several
Parrot AR.Drone quadcopters and a budget of approximately £300.
The components available were motors, air pumps, self-curing putty, various adhesives,
a range of string materials including; cotton twine, Kevlar, Dyneema and polyethylene.
However, many of these components were not actually used since they did not align with
the strategies we envisaged.
Alongside all of the usual apparatus available to us in the workshop, we also had access
to various 3D printers and a laser cutter too.
In terms of our operating area, we were assigned the Aerial Robotics Laboratory’s Flight
Arena. This was where all the quadcopters were held and tested. Other work could
be conducted in the lecture theatres that were available to us throughout the project
timeframe.

2

Design criteria and project deliverables

The goal we were working towards for the final demonstration was to have three quadcopters take off from the base station, detect the trees as appropriate building sites,
construct a spider web between the trees using autonomous vision based control and
allow another quadcopters to land on the web for fifteen seconds and take off again with
all the quadcopters returning to the base station.
In terms of documentation, accompanying this individual report are the executive summary, poster, tutorials for knowledge transfer, presentation and a DVD of videos and
all work completed. This forms a holistic package for future engineers to be able to
understand our work and continue further.
The executive summary is in the formatting style of the IEEE International Conference
of Robotics and Automation and highlights the important aspects of the entire project
with a concise overview. The poster is a visual piece showcasing the achievements
of the project. The tutorials are designed such that anyone external to the project
continuing work in the future can quickly understand all the aspects involved. Finally,
2

the presentation is the last deliverable to convey our results to the scientific panel,
technical advisors, supervisor and everyone involved in the project.

3

Project management

In my role as co-director, I had certain responsibilities for the management of the project
and its overall coordination.

3.1

Gantt chart

In the first week, it was imperative to understand the roles of each workpackage team,
how long each task would take and the interdependencies between various workpackage
teams. In order to present this is a convenient format, a Gantt chart was made use of.
Each subgroup was asked which tasks they expected to have within their workpackage,
how long they expected to spend on each task in terms of a range between an optimistic
and pessimistic timeframe, and also which other subgroups they relied on to conduct
their particular tasks. Understanding all this, it was possible to formulate a Gantt chart
with expected timeframe and links between workpackages. These were updated each
week to keep track of progress.

3.2

Communication

Most mornings, there was a daily briefing where each workpackage team discussed the
progress they made the previous day and what they hoped to achieve during the day.
This was to ensure everyone involved in the project being kept in the loop with regards
to everyone’s work; communicating in a desirable and effective manner.
In addition to the daily briefings, weekly meetings were held every Friday in the presence
of the scientific panel, technical advisors and the supervisor to discuss the week’s work in
detail. Each workpackage team presented independently and challenges were discussed,
solutions posed, designs compared and advice passed on. These meetings were very
useful as they enabled us to obtain feedback where required and allowed us to get
expert guidance. During each weekly meeting, I would present a review of goals set for
the week and targets set for the following week. This would enable the entire team to
remain focussed on their tasks and motivated to complete their self-set goals. To write
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this review, effective communication with all the workpackage teams was necessary prior
to the presentation.
To schedule impromptu meetings, events or remind members of particular project details,
a mailing list using everyone’s Imperial email accounts was created. This allowed for a
good means of communication out of office hours.

3.3

Documentation

In order to keep track of changes to documentation, new files and updated ones to be
shared within the team, SharePoint was made use of. This Microsoft service enabled
a well organised database of documents to be held online for any team member to
access. This ensured latest documents being accessible to members for viewing, editing
or downloading.
The overall responsibility of the executive summary was also taken by me. As aforementioned, it forms part of the project deliverables and is a concise account of all the
work conducted by the various workpackage teams.
In order to compile this document, I first prepared a template based on the IEEE
International Conference of Robotics and Automation to guide the teams with regards
to content required. Additionally, advance notice was given to all teams to ensure they
were aware of what content needed to be provided, what the intermediary and final
deadlines were and how much space they were allocated.
The intermediary deadline allowed me to judge each workpackage team’s progress in the
overall project and also learn of how they envisaged their section of the summary to
look like. This enabled me to gauge how much space would need to be allocated to each
team and also how to make the summary flow better and not read as if it were sections
just glued together.

4

Overview of building strategies, materials selection and characterisation

In order for this project to succeed in its ambitions, it was essential to perfect the building
strategy to be utilised, along with the materials selection. To design the geometry of
the landing platform structure and the order of construction, we looked at nature.
4

A comprehensive literature review was conducted of publications pertaining to animal
architecture. Obtaining inspiration primarily from spider web building methods, a list
of potential strategies was ranked by evaluating each in terms of crucial design criteria.
Upon selecting the two best theoretical strategies, they were experimentally tested in
small and full scale in the flight arena. Realising challenges and obstacles along the way,
these strategies were optimised.
Following the finalisation of the strategies, material characterisation was performed to
deduce the ideal combination of materials for the quadcopters to use in the construction
of the web.

5

Literature review

Throughout the animal kingdom, there are examples of animal architecture; structures
that are constructed by animals. [10, 11] When considering nature as inspiration to
create a landing platform amongst trees, we first note nests that are built by birds. For
example, the long tailed tit builds a nest whose structural stability is derived from a
natural form of Velcro derived from the leaves of moss acting as the hooks and the spider
silk providing the loops. [12] However, nests are built from collected materials. This is
not ideal in our case where we would like to carry on-board all the materials required
to construct the platform. Hence, we turn to those animals that erect structures based
on self-secreted materials, notably, spiders.
Spiders have evolved to construct various optimised web architecture depending on local environmental topology. [13] Many categories exist such as: irregular aerial webs,
sheet webs, cobwebs, orb webs, etc. Orb webs possess higher capture efficiency than its
counterparts [14] and as such shall be the architecture analysed further.
In terms of architecture, orb webs are highly redundant structures constructed in the
following order: outer framework, wheel of radii within the frame, auxiliary non-sticky
spiral from the inner to the outer and finally the sticky capture spiral on the spiders
way back in whilst destroying the non-sticky spiral. [15] Occasionally, the non-sticky
spiral remains in Nephila orb webs, which contributes to the mechanical properties of
the macro web structure. [16] Most research agrees, however, that the majority of the
global mechanical properties of the web are determined by the radii and not the spirals.
[17, 18]
Furthermore, the structure of an orb web is an example of tensegrity, whereby a highly
efficient structure is created due to optimal distribution of mass, with strands of silk in
5

a state of pretension. [19] This is made possible due to the supercontraction of some
spider silk when exposed to water or urea. [20] Moreover, the high tensions that can be
found in the spirals also point towards its role in stabilising the radii [21] even though
they are significantly weaker. [18]
Several experimental studies have been performed to discern the manner in which spiders
construct their webs. An interesting observation is the considerations that a spider
makes in designing and constructing a web. First, it decides on the timing, locality and
orientation of the web, and then the spider considers the allocation and distribution of
silk in the structure to be made based on searching for prey. [22] It is useful to take into
account the decision making process of the spider so that our own building strategies
and algorithms can be optimised in this way.
In fact, virtual webs have been created in the past with the use of a computational
genetic algorithm. [23] Several rules are used to dictate the order of construction and
each gene is simulated by a particular variable, that when varied, would yield a different
cost to benefit ratio. Upon repeated iteration, optimisation occurs based on the gene
variables and the ideal web is constructed. This type of decision making process could
be implemented by the quadcopter to construct an optimum web, for instance, based
on the amount of material it is carrying and the battery life remaining. However, this
is outside the scope of this project.
In terms of material selection, let us first consider spider silk as a material since that is
the material utilised in nature. Research has been previously conducted in the biochemical processes governing spider silk production and its mechanical properties. [24, 25]
Albeit, it possesses fantastic mechanical properties, spider silk is still not available mass
produced on the market even though artificial silk has been spun with solvent spinning
of recombinant proteins. [26]
Therefore, we must look at manmade fibres that already exist in abundance. Those
considered were braided Kevlar, Nylon, polyethylene and regular cotton twine.
This literature review forms part of my contribution to the executive summary.
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6

Building strategies

6.1

Ranking of building strategies

For the baseline structure to be designed, inspiration from orb weaving spider’s webs and
in particular, the radii was used. Based on this structure that desired, several building
strategies were theorised, some more biologically inspired than others. Illustrations
depicting the proposed web design for each strategy are provided below.
Strategy 2

Strategy 3

Strategy 4

Strategy 5

Strategy 6

String-Adhesive Based

String Based

Strategy 1

Figure 6.1: String and string-adhesive based strategies.

Figure 6.2: Foam based strategies.

Strategy 9

Foam Based

Strategy 8

Foam Based

String and Foam Based

Strategy 7

Strategy 14

Strategy 15 &16

Prefabricated

String + Prefabricated

String + Prefabricated (rubber)

Strategy 13

Figure 6.3: Pre-fabricated components based strategies.

Strategy 12

Inflatable structure

String + Adhesive + Inflatable

Strategy 11

Retractuble structure

Strategy 10

Figure 6.4: Retractable and inflatable based strategies.

A ranking matrix was developed in order to compare the myriad strategies based on
various criteria.
Table 6.1: Ranking matrix for various theoretical building strategies.

Strategy

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

Coding

2

5

5

2

3

3

3

1

4

1

2

3

3

3

1

3

Adaptability

1

4

4

3

3

2

1

4

1

3

1

3

5

3

3

2

Weight

2

1

2

2

4

3

5

5

4

5

2

4

3

3

5

3

Energy

2

3

4

2

4

3

4

3

5

3

3

3

2

4

5

1

Stability

3

4

4

1

1

1

2

2

2

4

1

2

4

5

4

3

Mechanisms

3

3

3

2

2

2

5

4

4

5

5

5

2

4

5

1

Robustness

1

5

4

2

1

2

1

3

4

1

5

3

5

2

1

2

SCORE

14

25

26

14

18

16

21

22

24

21

19

23

24

24

24
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In table 6.1, the sixteen different strategies are compared in terms of seven ranking
criteria. Coding refers to the complexity of the code packages required from swarm

coordination and vision and flight control in order to implement the strategy. The
adaptability criterion considers the effect if the three trees are not spaced out regularly,
but in any fashion. The weight of the materials required to use the strategy has to
also be taken into account. Due to the finite battery life and its inversely proportional
relationship to the weight, the energy consumption must be minimised. In performing
the manoeuvres dictated by the strategy, the stability of the quadcopter must also be
ensured. Another requirement is that the mechanisms involved in the construction
pack should not be too convoluted. Finally, the strategy itself must be robust, with
redundancies such that it is not too sensitive to off-design phenomena.
The scale of the ranking for each criterion is from the best (1), to the worst (5). The two
highest ranked strategies - those with the lowest total score - were selected to further
develop.
Therefore, in this case, strategy 1 was the best proposed along with strategy 4 (from
here on referred to as strategy 2 since it was the back-up design).

6.2

Final building strategies

A step by step depiction of the two strategies is shown below.
Step 2

Step 3

Strategy 1

Step 1

Figure 6.5: Step by step construction for strategy 1.

Here, the three quadcopters position themselves above each tree and deploy a rod attached with two strings intersecting the tree such that it is held in place. They then fly
to the midpoint of the opposite side in sequence. In the same sequence, they fly back
to their original tree and loop around the tree to secure the two strings and drop the
reel to conclude the construction. This acts in producing a knot in the centre of the
triangular tree formation for the fourth quadcopter to land upon.

Step 2

Step 3

Strategy 2

Step 1

Figure 6.6: Step by step construction for strategy 2.

In the back-up strategy, once the three quadcopters are in position above the trees, they
fly in an anticlockwise fashion to the adjacent tree. Following a looping manoeuvre to
strengthen the attachment to the tree, they each fly in sequence to the midpoint of the
opposite side and fly back. Since this time, construction is with adhesive coated string,
it will bond on contact with the other strings allowing the structure to stiffen with time.
This web-like structure enables the fourth quadcopter to land anywhere in the midst of
the trees due to the higher structural redundancy.
For either of these strategies to be successful, there needed to be extensive experimental
testing to corroborate the effectiveness of the two strategies. Before this could happen,
material characterisation had to be performed in order to select suitable materials for
the construction role in consideration.
Figures 6.1 to 6.6 were produced by Marinos. [27]
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Material characterisation

In order to select the appropriate materials to conduct the building strategy, it was
initially necessary to rank the various materials. To implement the first strategy, rod
material selection and optimisation must take place alongside a ranking for the sting
mass. Furthermore, for the strings used in the back-up strategy, characterisation occurs
in terms of mass as before, but also based on other criteria such as; glue compatibility,
bonding time and force withstood prior to breaking.
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7.1
7.1.1

Strategy 1
Evaluation of strings

The different strings utilised in the testing for the purpose of comparison and ranking
were No. 6 cotton twine, 0.035in per yard braided kevlar, nylon bricklayer’s line and
polyethylene mason’s line. These were compared in terms of their mass, strength, ease
of visibility for the vision detection algorithm and roughness. This is since a higher
roughness would provide a better contact surface for the adhesive.
Table 7.1: Ranking matrix for various string materials.

String material

Mass

Strength

Visibility

Roughness

SCORE

Twine

3

1

1

1

6

Kevlar

1

1

4

2

8

Nylon

1

1

4

5

11

Polyethylene

1

1

4

5

11

Table 7.1 ranks the materials from the best (1) to the worst (5).
It is evident that cotton twine is in fact the best string material available. The primary
reason for this is its thickness and roughness which lends well to vision detection but
also gives a good contact surface for adhesives.

7.1.2

Evaluation of attachment mechanisms

In order for the first strategy to be implemented, there must be an effective way of
attaching the string to the trees. Many different mechanisms were devised ranging from
basic ones involving glue, velcro or tape to more advanced ones utilising a grapple hook
or a rod designed to intersect the tree.
The ranking criteria used were the mass, how effective each mechanism was at attaching
itself securely onto the tree in its first go, whether the geometry was good at maintaining
the distance between the two strands of string to ensure a particular area of the web
constructed and how complex the mechanism is when extrapolated for multi-use.
Cotton twine was used when testing attachment mechanisms since it had already been
deduced to be the best string material.

Table 7.2: Ranking matrix for various attachment mechanisms.

Mechanism

Mass

Effectiveness

Geometry

Multi-use complexity

SCORE

Rod

2

1

1

3

7

Velcro

1

3

3

2

9

Hook

2

3

3

3

11

Glue

1

5

3

2

11

Tape

1

4

3

2
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Table 7.2 ranks the attachment mechanisms from the best (1) to the worst (5).
It can be seen that the best attachment mechanism for this building strategy is to use
a rod. The main reason for this is the fixed distance between the two strands of string
that it is capable of maintaining, ensuring that the area for the web is appropriate. It
is also very effective in attaching itself to the tree since as long as it intersects with the
tree, attachment will be assured.

7.1.3

Optimisation of the attachment mechanism

Once the type of attachment mechanism was obtained to be the rod, it was necessary
to optimise it for low mass without leading to poor stiffness.
The optimisation was done by considering a uniform rod under three point bending at
the tree. ETB and a shape factor based approach was used to derive the shape and
merit index associated with the best material. A full derivation and explanation of the
process can be found in the reports written by the building strategies, material selection
and characterisation team. [27, 28]
Upon conducting the optimisation process, the best shape and material for the rod
was discovered to be a carbon fibre circular one. Hence, this is the type used for this
particular building strategy.

7.2
7.2.1

Strategy 2
Evaluation of string-adhesive materials.

To implement the second strategy, effective means of bonding string to string and tree
had to be elucidated. The adhesives tested were Loctite Superglue with and without
activator, RS Ultrafast Superglue and Evo-stick contact adhesive.

Ranking criteria were the bonding time for the adhesive on each string and the force it
was able to withstand after bonding.
Table 7.3: Ranking matrix for various string-adhesive combinations.

String material
Adhesive

Cotton

Kevlar

Nylon

Polyethylene

Bonding time/s

30

53

>60

>60

Force/N

0.1g

<0.1g

N/A

N/A

Bonding time/s

5

N/A

N/A

N/A

Force/N

0.1g

N/A

N/A

N/A

Bonding time/s

>60

>60

>60

>60

Force/N

N/A

N/A

N/A

N/A

Bonding time/s

60

50

>60

>60

Force/N

<0.1g

<0.1g

N/A

N/A

Loctite Superglue

Loctite Superglue + Activator

RS Ultrafast Superglue

Evo-stick Contact

As can be seen in Table 7.3, some combinations of string materials and adhesives were not
tested. For example, it was illogical to test the case with activator if without activator,
the bonding time was over a minute (not ideal with a very low quadcopter battery life)
or the bond strength was less than 0.1g newtons.
Loctite Superglue with activator was the quickest bonder and produced the strongest
bond with cotton twine. However, the haste of the bonding makes this combination
hard to work with. Therefore, the next best alternative was considered as the solution
for the back-up strategy; Loctite Superglue with cotton twine.
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Results and discussion

8.1

Verification

Once the two strategies and the materials that each strategy would utilise were finalised,
it was imperative to test out the strategies with those materials and verify that the
quadcopter would be in fact able to land on the resultant web platform.
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To verify this, the two strategies were implemented manually without the quadcopters
and the quadcopters then placed on the structure by hand. The results of which are
shown in Figure 8.1.

Figure 8.1: Illustrating both strategies.

Figure 8.1(a) on the left clearly depicts how the first strategy is much better than the
second strategy on the right in Figure 8.1(b).
In the first strategy, it is evident that the quadcopter is laying on a more stable platform
as the string is more taut and the attachment to the trees more secure. In the second
strategy, the string is deployed from the quadcopter such that it is more slack and as
such the landing is not as stable. Hence, the vertical height drop of the web upon landing
is much greater than that for strategy 1. The attachment to the trees is also not as good
when making using of solely cotton twine and adhesive.
This verification exercise on a full scale enabled us to judge the first strategy as the best
option going forward. This was the strategy that most of the time, effort and resources
were focussed towards.

8.2

Final test

The final test with the autonomous quadcopters with vision control and integrated
construction pack was to occur in the final week of the project. However, in the latter
stages of the project, further refinement in the integration mechanisms and the lack of
a fully operational swarm coordination package meant that a full scale test with the
quadcopters was unable to take place.

Instead, each workpackage team tested their module separately. For the building strategies, material selection and characterisation team, this meant manually flying a quadcopter above the constructed web as per strategy 1 identified in Figure 8.1(a) and then
landing it upon the structure.
We noted that the strategy performed as expected from the ranking and the verification
exercises. This gave us confidence that if there was additional time for this project, and
the various modules fully integrated onto the quadcopter, the building strategy would
be up to par and not lead to failure.
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Conclusion

The main ambition for this project was to autonomously construct a web such that it
could act as a landing platform for quadcopters for recharging, monitoring or surveillance
purposes. Although, the autonomous section of the project was not entirely successful
due to the ambitious timeframe and steep learning curve, the concept of building a web
with three quadcopters acting in a swarm like manner has been shown.
The verification exercises performed by my team and I made evident that a simple biologically inspired web landing platform could be achieved with materials that a quadcopter can easily carry in the field. Multi-use can also be achieved on bigger quadcopter
platforms, so that one quadcopter team can construct more than one landing platform.
For future work, we would like to work on integrating the work conducted by the different
groups onto the quadcopter platform and further develop the autonomy and swarm
coordination to allow for the autonomous aspect to also succeed.
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