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Preface
This report contains the outcome and marks the end of my Master Thesis at the Faculty of Aerospace
Engineering at the Delft University of Technology. This master thesis focused on achieving tactile
navigation with an aerial platform in hard-to-reach environment with low visibility by mimicking the
sensory system of nocturnal animals consisting of vibrissal sensors, whiskers. Nocturnal animals have
proven that vibrissal sensors allow for exploration and navigation of environments with low visibility.
The goal of my research has been to introduce the world of whisker-based tactile sensing to aerial
robotics, by designing and controlling a whiskered drone, with biomimetic vibrissal sensors, for rugged
ceiling contour-following tasks.

The journey from the initial concept idea to the final outcome has been challenging with many highs
and lows. However, these highs and lows resulted in many teachable moments, which allowed me to
learn many new skills. Even tough this journey has been a challenge, seeing my designs and ideas
come to life has been incredible.

I would like to express my gratitude to my supervisor Dr. Ir. Salua Hamaza for her support, guidance,
and personal and project related advice throughout this thesis. I am incredibly grateful for working
together with Mahima Yoganarasimhan during our theses. It has been an amazing adventure, thank
you for the interesting discussions, your support, the amazing moments we had, and for being a friend.

Additional I would like to thank everyone at the MavLab for their help, support, and introducing me
to the world of micro aerial vehicles.

Lastly, I would like to thank my amazing and loving family for their unwavering support and encour-
agement.

Nils de Krom
Delft, October 2024
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Part 1
Introduction

A current trend in the field of robotics is to use robots, autonomous vehicles, to perform exploration,
localization, and mapping tasks in known and unknown environments. Using robots for these tasks
allows for exploring environments that are difficult or dangerous for humans to explore. This trend is also
proven by the winners of the DARPA Subterranean Challenge, who have shown that exploration and
object localization could be performed with the help of multiple different robotic vehicles. These vehicles
were equipped with visual sensors, such as RGB cameras, and laser sensors, such as LIDAR.[5]

These sensor types have their limitations, they often have a high power consumption, are relatively
heavy, and they are not always as effective. Their effectiveness heavily decreases in environments with
low visibility due to dust, darkness, and smoke, such as natural caves and tunnels. To be able to explore
such environments a new sensory system is needed. Luckily, such a sensory system can be observed
in nature, a tactile based sensory system that can be used as range sensors. More specifically, the
sensory system embedded in the body of nocturnal animals in the form of vibrissal sensors, whiskers.
These animals use their vibrissal sensors for tracking, orienting, exploring, and localizing objects in
their environment. [4]

As the whisker-based sensory system is proven by nature, current robotic applications already exist
that make use of biomimetic vibrissal sensors on moving platforms for exploration and navigation tasks.
Examples of such platforms equipped with whiskers are the WhiskerBot [2], the SCRATCHbot [3], and
the CrunchBot [1]. However, these current applications are wheeled ground robots, designed to explore
environments with smooth floors and unable to operate in hard-to-reach environments with rocky and
uneven floors that can be found in cave-like environments.

Using aerial vehicles in combination with biomimetic vibrissal sensors would allow for performing ex-
ploration and navigation tasks in such low visibility hard-to-reach environments. Integrating biomimetic
vibrissal sensors on aerial platforms is currently not performed in this research area.

Therefore, the aim of this research is obtaining an initial proof of concept of a whisker-based aerial
platform, able to trace rugged ceiling contours via non-intrusive tactile sensing in unknown environ-
ments. This goal is to be achieved by answering the following research question:

”How can whisker-based tactile sensing be used to perform autonomous contour following
navigation tasks in unknown environments, while flying in proximity with rugged ceilings, with

a quadrotor?”

This report is structured as follows. First of all, the scientific article containing the research con-
ducted to fulfill the set out goal and to answer the research question is presented in Part 2. Second,
Part 3 contains an in-depth literature study, in which the different research fields related to this project
are examined. The analyzed research fields are the use of whiskers in nature and robotics, contour-
following navigation tasks, and flying in proximity with ceilings.
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Part 2
Scientific Article
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Autonomous Ceiling-Following Using Biomimetic
Vibrissal Sensors on a Quadrotor

N.W.M. (Nils) de Krom*

Faculty of Aerospace Engineering Delft University of Technology, Kluyverweg 1, Delft

ABSTRACT

Low visibility in hard-to-reach environments, such as natural
caves and tunnels, poses challenges for exploration due to the
limited effectiveness of traditional sensors, such as cameras
and distance sensors. Nature offers a solution to this problem
embedded in the body of nocturnal animals in the form of
vibrissal sensors, whiskers. In this paper, we take inspiration
from this principle and develop artificial biomimetic whiskers
to aid quadrotors’ navigation. Specifically, we design and
control a whiskered drone for ceiling contour-following tasks,
enabling tactile tracing of rugged ceilings while mitigating
aerodynamic disturbances like the ”ceiling effect”. The pro-
posed whiskered drone design allows for multiple whiskers
in various orientations, providing real-time tactile feedback
to guide the ceiling-following controller. Flight experiments
validate the system’s effectiveness in navigating both smooth
and rugged ceilings, demonstrating the potential for whisker-
based tactile navigation and future autonomy.

1 INTRODUCTION

The urge to explore is embedded in the nature of mankind.
In the early days humans used to explore new and unknown
environments by themselves on foot. However, exploring un-
known environments, for example caves, could be very dif-
ficult, time consuming, and dangerous for a human. Luck-
ily, due to the technological developments in the past decades
autonomous vehicles can perform such exploration and map-
ping tasks.

This is proven by the winners of the DARPA Subterranean
Challenge. They showed that by using walking, driving, and
flying vehicles exploration and object finding could be per-
formed. These robots made use of laser sensors, such as LI-
DAR, and visual sensors, such as RGB cameras. [1]

Unfortunately, these sensor types will not be effective in
environments with low visibility, due to smoke, darkness, or
dust. Hence, a different type of sensor is needed to be able
to explore and navigate through these environments. Nature
already found a solution to this problem. When looking at
the exploratory behavior of nocturnal animals or animals liv-
ing in poorly-lit environments, it can be observed that these
animals make use of tactile sensors. There are many different
types of tactile sensors in nature, which are used for many dif-
ferent applications, but they are all directly or indirectly used

*Email address: N.W.M.deKrom@student.tudelft.nl

Figure 1: Designed whisker-based aerial platform. Size com-
parison with a 2 euro coin.

as range sensors. An example of such tactile sensors are an-
tennae, used by the arthropods family as their most important
attribute to obtain tactile stimuli, they are for example used
for environmental exploration during the night.[2][3] Besides
antennae, another sensor type proven to be very effective are
whiskers or vibrissae, often found on mammals. For exam-
ple, rodents have micro- and macrovibrissae, which in com-
bination with head and body motions are used for localising,
orienting, exploring, and tracking the environment.[4]

Hence, using whiskers on a robotic platform could lead to
exploration and navigation tasks through poorly-lit environ-
ments. The use of whiskers in robotic applications is already
viable, see Figure 2.

The ones from Figure 2 that do focus on exploration and
navigation tasks are the Koala Robot [5], the WhiskerBot [6],
Shrewbot [7], the SCRATCHbot [8], and the CrunchBot [9].
All these different robots try to mimic the behavior of a rat, by
using the active whisking observed by rats for exploring the
environment. This is beneficial, because with active whisk-
ing a larger space is sampled which increases the chance of
detecting an obstacle, which is preferable when moving in an
unknown environment. Furthermore, they also try to mimic
the rats sensory surface, i.e. by applying a conical shape to
the robots’ ”head”, as can be seen for the WhiskerBot, Shrew-
bot, and SCRATCHbot, or by using a ratio between whisker
lengths similar as the ratio observed for rats.

The known whisker-based robotic applications, shown in
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Figure 2: Overview of different whisker applications in
robotics. (1: [10], 2: [5], 3: [6], 4: [11], 5: [7], 6: [8], 7:
[9], 8: [12].)

Figure 3: Visualisation of the goal of the research.

Figure 2, are based on ground robots, either wheeled ground
robots or robotic arms. These whisker-based robot types
could potentially be used to explore low visibility environ-
ments. However, the wheeled robots are designed to explore
environments with smooth floors, hence they cannot traverse
environments with rugged, rocky, and uneven floors, such as
caves. For such environments aerial vehicles should be used
to fulfill the exploration task. But existing research does not
show applications of whiskers on aerial platforms. Which
raises the question, is a whisker-based aerial platform achiev-
able and will it be able to perform exploration and navigation
tasks. This question leads to the contribution of this work.

The goal of this research is to obtain an initial proof
of concept of a whisker-based aerial platform that can trace
rugged ceiling contours via non-intrusive tactile sensing,
paving the way for future flight autonomy in dark unknown
environments, Figure 3.

To obtain this goal, this research will present the mechan-
ical design of a new aerial platform, which allows for the
placement of multiple whisker, Figure 1. Furthermore, the
used whisker design and how the obtained tactile informa-
tion is integrated in the system will be explained. Then, the
designed tactile contour following controller is presented. Fi-
nally, all the components will be combined to demonstrate
that whisker-based tactile sensing can be used on a quadrotor
to perform a ceiling contour following task.

2 WHISKERED DRONE

2.1 Mechanical Design
To fulfill the goal of performing whisker-based tactile

navigation and exploration in unknown environments with
rugged ceilings, such as caves, requirements should be set
for the mechanical design of the aerial platform. The design
shall allow for placing multiple whiskers, allow for different
whisker orientations, and it shall be able to withstand bump-
ing and flying into objects.

Related to the first requirement, the design should allow
for placing multiple whiskers such that a whisker array can
be obtained. This design choice is supported by both [13] and
[5]. They state that using an array of whiskers leads to more
precise sensory data. Furthermore, nature also shows that an-
imals with whiskers make use of a sensor array.[4] However,
there are many different array designs, which leads to two un-
knowns: how many whiskers should the design accommodate
and what should the spacing between the whiskers be.

Existing literature does not provide a clear answer on the
amount of whiskers that should be used. However, it shows
a certain trend based on the tactile sensing task. For classi-
fication tasks, a relatively large amount of whiskers is used
to obtain large batches of accurate texture data.[13] In mo-
bile robotics, multiple smaller arrays surround the robot, to
increase the chance of obstacle detection. This same trend
can be observed for spacing between whiskers. For tasks that
require high accuracy, the whiskers are placed relatively close
to each other.[14] Tasks that require more global data, such as
obstacle detection, have whiskers that are more spread out to
increase the chance of detecting obstacles. Based on this ob-
served trend and the goal of the drone, it was decided to use
larger spacing between whiskers.

As stated by the third requirement, the design should be
able to withstand contact with objects, protecting the drone
from impact, and for stability reasons it is preferred that the
design is symmetrical. Hence, a cage like structure was de-
signed. In Figure 1, it can be seen that the design consist of
three octagons, with each intersection point, the white con-
nectors, being a placement position for a whisker and the in-
ner base allows for placing three whiskers. All the connec-
tors have a simple whisker fastening click-on system, which
allows for quickly repositioning the whiskers. Furthermore,
the nodes on the outer ring are angled with 30 degrees relative
to the horizontal top plane.
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Figure 4: Visualisation of the follicle with numbered barom-
eters.

In Figure 1 it can be seen that there are also placement
options on the side of the cage. While these locations are
not required for the goal in this research, they are needed for
future research in not only following ceilings but also for fol-
lowing walls and in the end flying in caves.

In summary, the cage allows a total of 35 whisker place-
ments, 19 on the top and 16 on the side, it is a modular design
which allows for easy replacement of broken parts, and it has
a total weight of 346.12[grams]. More information about the
design of the cage and all the individual components can be
found in Appendix A.

An important remark is that due to other hardware limita-
tions it was decided to make use of only two whiskers in this
research. They are positioned at the top at the center of the
cage, seen in Figure 1.

2.2 The Tactile Sensor: Whiskers
The whisker design used in this research are obtained

from a previous research, which focused solely on a biomor-
phic whisker design, [15]. This whisker design consists out
of three main components. Firstly, the base component, a
hexagon shaped PCB containing three MEMS (microelec-
tromechanical systems) barometers. Secondly, a follicle com-
ponent containing the three barometers, a plastic tube, the
whisker shaft root, and UV resin. Finally, the whisker shaft
component, which is made from a nitinol wire with a diame-
ter of 0.4[mm]. [15]

According to [16] the length of the whisker shaft should
be based on its application. It was observed in literature that
on ”larger” mobile platforms used for exploration and naviga-
tion tasks relatively long whiskers were used. Using this ob-
servation, it was chosen to use whiskers with a whisker shaft
of 20[cm]. A longer whisker will allow for the earlier de-
tection of changes in the environment. Hence, the increased
depth perception allows for maintaining larger distance to-
wards an obstacle.

Deflections of the shaft are measured with the help of the
follicle component, Figure 4. When there is contact along
the whisker, the follicle will deform, resulting into pressure
changes on the barometers that directly feed into the con-
troller design.

An important remark is related to the accuracy and sen-
sitivity of the used whiskers. The process used to fabricate
the whiskers is done by hand, [15]. This results into whiskers

Figure 5: Overview of information flows between the sys-
tems.

with differences in sensitivity, accuracy, and behaviour. In
this study a slight modification was performed to the fabrica-
tion process to try to make the whiskers more similar, the
modified fabrication process can be found in Appendix B.
However, they remain hand-made, hence the whiskers will
have different characteristics.

2.3 System Integration
Multiple components are needed to be able to fly and con-

trol the aerial platform and to read the whiskers during flight.
First of all, an autopilot module is required, in this research
the PixRacer autopilot with PX4 software is used. Second,
to be able to read the whiskers on board a Raspberry Pi 5b
is implemented on the drone. Lastly, the proposed controller
will run on a computer.

The four main components communicate as follows. The
whisker sends its readings to the Raspberry Pi, which con-
verts these readings into ROS2 messages which will be send
to the computer. The computer uses these readings for the
controller and send the required changes in position via a
ROS2 message to the Pi. The Pi will then send these changes
in position to the PixRacer. Finally, the PixRacer continu-
ously sends the position of the drone to the Pi, which will
send it to the computer. It is important to note, that due to the
required communication between the different components a
system delay is introduced. An overview of the four compo-
nents and the information flow can be found in Figure 5.

3 CEILING FOLLOWING CONTROLLER DESIGN

It is very important that the proposed controller is accu-
rate and that it maintains a relatively constant distance to-
wards the ceiling. The main risk is that the controller brings
the drone too close to the ceiling, which can result into the
ceiling effect playing a role during flight. This effect could in-
fluence the behaviour of the drone when flying in close prox-
imity with the ceiling. With the ceiling effect a greater pres-
sure difference across the rotor disks is achieved, due to an
increase in the induced velocity from the rotors.[17][18] This
causes an increase in thrust, leading to the drone being pulled
towards the ceiling. This suction towards the ceiling can re-
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Figure 6: Overview of the 6 main steps in the whiskered
drone FSM controller flow.

sult in the drone crashing into the ceiling, but it can also ob-
struct tracking tasks. Due to differences in desired forces and
the actual forces the drone will not be able to follow the tar-
get points, leading to target points never being reached.[19]
Hence, it is extremely important that the controller makes
sure the drone does not get to close to the ceiling, or that
it can handle being pulled into the ceiling.

To be able to design the ceiling following controller, first
the general behaviour flow, or mission, of the drone was de-
termined, subsection 3.1. Second, a filtering sequence was
developed to mitigate the effect of external factors on the sen-
sor readings, subsection 3.2. Both the general behaviour flow
and the filtering sequence were used to determine the con-
troller logic, subsection 3.3.

3.1 Behaviour Flow
The general controller behaviour flow is captured with the

help of a finite state machine (FSM). Using the goal of this
research, stated in section 1, the flow of the FSM can be ob-
tained and is visualised in Figure 6. The first step is the take-
off sequence, in which the quadrotor takes off till the whisker
calibration height, which is chosen to be 1.2[m]. When reach-
ing this height with an accuracy of 0.05[m], the second step
is activated, the whisker calibration sequence. In this step the
drone hovers for 25[s]. This period is used to perform cal-
culations related to filtering, which will be explained in more
detail in subsection 3.2. After the calibration sequence, the
ceiling finding sequence is performed in step 3. In this se-
quence the drone gradually starts climbing in a straight line to
a preset max height, in this case 1.6[m]. If before that height
a whisker detects a change in pressure, compared to the pre-
vious reading, in at least two of the three barometers which is
higher than a preset contact threshold, contact with the ceiling
is established. The contact threshold is a change in pressure
of > 25[Pa]. Initial contact with the ceiling could lead to
the whiskers orientating themselves opposite to the direction
of motion. This could lead to large pressure changes when
starting the contour following task due to the whiskers ”flip-
ping” their orientation, which could have a dangerous effect
on the whisker-based flight controller. I.e. due to the large

Figure 7: Change in whisker orientation during ceiling cali-
bration sequence.

pressure change the controller could think that it should go
up relatively fast, which could result in crashing into the ceil-
ing. To prevent this, step 4 contains the ceiling re-calibration
sequence. After initial contact the drone will move 20[cm]
into the direction of motion, which results into re-orientating
the whiskers in the desired orientation. After this movement a
2[s] ceiling hover is initialised to let the large changes in pres-
sure dampen out before the contour following task begins, as
seen in Figure 7.

After the ceiling hover the ceiling contour following nav-
igation sequence, step 5, gets activated. During this stage the
quadrotor will try to maintain in contact with the ceiling and
follow the shape of the ceiling. When the end of the ceiling
is reached, the landing sequence will be initialised and the
drone will return back to its home position.

As mentioned in the introduction of this section, there
is a risk of getting pulled towards the ceiling during step 5,
if the drone gets too close to the ceiling. When this hap-
pens the drone will abruptly hit the ceiling, which results
in a large change in pressure for the whiskers. This large
change in pressure is used in a special sequence to control
getting sucked into the ceiling. If the change in pressure is
> 150[Pa], step 5 will be put on hold and the drone will go
to a hover height 30[cm] lower than the previous z-height and
10[cm] in y opposite (backwards) to the direction of move-
ment. This is to make sure that the whiskers of length 20[cm]
are no longer in contact with the ceiling. When this hover
height is achieved, step 3 and 4 will be repeated at its current
position after a hover of 2[s]. However, this time the ceiling
calibration will have a movement of only 10[cm].

3.2 Whisker in-flight Calibration
The used whiskers are very sensitive, which means that

unwanted noise can get introduced in the signal by low ve-
locity airflow [16]. Furthermore, the barometers get influ-
enced by the ambient temperature and humidity, which could
cause a drift in pressure readings.[15] The same holds for the
spring constant of the whiskers, which will also be influenced
by the climate of the environment. Not only the climate char-
acteristics can negatively influences the readings, texture of
the surface of the environment can also induce excessive un-
wanted vibrations.[20] The same holds for moving a whisker
into an object, which could result into the whisker oscillating
in an inconsistent and unpredictable manner.[21] Finally, mo-
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Figure 8: Filtered pressure readings for barometer 2 of the
rear whisker after each filtering step, from ceiling finding till
landing, during an inclined rugged ceiling flight. Flipping of
the whisker can be observed at the start of the re-calibration
stage.

tion induced oscillations will occur due to the movement and
vibrations of the aerial platform.

A data filtering sequence is required to decrease the effect
of all these external factors on the whisker pressure readings.
First, to reduce the influence of self induced oscillations a first
order Butterworth low-pass IIR filter with a critical frequency
of 3[Hz] is applied. Second, to account for the temperature
drift a temperature correction factor, dT/dt, is determined
during the 25[s] calibration sequence and subtracted from the
data readings. It was observed that with both the low-pass fil-
ter and the temperature drift correction not all the noise was
filtered out. For that reason a third step was introduced in
the filtering sequence. This step applies a first order Butter-
worth band-pass IIR filter, after the temperature drift correc-
tion is applied, with a center frequency of 2[Hz], and fre-
quency width of 1[Hz]. This full data filtering sequence leads
to smooth and less noisy readings, that could safely and accu-
rately be used in the proposed controller design. An example
of a filtered barometer reading can be found in Figure 8.

3.3 Ceiling-Following Controller
With the help of the filtering sequence, a clean input sig-

nal for the controller is obtained. The controller is based on
contour following strategies, also known as wall-following
strategies. These strategies are in general based on three main
parts. The first being, the robot should be able to maintain a
desired distance towards the wall. Second, the robot should
be able to follow the wall in a parallel manner. Lastly, the
robot should be able to detect obstacles and measure distances
towards obstacles to be able to account for these.[22][23]

These wall-following strategies are based on robots with
distance sensors that return the distance towards the wall
and obstacles. The used whiskers only return pressure read-
ings from the three barometers. However, the wall-following
strategies are still used but are interpreted slightly differently.
The controller aims to maintain a constant pressure value in-

stead of a constant distance, instead of a parallel position to-
wards the wall, the drone will remain in a fixed orientation.
Finally, obstacles or changes in the environment will be de-
tected by large changes in the pressure, allowing to account
for these obstacles.

For the initial contact detection all three barometers of
each whisker are used. However, for the contour following
part only the barometer on each whisker that is continuously
in compression during the movement in y-direction will be
taken into account, which is barometer 2, see Figure 10. This
was decided, because in the given use case, the other two
barometers do not provide additional information, therefore
they can be left out of the equation.

The used controller has three main steps. The first step
is for each whisker fitting a curve on a time window of
[tn − 0.5, tn][s] containing 25 pressure reading data points,
where tn is the timestamp of the latest data point. An ad-
vantage of this step is that it filters out some of the remain-
ing unwanted noise. Furthermore, by using the history of the
measurements the controller gets a better insight in the flight
behaviour of the drone. This allows for determining a more
accurate and smoother change in z-position. The curve fitting
is performed with an ordinary least squares (OLS) estimator.
This requires a regression matrix, containing all the regres-
sor terms used by the OLS estimator. The construction of
the regression matrix is shown in Equation 1. In this matrix
the amount of rows equals the amount of data points, N , and
the number of columns is based on the number of regressor
terms, hence the order of the model. Using this matrix the
OLS parameter vector for the fitted curve can be obtained
with Equation 2.

A(x) =

1 p1(x(1)) . . . pM (x(1))
...

...
...

...
1 p1(x(N)) . . . pM (x(N))

 (1)

θ̂OLS =
(
AT (x) ·A(x)

)−1 ·AT (x) · y (2)

The equation of the fitted curve can be obtained with the
help of Equation 3.

p(x) = ŷOLS = A(x) · θ̂OLS = θ0+θ1 ·x+θ2 ·x2+ . . . (3)

In this research it was chosen to use a third order OLS
model. It was observed that for higher orders the accuracy of
the fit would not increase with a significant amount.

To get a better insight about the change in pressure in
the time window the derivative of the fitted curve is calcu-
lated. For each point in the time window the value for the
derivative is obtained and the average derivative over the en-
tire time window is calculated. This average derivative repre-
sents the average slope of the curve, which can be translated
to behaviour of the drone. If the drone is getting closer to the
ceiling, barometer 2 will be more compressed resulting in an
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Figure 9: Simplified structure of the used controller logic.

increase in pressure, the slope is positive. The opposite holds
for the drone getting further away from the ceiling.

Hence, this average slope for each whisker can be com-
bined to determine the average slope, dP

dt a
, over the whiskers

and can be used to determine the required change in z-
position. To maintain a constant pressure the aerial platform
should go down when the slope is positive and up when the
slope is negative. This can be translated to a position-based
control law, shown in Equation 4. This control law consists
out of three parts, set by a lower and upper threshold. A lower
threshold, ϵlow, is set to make sure that if there are minimal
changes the drone does not change its position, cause these
changes could be induced by environmental factors like air-
flow. Hence, the first part results into a 0.0[m] z-change.
The lower threshold is set to 2[Pa

s ]. The second part is the
main law, if the average slope is between the lower and up-
per threshold a change in z is calculated. It was determined
that the maximum z-change per timestamp is 0.1[m]. This is
to prevent large and sudden changes which could induce vi-
brations and unwanted behaviour in the whiskers. The upper
threshold is dependent on the sensitivity of the used whiskers.
The more sensitive they are the higher the threshold will be,
for the used whiskers in the final experiments an upper thresh-
old, ϵup, of 30[Pa

s ] is set. The final part holds for values of
the average slope above the upper threshold, the change in z
will be set to the maximum allowed z-change.

dz =


0 if dP

dt a
≤ ϵlow

1
10·ϵup

· dP
dt a

if ϵlow < dP
dt a

≤ ϵup
1
10 if dP

dt a
> ϵup

[m] (4)

The determined z-changes for each timestamp are sent to the
PX4 position controller, this will result into a change in pres-
sure, resulting in a change in z-position. It is expected that
the resulting flight behaviour will represent a sine wave, as
the pressure will go down when the drone goes down, which
results in the controller wanting to go up. The simplified
controller loop can be visualised in a flow diagram which is
shown in Figure 9.

4 FLIGHT EXPERIMENTS

The experiments are divided into two main categories, ex-
periments with a straight ceiling, subsection 4.1, and experi-
ments with a slightly inclined ceiling, subsection 4.2. In each

Figure 10: Render of the used aerial platform during the flight
experiments. Two whiskers are placed on the top at the centre,
one above the centre in the top view, the front whisker, and
one below, the rear whisker. Direction of movement during
the performed flight experiments is in the y-direction.

main category two different environments will be tested, a
ceiling with a smooth surface or a rough surface, which rep-
resents a cave like environment. As mentioned in subsec-
tion 3.2, the texture of the surface can lead to unwanted vi-
brations and changes in pressure readings, which could lead
to false controller inputs. Therefore, the distinction between
smooth and rough surface environments is made to analyse
the controllers adaptability to the texture and shape changes
of a rough surface. It should also be noted that the controller
has no knowledge of the environment beforehand. Further-
more, as mentioned earlier two whiskers are placed on top of
the structure of the aerial platform. The used aerial platform
configuration together with its direction of movement during
the experiments can be seen in Figure 10.

4.1 Straight Ceiling Flight Experiments
As mentioned earlier, the straight ceiling experiments are

done for both a fully smooth and a partially rugged ceiling.
To perform these experiments an artificial ceiling is made of
0.75[m] by 2.0[m] at a height of approximately 1.60[m]. A
visualisation of the used set-up for the smooth ceiling can be
found in Figure 11 and the visualisation of the rough ceiling
can be found in Figure 12. The rugged ceiling is made with
four fake cave parts of 15[cm] by 20[cm], more detailed im-
ages of these cave structures can be found in Appendix C,
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Figure 11: Ceiling set-up used for the straight and smooth
ceiling flight experiments.

Figure 12: Ceiling set-up used for the straight and rough ceil-
ing flight experiments.

and are placed in the ceiling x center and 8[cm] − 88[cm] in
y-direction from the right side of the ceiling.

4.1.1 Straight Ceiling: Smooth

For the straight and smooth ceiling experiments tests are per-
formed with an upper threshold, ϵup, of 15[Pa

s ] and 30[Pa
s ].

The first experiment for an upper threshold of 15[Pa
s ] shows

that the proposed controller can follow a ceiling, Figure 13. It
is also observed that the distance does not become larger than
20[cm], meaning the whiskers are always in contact with the
ceiling. An interesting observation is that the expected sine-
wave behaviour can be clearly seen in the flight pattern in
Figure 13.

The previously mentioned sine-pattern can be further ex-
plained with the help of the average dP

dt -values during flight,
shown in Figure 14. Here a clear wave pattern can be ob-
served, which directly results in a similar pattern in z-change
commands, Figure 34. The larger the z-changes become the

Figure 13: z-position vs. y-position of the drone during the
contour following stage for a smooth and straight ceiling,
dP
dt = 15[Pa]. The drone maintains a mean distance towards

the ceiling of 0.102[m] with σ = 0.026[m].

Figure 14: The average values for the slopes of the pressure
readings over time during the contour following stage for a
smooth and straight ceiling, dP

dt = 15[Pa
s ]. The figure clearly

shows the expected wave patterns in the curves.

larger the amplitudes in the oscillations become in Figure 14.
This is expected and can be explained by the fact that large z-
changes will lead to fast and more abrupt changes in pressure,
leading to larger slopes.

The explanation of larger and more abrupt changes
in pressure is supported by the pressure readings of both
whiskers during the contour following sequence, Figure 15.
However, what can be seen is that the pressure readings are
oscillating around the initial starting pressure of the contour
following stage, with for both cases only a small decrease in
mean pressure. This demonstrates the good performance of
the controller in being able to fulfill the aim to maintain a
relatively constant pressure value during flight.

As mentioned before, the straight and smooth ceiling ex-
periment is also performed with a upper threshold of 30[Pa

s ].
This was done to see the difference in behaviour based on this
threshold. Not all figures for the larger threshold are shown
in this section, more results can be found in Appendix D.
When comparing Figure 14 with Figure 16 it can be seen

7



Figure 15: Pressure reading of barometer 2 for the front and
rear whisker during the contour following stage for a straight
and smooth ceiling, dP

dt = 15[Pa
s ]. Both reading oscillates

around the mean pressure of the ceiling calibration stage,
with a small drift resulting in a change in mean pressure for
the front whisker of −1.73[Pa] and for the rear whisker of
−0.66[Pa].

Figure 16: The average values for the slopes of the pressure
readings over time during the contour following stage for a
smooth and straight ceiling, dP

dt = 30[Pa
s ]. The figure clearly

shows the expected wave patterns in the curves.

that the amplitudes of the waves are smaller for the 30[Pa
s ]

scenario. This was expected, because with a higher thresh-
old the z-changes will less often be set to the maximum value
of 0.1[m] which results in smaller z-changes during flight re-
sulting in smaller changes in pressure, resulting in smaller
slopes. These smaller changes in pressure can also be ob-
served when comparing Figure 15 with Figure 17. Further-
more, it can be concluded that also with a larger upper thresh-
old the controller is able to maintain for both whiskers a rel-
atively constant pressure, by oscillating around the starting
pressure. The main difference between the two threshold is
that a larger threshold will result into a smoother and less os-
cillatory flight for a smooth and straight ceiling, because the
maximum z-change will be reached less often so the oscilla-
tions will be smoother.

Figure 17: Pressure reading of barometer 2 for the front and
rear whisker during the contour following stage for a straight
and smooth ceiling, dP

dt = 30[Pa
s ]. Both reading oscillates

around the mean pressure of the ceiling calibration stage,
with a small drift resulting in a change in mean pressure for
the front whisker of −0.04[Pa] and for the rear whisker of
1.32[Pa].

4.1.2 Straight Ceiling: Rough

For the straight and rough ceiling experiments it was chosen
to use an upper threshold of 30[Pa

s ]. It was shown previously
that a larger threshold leads to less maximum z-changes. Fol-
lowing a rough ceiling will lead to large changes in pressure
due to the texture which will influence the behaviour of the
whiskers. It should be noted that the cave parts are estimated
in the plots as ellipsoids.

There is only a 15 by 80[cm] strip of rugged ceiling, there-
fore it is important to validate the ability of the drone to fol-
low this line and that the whiskers are continuously in contact
with that strip. This can be confirmed with the help of Fig-
ure 18. This figure shows that from the moment the cave
structure starts the whiskers are in the required x − y plane
locations.

Figure 18: x-position vs. y-position of the drone during
the contour following stage for a rough and straight ceiling.
Showing a deviation in x during flight, but both whiskers are
in contact with the cave parts.
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Figure 19: z-position vs. y-position of the drone during
the contour following stage for a rough and straight ceiling.
The drone maintains a mean distance towards the ceiling of
0.098[m] with σ = 0.025[m].

Figure 20: The average values for the slopes of the pressure
readings over time during the contour following stage for a
rough and straight ceiling.

Figure 19 shows that the proposed controller is also able
to accurately follow the cave structure, without getting to
close or too far away from it. The maximum distance of
20[cm] is not reached, hence the whiskers are continuously
in contact. An interesting observation that can be made from
Figure 19 is the small delay in following the structure of the
cave, but even with this small delay the controller is able to
follow the structure.

The moment the drone gets into contact with the cave
structure can clearly be observed in Figure 20, where around
67[s] the values drastically increase. However, even with this
drastic increase, the controller is still able to counter act this
and maintain a constant pressure value, which can be seen in
Figure 21. It can however be observed that the averages dur-
ing the ceiling following phase are slightly different from the
initial starting averages. This could be caused by the rough
texture of the cave parts which causes the large oscillations in
the pressure.

In conclusion, this experiment shows that the proposed
controller is able to not only follow a smooth surface, but is

Figure 21: Pressure reading of barometer 2 for the front and
rear whisker during the contour following stage for a straight
and rough ceiling. Both reading oscillates around the mean
pressure of the ceiling calibration stage, with a small drift
resulting in a change in mean pressure for the front whisker
of 3.30[Pa] and for the rear whisker of −1.12[Pa].

also able to withstand and control large oscillations caused by
rough textures, while maintaining a relatively constant pres-
sure. Hence, it is able to detect obstacles such as the cave
structures by large changes in pressure and is able to avoid
them.

4.2 Inclined Ceiling Flight Experiments
Real world environments such as caves do not only con-

sist out of straight ceilings, but there are also inclined sur-
faces. For that reason it was decided to perform initial ex-
periments with the proposed controller for a slightly inclined
ceiling to provide the initial proof-of-concept for such envi-
ronments. The experimental set-up has a change in height of
10[cm] over the ceiling length of 2[m], resulting in an angle
of 2.86[deg]. This is a relatively small angle, but it should
be noted that the aerial platform only has whiskers on the top
and is unable to look ahead. The set-up for the inclined and
smooth ceiling is shown in Figure 22 and the inclined rugged
ceiling can be found in Figure 23. For the rugged ceiling the
same cave parts are used as for the straight rugged ceiling and
they are located at the same positions.

4.2.1 Inclined Ceiling: Smooth

Using the observation from the smooth and straight ceiling
experiment related to the upper threshold it was once again
decided to use an upper threshold of 30[Pa

s ] for the smooth
and inclined ceiling set-up to ensure a smoother flight.

Figure 24 demonstrates the performance of the ceiling
following controller in an environment with an inclined ceil-
ing. It can be seen that the controller is able to follow the
ceiling, while maintaining contact during the entire ceiling
following phase, as the maximum distance towards the ceil-
ing of 20[cm] is never reached.
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Figure 22: Ceiling set-up used for the inclined and smooth
ceiling flight experiments.

Figure 23: Ceiling set-up used for the inclined and rough ceil-
ing flight experiments.

Figure 24: z-position vs. y-position of the drone during the
contour following stage for a smooth and inclined ceiling.
The drone maintains a mean distance towards the ceiling of
0.163[m] with σ = 0.015[m].

An interesting observation that can be made is when com-

Figure 25: The average values for the slopes of the pressure
readings over time during the contour following stage for a
smooth and inclined ceiling.

Figure 26: Pressure readings of barometer 2 the front and rear
whisker during the contour following stage for an inclined
and smooth ceiling. Both readings oscillates around the mean
pressure of the ceiling calibration stage, with a small drift
resulting in a change in mean pressure for the front whisker
of −1.67[Pa] and for the rear whisker of −1.28[Pa].

paring Figure 25 with Figure 16. It can be seen that for the
inclined ceiling the average slope amplitudes are larger and
occur sooner. This could be explained by the fact that the
ceiling is inclined, meaning that going forward already leads
to an increase in pressure by the fact that the ceiling is by
itself getting closer. Hence, for same inputs for the inclined
scenario bigger changes in pressure will be registered lead-
ing to larger slope changes. This will result into maximum
z-changes, see Figure 37, leading to bigger wave amplitudes.
A more important result is related to the ability of the con-

troller to maintain relatively constant pressure values for both
whiskers in this environment. When looking into the pres-
sure readings during the ceiling following, Figure 26, it can
be seen that for both whiskers the averages during the ceil-
ing following is lower than the initial start value. However,
both graphs show a clear oscillation around the mean value.
Hence, the controller is able to aim for a constant pressure
reading for both whiskers while following an inclined ceil-
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ing. While the controller is able to follow the ceiling in a
smooth manner showing an initial proof-of-concept, there are
still some important remarks that need to be made related to
this environment, which will be done later in this section.

4.2.2 Inclined Ceiling: Rough

For this experiment is was once again chosen to use an upper
threshold of 30[Pa

s ]. Also in this case the cave structures are
estimated in the plots as ellipsoids. In Figure 27 the location
of the cave area is visualised and shows that the whiskers are
in the x − y locations of the cave when the cave area starts.
Furthermore, the ability to follow the inclined rugged ceiling
is shown in Figure 28. Once again the delay in detecting and
performing the change in z-position can be clearly seen in
this figure. But even with this delay the controller is able to
follow the ceiling without bouncing into it or losing contact.

Figure 27: x-position vs. y-position of the drone during the
contour following stage for a rugged and inclined ceiling.
Showing a deviation in x during flight, but both whiskers are
in contact with the cave parts.

Figure 28: z-position vs. y-position of the drone during the
contour following stage for a rugged and inclined ceiling.
The drone maintains a mean distance towards the ceiling of
0.103[m] with σ = 0.041[m].

The initial contact with the cave structure can again be ob-
served in the dP/dt-plot shown in Figure 29. Due to the tex-

ture change and the height of the cave elements the pressure
of the whiskers increase abruptly, leading to large changes in
the slopes of the curve. This can be seen in Figure 30, where
around 68[s] the pressure readings have a large spike. How-
ever, the controller shows good performance by being able to
avoid the cave elements and nicely follow them. Giving an
initial proof-of-concept for flight in rugged and inclined envi-
ronments. However, also for this environment there are some
important remarks to be made.

Figure 29: The average values for the slopes of the pressure
readings over time during the contour following stage for a
rugged and inclined ceiling.

Figure 30: Pressure readings of barometer 2 for the front
and rear whisker during the contour following stage for an
inclined and rugged ceiling. Both readings oscillate around
the mean pressure of the ceiling calibration stage, with a
small drift resulting in a change in mean pressure for the front
whisker of −1.41[Pa] and for the rear whisker of 0.05[Pa].

4.2.3 General Remarks and Observations

During the straight ceiling experiments it was observed that
there was often a large deviation in the x-direction during
flight. This could be explained by the induced bending mo-
ment of the whiskers resulting in an unexpected force in x-
direction which the PX4 position controller is unable to eas-
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ily cancel out. However, this deviation, together with an addi-
tional deviation in y-direction, was also observed in the ceil-
ing finding stage while not being in contact with any objects
and without the controller giving position changes in x and y.
Hence, the position controller in the autopilot had difficulty
with holding a fixed x- and y-position and flying in a straight
line. This sometimes lead to failed experiments or missing
the cave structures completely during flight.

Furthermore, for the inclined ceiling experiments there
are also some general remarks that need to be made. Dur-
ing the experiments it was observed that relatively often after
the ceiling calibration stage the platform got too close to the
ceiling and got sucked in. This could be explained by the fol-
lowing. It was seen that that during the ceiling hover stage
the drone ”bounced” back opposite to the future direction of
motion due to an induced moment in the whiskers. This phe-
nomena lead to a decrease in pressure, which resulted into
the controller wanting to go up with a large amount after the
hover stage. Due to the fact that the ceiling is inclined and the
delay between getting the change in pressure and performing
the required z-change this could result into getting too close
to the ceiling.

Moreover, in the inclined scenario the cage of the drone
quite often bounced into the ceiling for the smooth scenario
and often got stuck on the cave structures in the inclined
rugged ceiling scenario. This could be explained by the fact
the drone is unable to look ahead. If additional whiskers
would be added to the frame that are pointing in a slightly
forward direction, it would lower the chances of the frame
getting stuck and a more stable flight will be achieved.

5 CONCLUSION & RECOMMENDATIONS

In this research the design and control of a whisker-based
tactile sensing aerial platform was presented which is able
to perform ceiling contour following tasks in unknown en-
vironments. The proposed modular cage design allowed for
placing whiskers on a drone in different orientations. Fur-
thermore, the shown ceiling following controller was devel-
oped such that it could maintain a constant pressure and that
it could avoid obstacles. Both the modular cage design and
the ceiling following controller were validated with the help
of flight experiments for both straight and inclined ceilings
and smooth and rugged ceilings. These experiments showed
that the designed system can properly and accurately follow
both smooth and rugged ceilings.

However, there are some recommendations to improve
the design for future work. First of all, it is advised to increase
the number of whiskers used and to make use of whisker
arrays. In the current approach only two whisker are used,
which can be translated in analogue to a two pixel camera
for environmental observations. Increasing the amount of
whiskers will result into knowing more information about the
environment, which will make the changes in height more ac-
curate. Knowing more about the environment also means that

there is a possibility to perform tactile SLAM (Simultaneous
Localization and Mapping).

Second, in this research the whiskers were hand-made,
resulting in each whisker having different properties and dif-
ferent sensitivity levels. This means the controller needs to
be specifically tuned for each pair of whiskers. A more pre-
cise manufacturing method that allows for making whiskers
with similar characteristics will most likely improve the flight
behaviour. If this is not possible, it is once again advised to
make use of more whiskers to better predict the behaviour and
to filter out unknowns.

Third, for inclined ceilings flights could be improved by
adding whiskers under an angle pointing in the direction of
movement to detect changes in environment sooner. Decreas-
ing the chance of the cage bouncing into the ceiling or getting
stuck.
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A MECHANICAL DESIGN

In this section more information about the modular cage design will be provided. As stated before, the cage can hold 35
whiskers and has a total weight of 346.12[grams]. The aerial platform is used for tactile navigation, which has a higher risk of
hitting object during flight as distances between objects and the drone are relatively small. Hence, this means there is a higher
chance of damaging the cage and breaking components. Therefore, it was chosen to make use of a modular design for easy
replacement of broken parts.

Besides the general components, the whiskers could also get damaged during flight. To make sure that the whiskers could
also be easily replaced the connector nodes have a special fastening system for easy removal. The system consists out of two
main parts. The first part being the connectors that are equipped with two pins. The second part is a disc, which can be put on
the pins and fastened by rotating the disc. This design acts as a simple click-on click-off system and is shown in Figure 31.

Figure 31: Close-up of the fastening system used to connect whiskers to the connector nodes. Showing the pins on the
connectors and the designed fastening disc.

The connectors also contain canals through which the wires of the sensors can flow. This allows for wiring around the cage
structure.

An overview of all the main cage components can be found in Table 1. Here, the name of the component, how many times
the component is used in the design, and the weight of a single component is given.

Table 1: Overview of the different main cage components

Component Amount Weight Single Part
Inner Connector 8 3.66 [gr]
Outer Connector 8 4.4[gr]
Side Connector 8 10.16[gr]
Base Component 1 28.47[gr]
Whisker Lock Centre 3 0.82[gr]
Whisker Lock 32 0.77[gr]
Pi holder Top 1 11.21[gr]
Pi Holder bottom 1 9.55[gr]
Pi Clamps 4 0.29[gr]
Centre Rod Clamp Bottom 4 1.0[gr]
Centre Rod Clamp Top 4 1.0[gr]
Bottom Frame 2 15.65[gr]
Rod Base to Inner Connector 8 1.32[gr]
Rod Between Inner Connector 8 1.59[gr]
Rod Inner Connector to Outer Connector 8 1.51[gr]
Rod Between Outer Connector 8 2.97[gr]
Rod Base to Bottom 4 1.22[gr]
Rod Outer Connector to Side Connector 4 1.22[gr]
Rod Between Side Connector 8 2.97[gr]

B IMPROVING WHISKER MANUFACTURING

As mentioned in subsection 2.2 the process used to fabricate the whiskers if fully done by hand. This will introduce many
inaccuracies and differences in sensitivity and differences in characteristics between whiskers.
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One of the steps where inaccuracies are introduced is when the whiskers is placed into the follicle, more precisely the plastic
tube, and the UV resin is cured. During this procedure the whisker is being held in place by one hand by the manufacturer and
the curing light is being held in the manufacturer’s other hand. Because the whisker is held in position by hand, inaccuracies
could occur, i.e. the whisker shaft could get slightly angled and it will be cured in that angle. Moreover, if multiple whiskers
are made, there is a very small chance that they are positioned exactly in the same way.

To get rid of the inaccuracy of the whisker position during UV curing a special stand was designed during this research. The
stand exists out of a base that can hold eight PCBs, a 20[cm] rod, and two discs, as can be seen in Figure 32. The two discs each
contain eight holes that can be aligned above the center of each PCB position. This allows for placing the whiskers straight into
the follicle and the stand also makes the curing process less difficult. It not only increased the accuracy of the procedure it also
makes the manufacturing process faster.

Figure 32: Whisker manufacturing stand with the ability to hold 8 whiskers at once.

Another issue with the current procedure is that the follicles are different for each whisker. Currently for each whisker a
triangular mold is made around the three barometers with three pieces of thick tape. This procedure is not very accurate leading
to different molds for each whisker, resulting into different follicles for each whisker. It is recommended for future research to
design a re-usable mold, which allows for the same follicle design of each whisker. This will improve the similarity between
whiskers.

C CAVE STRUCTURE

In this section photos and additional information of the location and height of the used cave parts will be given.
The cave parts can be seen in Figure 33. The information can be found in Table 2. The cave parts on the experimental set-up

are numbered from left to right, starting at 1 ending at 4.

Table 2: Overview of the position in the cave strip and height of the used cave parts.

Cave Part Position Height [cm]

1 0− 20[cm] 4

2 20− 40[cm] 3

3 40− 60[cm] 6

4 60− 80[cm] 6.5
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(a) The cave part used on position 1. (b) The cave part used on position 2.

(c) The cave part used on position 3. (d) The cave part used on position 4.

Figure 33: Images of the cave structures that were used in the experiments.

D ADDITIONAL EXPERIMENTAL RESULTS

Figure 34: Commanded z-changes during contour following for a smooth and straight ceiling, dP
dt = 15[Pa/s].
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Figure 35: z-position vs. y-position of the drone during the contour following stage for a smooth and straight ceiling, dP
dt =

30[Pa]. The drone maintains a mean distance towards the ceiling of 0.153[m] with σ = 0.026[m].

Figure 36: Commanded z-changes during contour following for a smooth and straight ceiling, dP
dt = 30[Pa]. A sine wave

pattern can be clearly observed in the controller’s behavior.

Figure 37: Commanded z-changes during contour following for a smooth and inclined ceiling.
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Figure 38: Commanded z-changes during contour following for a rugged and inclined ceiling.
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Preface
The report presented in this document is the outcome of the first stage of the MSc. Thesis project
about how a contour following navigation task can be performed in an unknown environment, while
flying close to the ceiling, with a whisker drone. In this first stage an in-depth literature study has been
performed, examining the different research fields related to the project.

By analyzing multiple research papers related to the use of whiskers in nature and in technology,
contour following tasks, and flying close to the ceiling a deeper understanding about the topic is ob-
tained. Readers that are interested in the use of tactile sensors in nature can find information about
this topic in Chapter 2. Furthermore, for the interested reader, information about artificial whiskers and
their existing robotic applications can be found in Chapter 3. Moreover, readers with a specific interest
in the effects of flying close to the ceiling can find these in Chapter 4. Finally, information about contour
following navigation is provided in Chapter 5.

I would like to express my sincere gratitude to my supervisor Salua Hamaza for all her support,
feedback, and guidance during this first stage of my MSc. Thesis.

Nils de Krom
Delft, October 2024
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Summary
There are a lot of different environments in the world, such as caves, canyons, and dense forests.
Some of these environments can be very difficult and dangerous for humans to explore. For those
reasons automated and autonomous systems are used to assist humans in the exploration of these
unknown environments. These robotic systems often make use of distal sensors, such as LIDAR, and
visual sensors, such as cameras. Unfortunately, there are environments in which these sensors are
not efficient or cannot be used. This holds for environments with low visibility, caused by dust, smoker,
or darkness. Therefore, to explore these environments different sensor types are needed.

It was concluded from observation in nature that tactile sensors, more specifically whiskers, are used
by mammals in nature to perform navigation and exploration tasks. A combination of such whiskers
with a robotic system could be the solution for exploring these environments with low visibility. However,
environments can not only have low visibility, they can also be hard to access by ground vehicles. For
that reason, aerial vehicles such as quadrotors could be used in those environments to solve accessi-
bility problem. Hence, to explore these difficult to access low visibility environments, a combination of
whisker-based tactile sensing with a quadrotor could be used.

The above mentioned combination, results in the main goal of the literature study presented in
this report. The goal of this report is to find a possible solution for performing an autonomous con-
tour following task in unknown environments, while flying in close proximity with the ceiling, based
on whisker-based tactile sensing inputs. The goal is visualised in Figure 1. To find a solution to this
problem research was performed in four main fields.

Figure 1: Visualisation of the to be achieved goal of the research.

First of all, the world of tactile sensing was analysed. It was shown that in nature many different
types of tactile sensors exist. Arthropods make use of antennae and tactile hairs, fish and amphibians
make use of neuromasts, and some aquatic mammals and terrestrial mammals make use of whiskers.
An interesting observation was that even tough these are different types of tactile sensors, they are in
general used for similar use-cases. They are often used for foraging, hunting, exploration and naviga-
tion, and locomotion.

When focusing on the exploratory behavior of animals, based on their tactile sensors, it was ob-
served that they often make use of active sensing strategies to increase the chance of detecting tactile
stimuli and that the sensors are used in a closed-loop tactile control system.

Furthermore, there are already some applications of tactile sensing in robotics. These robotic de-
signs are based on observations made in nature. These applications often involve the use of artificial
whiskers, which supports the research performed in the second field.

The second research field mainly focuses on whisker-based tactile sensing in robotics. It was found
that there are four main design choices for a single artificial whisker, the choice of material, the size
of the whisker, the shape of the whisker, and the use of a taper ratio. The type of sensor used to
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sense the deflection of the whisker can also vary, it was observed in literature that Hall-effect sensors
or barometric pressure sensors are often used.

To design an array of whiskers, multiple design choices also need to be made. The design choices
are the number of whiskers used on the array, the use of constant or varying whisker lengths on the
array, and the use of a passive or active whisker array.

Furthermore, limitations and drawbacks of the use of whiskers were found. Whiskers are very
sensitive, which makes them prone to noise induced vibrations. These vibrations can be caused by the
texture of the contact surface or by self-induced motion. Self-induced motion can be caused by using
an active whisker array or by applying whiskers on a moving platform. To account for the induced noise,
different strategies can be applied. A whisker array can be used in a voting mechanism that cancels
out false readings. Moreover, the introduction of adaptive filtering can cancel out self-induced motion
in the whisker readings.

The research in this field also covered the current use of whiskers in robotics. It was shown that there
are already many applications for texture classification and exploration. However, all these whisker-
based robotic applications are either robotic arms on the ground or ground moving robots.

The third topic that was studied, was the ceiling effect topic. The ceiling effect causes an increase
in thrust and a decrease in power consumption when flying close to the ceiling. This is caused by a
greater pressure difference across the rotor disk.

The research showed that two main methods to approximate the change in thrust and power due
to the ceiling exist. The first approach uses thrust and power equations obtained from Momentum The-
ory and Blade Element Theory and the second approach makes used of variations of the Cheesman-
Bennet model. Both approaches are able to properly estimate the change in thrust and power con-
sumption for a quadrotor and there is no clear winner. Literature also showed promising initial results
for applications of both methods in controller designs.

The final field included navigation performed by contour following and mapping of an environment
with whisker-based tactile sensory data. It showed that contour following is often used in navigation
and exploration tasks and that there are many different approaches. A comparison was made between
general contour following controllers and intelligent controllers, that use fuzzy logic. It was shown that
both controller approaches are able to explore and navigate a mobile robot in an unknown environment.

It was also found that simultaneous localization andmapping (SLAM) can be performedwith whisker-
based tactile sensors. Three main approaches were found, blob-based mapping, mapping with hier-
achical priors, and mapping with multi-whisker templates. Furthermore, a special SLAM algorithm
called Whikser-RatSLAM exists. This approach is based on the behavior of a rat and it can not only
perform mapping but also object recognition and localization.

From the information obtained in the four research field, it was concluded that there are two main
gaps in research. The first gap is, that all the current whisker-based robotic applications are performed
on ground-based robots. Hence, the application of whiskers on aerial vehicles is not yet researched.
Therefore, it is unknown how whiskers will behave on such platforms.

The second gap is related to the ceiling effect. In current studies related to the ceiling effect, the
distance towards the ceiling is measured with distance sensors, such as laser sensors, however it is
not yet done with tactile sensors, such as whiskers. This means it is not yet known if whisker can
actually be used to measure distances towards the ceiling and it is not yet known how the behavior of
the whiskers will change when being in close proximity with a ceiling.

Furthermore, the current controller designs based on the ceiling effect are only done for smooth
horizontal surfaces. Hence, it is also not yet known if the found ceiling effect estimation will work for
asymmetric surfaces.
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1
Introduction

The urge to explore is embedded in the nature of mankind. In the early days, humans used to explore
new and unknown environments by themselves on foot. They would explore caves or map rivers by
following this river through the jungle, like Francisco de Orellana did for mapping out the Amazon
river.[68] However, exploring unknown environments, for example a cave, could be very difficult, time
consuming, and dangerous for a human. Luckily, due to the technological developments in the past
decades mankind is now able to use automated and autonomous vehicles to perform exploration and
mapping tasks for unknown environments.

The proof of autonomous and automated robots being able to perform exploration and localization
tasks in difficult environments was shown by the DARPA Subterranean Challenge. In this challenge the
subterranean environment was extremely diverse, containing for example narrow passages and long
tunnels. The goal of this challenge was to use automated vehicles to explore this diverse environment
and localize object in the environment. The winner showed that by using walking, driving, and flying
vehicles exploration and object finding could be performed. These robots made use of laser sensors,
such as LIDAR, and visual sensors, such as color cameras. [73]

However, there are environments where these type of sensors are not efficient or cannot be used at
all. This would be the case in environments with low visibility, due to smoke, dust, or darkness. To be
able to explore and navigate in these environments different type of sensors are needed. Luckily, the
solution to this problem can be found in nature. When looking at the exploratory behavior of humans
in dark and unknown environment, it can be observed that they use their hand to feel, explore, the
environment. Hence, humans make use of tactile sensing. A similar observation can be made in the
animal kingdom, specifically for nocturnal animals or animals that live in poorly-lit environment. Rodents
also make use of tactile sensing to explore, navigate, and hunt. They have specialised tactile sensors,
called whiskers or vibrissae. Whiskers are found on a lot of mammals, and are proven by nature to be
very effective tactile sensors. [55]

This could mean that, using the observations from nature about tactile sensors, a robot equipped
with whiskers could be able to navigate in environments with poor visibility. However, environments
could also be hard to access with ground vehicles, which means aerial vehicles might be needed. It
would be interesting to analyse if a combination between an aerial robot and the whisker-based tactile
sensor could be achieved to explore such difficult environments.

Such an analysis will be performed in this research. To have a clear image of the main goal of this
research, a research objective is derived. The main objective of his study is the following:

Perform an autonomous contour following aerial navigation task in an unknown environment,
using a whisker-based tactile sensing approach.

However, this goal is still quite broad and it can be achieved in many different ways. Therefore, this
goal should be specified with the help of a research question to obtain a specific approach to fulfill the
goal. It was chosen to focus on a ceiling contour following task. The following research question was
obtained:

How can whisker-based tactile sensing be used to perform autonomous contour following navigation
tasks in unknown environments, while flying in proximity with rugged ceilings, with a quadrotor?

The goal of this research question can be visualised with the help of Figure 1.1. Figure 1.1 shows
a quadrotor with whiskers on the top, which follows the contour of the ceiling, while flying very close to
the ceiling.
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Figure 1.1: Visualisation of the to be achieved goal of the research.

To be able to answer this research question as detailed as possible, six sub-questions are derived
from the main research question. Each sub-question will help in finding an answer to a certain part in
the research question. The sub-questions are given below.

1. How can whisker-based tactile sensing be used in navigation tasks?
2. How many whiskers does the whisker array have?
3. What is autonomous decision making?
4. What is contour following and how can it be performed by an autonomous system?
5. What are the desired unknown environments?
6. How does flying in proximity with the ceiling, affect the behaviour of the quadrotor?

To provide answers to all the sub-questions, a literature study is performed and the findings are
shown in this report. The report is structured as follows. First of all, Chapter 2 gives an introduction to
the world of tactile sensing. It will provide information about tactile sensors in nature, their use-cases,
and how they are used in exploration tasks. Furthermore, the chapter will show the use of tactile
sensors in robotics.

Second of all, Chapter 3 will focus on whisker-based tactile sensing. Different design options for
single whiskers and whisker arrays will be discussed. Moreover, limitations and drawbacks of whisker-
based tactile sensing will be provided. The chapter will also discuss approaches for filtering the obtained
measurement data from the whiskers. Finally, an overview of whisker-based robotics will be given.

Third, the influence of flying close to a ceiling will be explained in Chapter 4. It will describe the
ceiling effect principle and multiple different approaches to estimate the influence of the ceiling effect.

Fourth, Chapter 5 focuses on the different approaches that can be used in the design of a contour
following controller. Furthermore, it will discuss how whisker sensory data could be used to perform
mapping of the environment.

All the key observations from the previous chapters will be concluded in Chapter 6. These key
observations will be used to answer the sub-questions, hence the research question. Furthermore,
proposals for future projects will be given.

Finally, Chapter 7 will discuss the next steps in this research to obtain the practical solution, together
with a global planning.



2
The World of Tactile Sensing

Every living organism is influenced by tactile stimuli. To what degree these tactile stimuli are used and
how they are observed depends on the species. The ability to observe tactile inputs is a key character-
istic in the world of tactile sensing and therefore an important topic to analyse. Section 2.1 looks into
tactile sensing in nature. Focusing on the type of sensors used in nature and their applications.

Tactile sensing is not only important in nature, but it also became an interesting topic in the field of
robotics. This research field uses examples from nature to develop tactile sensors that can be used in
robotics. Therefore, Section 2.2 introduces the tactile sensors that are currently used and looks into
their applications.

An overview of the key findings of this chapter will also be given at the end in Section 2.3.

2.1. Tactile Sensing in Nature
In nature, tactile stimuli are everywhere and therefore there is the need for tactile sensing. It has
been found that simple organisms without a Central Nervous System (CNS), such as a single-celled
organism, multi-cellular organisms, and plants, are able to perform directional detection of tactile inputs.
[55]

For this research, however, looking into organisms with a CNS will suit the desired application more,
because the future whiskered drone should be able to respond to the observed touch. Organisms with
a CNS can actively sense and respond to touch, and use it to their advantage.[55][56]

In Section 2.1.1 the performed research about tactile sensors in nature is described. Furthermore,
Section 2.1.2 describes the exploratory behavior of animals based on their tactile sensors.

2.1.1. Tactile Sensors and their Use-Cases in Nature
There are many different species on Earth. A lot of these species developed specific sensors to sense
tactile stimuli, called tactile sensors. While the use-cases for the tactile sensors between species might
be the same, different types of tactile sensors are developed. In this section some of these species
with their tactile sensors will be discussed.

First of all, the tactile sensors used by the arthropods family are analysed. The arthropods family
exists of spiders, Crustaceans, insects and their relatives. The first tactile sensor in this family can be
observed when looking into insects and Crustaceans, which is the antenna. The antennae are their
most important attributes to obtain tactile information. [21] [55] An example of an insect with antennae
can be seen in Figure 2.1, the stick insect. The stick insect uses its antennae as active distance sensors
for environmental exploration, for example for obstacle detection and path-finding during the night.

The insect antenna uses multiple mechanosensory submodalities for tactile sensing, such as the
campaniform sensilla. Campaniform sensilla are often located at the base of the antenna to be able
to sense shear forces induced by the bending of the antenna, they can be seen as strain sensors.
Furthermore, the antenna is able to measure vibrations with the help of a chordotonal organ, which can
be used to detect postural changes. Besides the campaniform sensilla and the chordotonal organ the
antenna also carries thousands of sensory hairs. These hairs are not only used for touch but also for
smell, taste, temperature sensing, humidity sensing, and gravity sensing. [21]

Sensory hairs are used in hair fields and as tactile hairs. The hair fields are located near joints
of two body segments and allow to measure the joint angle and the deflection, in this case antenna
deflection. Hence, they are used for proprioception. The tactile hairs are positioned across the entire
antenna and are used for exteroception.

3



2.1. Tactile Sensing in Nature 4

While Crustaceans and insects use a combination of antennea and sensory hairs, spiders only
make use of sensory hairs. These hairs are also used as proprioreceptors and exteroreceptors and are
located at areas on the body where contact with the environment is most likely to occur. Furthermore,
the hairs can differ in length and serve as event detectors and texture classification sensors. They
can be deflected by direct contact or via pre-contact, friction forces induced due to airflow.[6] [55] An
example of a spider with tactile hairs can be seen in Figure 2.2.

Figure 2.1: Stick insect with two long antennas, used for
touch and smell.[21]

Figure 2.2: Honduran Curly Hair Tarantula with tactile
hairs. [49]

Aquatic animals, such as fish and aquatic mammals, also use sensors with characteristics similar to
tactile hairs. Fish and amphibians make use of neuromasts, which are mechanoreceptor organs. For
many fish species these neuromasts are often positioned in a line structure in a canal, called the lateral
line system, see Figure 2.3. [9] Fish species use their lateral line system, which provides a version of
remote distal touch, for prey localization, obstacle detection, predator evasion, and locomotion.

As can be seen in Figure 2.3 the lateral line system has neuromasts on the outside, called superfi-
cial neuromasts, and neuromasts inside the canal, called canal neuromasts. The most important part
of a neuromast is its hair bundle, which contains the molecular machinery for mechanotransduction.
The hair bundles are influenced by hydrodynamic stimuli, induced by changes in water flow or changes
in pressure difference. While superficial neuromasts are directly influenced by the flow, the canal neu-
romasts are only influenced when there is a pressure difference at the pores that open the canals to
the neuromasts. [55][45]

Furthermore, aquatic mammals, for example pinnipeds and manatees, make use of their sensitive
vibrissal sensory systems to obtain tactile stimuli. They have long facial whiskers (vibrissae) located
on their snout, which form a passive tactile sensory array around the head, see Figure 2.4. [29] Each
whisker comes out of a vibrissal follicle-sinus complex, which constitute complex and richly innervated
sensory organs that allow for detecting tactile stimuli. The whiskers are used for direct contact sensing,
touching objects, and pre-contact sensing, obtaining and analyzing water movements. This means
that the whiskers can assist in prey capturing, foraging, locomotion, but also in social interaction.[29]
[60][59]

Figure 2.3: Schematic visualisation of the lateral line of
a fish. a shows the positioning of the superficial
neuromasts b and the canal neuromasts c.[45]

Figure 2.4: A bearded seal, its beard consists out of
tactile sensors, whiskers. [61]

Besides aquatic mammals, most terrestrial mammals also have vibrissae, particular the ones that in-
habit poorly-lit spaces and are nocturnal. Themain focus will be on terrestrial rodents and their whiskers,
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for example a rat, see Figure 2.5. Rodents have macrovibrissae and microvibrissae. The macrovibris-
sae can be actuated to perform active whisking to explore the environment, while microvibrissae are
non-actuated and used to investigate the stimuli found in the environment via the active whisking. [56]
The use of active whisking, moving the whiskers in an active sweeping motion, together with head an
body motions are used for localising, orienting, exploring, and tracking the environment, and for tactile
discrimination, locomotion, social interaction, and prey capturing. For example, the hunting behavior
of the Etruscan shrew is purely based on tactile cues. They use tactile contact information from a body
part of their prey, crickets, to guide their attacks towards their preferred attacking location on the preys
body. [62]

Finally, humans also detect tactile stimuli with their tactile sensors. Humans already perform active
tactile sensing before they are born and continue to do so for the rest of their lives. While in the early
stages of life the mouth and lips are the primary haptic sensors, the hands take over this role in a later
stage due to high concentration of tactile sensory afferents in the human hand, Figure 2.6. [55] Humans
use their tactile sensors for social touch, environment exploration, and haptic exploration tasks. Such
haptic exploration tasks are texture and hardness classification and shape estimations. [39]

Figure 2.5: A rodent, rat, with whiskers. [56] Figure 2.6: The main body part with the highest
concentration of tactile sensory afferents for humans, the

hand.[37]

2.1.2. Exploration Behavior in Nature with Tactile Sensors
Based on their tactile sensors, animals will show certain exploratory behavior. For some of the organism
mentioned in Section 2.1.1, the exploratory behavior will be discussed. The main focus will be on
whisker-based tactile exploration.

When looking into the exploratory behavior of the stick insect, it can be concluded that it uses an
active searching behavior. During locomotion the stick insect keeps moving its antennae in a rhythmic
fashion in the direction of walking. This increases the chance of detecting obstacles in its environment.
When an obstacle is detected the stick insect will adapt its stepping pattern and leg movements in a
context-dependent matter [20], meaning it makes use of a closed-loop tactile system. [21]

According to [28] rodents have a specific exploration pattern when they are places into a dark and
unknown environment. They use their whiskers to first explore the entrance to this new environment,
then they will perform a wall-following strategy, and finally they will explore the open space in the
environment.

Furthermore, when rodents are performing exploratory behavior they use head and body move-
ments together with active whisking in a non-contact and contact scenario. For non-contact whisking
the rodent will be whisking in free air without encountering any obstacles. In the case of contact whisk-
ing, the rodent has detected an obstacle and uses whisker tapping and brushing behavior to obtainmore
information about the encountered obstacle. [30] The range of the whisking motion will be selected by
the animal in such a way that it optimizes the collection of information during a certain task.[2]

When the whiskers encounter an object the whisking pattern will change. First of all, on the side the
contact wasmade the protraction of the whiskers get suppressed, while on the other side the protraction
of the whiskers will be increased, see Figure 2.7. This behavior is called Contact-Induced Asymmetry
(CIA) [47][48][19] or Minimal Impingement, Maximal Contact (MIMC) control policy [52]. The goal of this
behavior is to increase the amount of whisker contacts. Second, the spread between whisker columns,
the protraction angles, is reduced. This is consistent with the MIMC control policy, because rearward,
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non-contacting, whiskers will be pointed to the front towards the encountered obstacle. [47][52] From
the CIA and MIMC control policies it can be deduced that the there is a closed-loop architecture in the
vibrissal system of rodents, which allows efficient adaptive control of the whiskers. [1]

Figure 2.7: Image of a rat showing the MIMC behavior, the whiskers not in contact with the object are fully protracted.[52]

Humans also have a closed-loop tactile system, because they use tactile feedback in their ex-
ploratory behavior. In haptic exploration, humans make use of exploratory procedures that allow for
an optimized gathering of data for a specific task. Examples of exploratory procedures are lateral mo-
tion, pressure, and contour following. With lateral motion the skin is moved across a surface which is
used for texture classification. Exploration procedures can also provide multiple data entries. Contour
following allows to obtain the shape of an object, but it will also provide information about the textural
classification of the object. [39] [40]

During these exploratory procedures, humans make use of tactile suppression. [13] states that the
function of tactile suppression is to use motor command feedback to predict and suppress redundant
movement-related tactile observations such that the perception of unexpected or novel inputs is en-
hanced. During movement tactile stimuli that are below a certain threshold will not be detected. [12]
This threshold depends on the speed of the movement [17] and the physical relation between move-
ment and stimulus [78].

2.2. Tactile Sensing in Robotics
Many tactile sensor designs in robotics are based on observations about touch in nature, biomimetics.
Robotics for example looked into the human hand and skin, to be able to mimic its behavior for an artifi-
cial fingertip, see Figure 2.8. The focus has not only been on humans but also on other tactile sensors
in the animal kingdom, such as antennae and whiskers. As mentioned in Section 2.1.1 whiskers are
used in nature for texture classification and exploration, which make them interesting for the field of
robotics. An application of whiskers on a moving robotic platform, the SCRATCHbot [52], can be seen
in Figure 2.9. [55][44]

Figure 2.8: Application of artificial fingertip sensors.[44]
Figure 2.9: Application of whiskers in robotics, the

SCRATCHbot.[52]

The examples shown, use different tactile sensors to be able to perform their required tasks. In
robotics, tactile sensors are divided in groups based on the transduction methods they use to convert
tactile stimuli into a usable form for a robotic system. Tactile sensors used in robotics are: capacitive
sensors, piezoresistive sensors, optical sensors, magnetic sensors, binary sensors, piezoelectric sen-
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sors, and hydraulic sensors. Where magnetic hall sensors are often used in combination with artificial
whiskers.[44]

2.3. Key Findings from the World of Tactile Sensing
In Section 2.1.1 it was shown that there are a lot of different tactile sensors in nature, insect antennae,
tactile hairs, lateral line systems, and whiskers. These sensors are used in many different applications
of which a summary is shown in Figure 2.10. A key observation about the tactile sensors in nature is
that they are directly or indirectly used as range sensors. Therefore, they can be used as main sensor
components in exploration. Furthermore, most of the tactile sensors are used by organisms that inhabit
poorly lit spaces, meaning tactile sensing is a valid option to replace vision in these scenarios.

In Section 2.1.2 it was explained that organisms use specific tactile exploration strategies, based on
the task at hand. Most of these strategies are active sensing strategies in which the tactile sensors are
constantly being moved to increase the chance of detecting tactile stimuli. An important observation is
that the sensors used in the exploration strategies are implemented in a closed-loop system, meaning
that the obtained tactile information is used to correct for example locomotion. Hence, naturemakes use
of closed-loop tactile control systems. Another interesting observation is the use of tactile suppression,
which prevents false reading by damping out motion induced tactile stimuli.

Finally, Section 2.2 showed that tactile sensing applications in robotics exist, which are based on
the sensors and applications observed in nature. An important observation is the use of whiskers in
robotics on mobile platforms. This is initial proof that whiskers can be used in robotic applications,
which represents the foundation of this research.

Figure 2.10: Summarizing overview use-cases tactile sensors in nature.



3
Whisker-Based Tactile Sensing

In Chapter 2 the use of whiskers in nature was discussed. It was found that in nature whiskers are
used in many different tasks such as exploration, locomotion, and texture discrimination. Chapter 2
also briefly mentioned the use of whiskers in the field of robotics. This chapter will delve more into the
design of artificial whiskers and their applications in this sector.

First of all, Section 3.1 will discuss the current applications of tactile sensing in robotics. Second,
design options for whiskers will be highlighted in Section 3.2. Third, Section 3.3 explains different
options for whisker array design. Fourth, limitations and drawbacks of the use of whisker-based tactile
sensing will be mentioned in Section 3.4. Fifth, options for filtering of the obtained data via whiskers
are discussed in Section 3.5. Finally, some current whisker applications in robotics will be shown in
Section 3.6. Moreover, a summary of all the key findings of the chapter will be provided inSection 3.7.

3.1. Tactile Sensing Applications
As briefly mentioned in Section 2.2 a lot of the tactile sensing designs in robotics are based on ideas
derived from observations made in nature. The same holds for the applications of these designs. [23]
for example uses a bio-inspired artificial whisker for fluid motion, hydrodynamic stimuli, sensing and
[43] uses a hand like structure to grasp objects.

Many studies have also been done in using tactile sensors for texture classifications, examples can
be found in [63], [69], and [24]. It is not only valuable to obtain the texture of an object but also to
recognize and localize it. Object recognition and localization using tactile sensing is done in [79] and
[67].

A relatively new research area is the use of tactile sensors for exploration and navigation. Examples
of studies related to this area can be found in [10], which uses a contour-following approach, and [52]
which uses active sensing.

A general overview of some of the tactile sensing applications in technological research fields can
be found in Figure 3.1.

Figure 3.1: Overview of different applications in which tactile sensing could be used.

3.2. Whisker Design Options
When looking at whiskers in nature, there are many different designs. This can be confirmed by compar-
ing the whiskers of the rat shown in Figure 2.5 with the whiskers of the bearded seal in Figure 2.4. The
bearded seal has much longer and more curved whiskers than the rat. Furthermore, between species,
the shape of the whiskers differs as well. Terrestrial mammals have more tapered whiskers with a round
cross-section, while eared seals and walruses typically have non-tapered and oval whiskers. [55]

These different designs in nature might all be applied to artificial whiskers. Therefore, it is important
to be familiar with the artificial whisker designs that are currently used, which will be covered Sec-
tion 3.2.1. Furthermore, sensors are needed to measure the observed tactile stimuli by the artificial
whiskers. Different type of sensors that are used in literature will be shown in Section 3.2.2.

8
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3.2.1. Whisker Material, Shape and Dimensions
There are four main design choices for artificial whiskers, which are related to material choice, whisker
size, whisker shape, and the use of a taper ratio.

The choice of material is very important since material properties greatly affect the sensory signal’s
qualities. For example, one of the main material properties is stiffness, because the stiffness of the
material influences the frequency properties. Therefore, incorrect material selection could result in
significant and persistent oscillations in whiskers, which could result in inaccurate sensor readings.[42]

In literature, different material types are used, varying from thin steel beams [38] and carbon fibre
whiskers [63] to glass-fibre composite whiskers.[27] However, the reoccurring material type is the use
of plastics. [52][79] Most authors make use of ABS [18] or NanoCure-25. [69], [41], [25], and [51] are
studies which include NanoCure-25.

The usage of plastics can be justified relatively easily. Plastics provide specialized production tech-
niques like extrusion and 3D printing, which make it simpler to produce whiskers with variable lengths
and unique geometric properties, such as a taper ratio. An example of extruded whisker fibres of
different lengths can be seen in Figure 3.2.

Figure 3.2: Example of extruded whisker fibres with different lengths.[18]

When examining the length and shape of artificial whiskers, it was found in the literature that straight
whiskers were typically used. [53] was the only paper found that mimicked the curvature observed at
a whisker of a rat. There is no clear reason found in literature why the main design choice is to use
straight whiskers. It could be the case that for straight whiskers it is easier to estimate the displacement
of the whisker and the induced forces. However this is a speculation and not supported by literature.

The chosen whisker lengths in literature varied between short whiskers between 4 − 8[cm] in [18],
[79], and [41] and longer whisker with length larger than 14[cm] in [27], [25], [52]. [18] states that the
chosen whisker length should be based on its application. Long whiskers should be used when the
whisker is used in low speed fluid velocity settings, while short whiskers should be used when the
whisker is used in high speed fluid velocity sensing. Furthermore, as mentioned in Section 2.1.1 rats
use their macrovibrissae for obstacle detection and their microvibrissae for closer inspection of the
stimuli to derive for example texture cues.

Using the observation from literature and the observation from nature, the differences in the used
artificial whisker lengths in literature could be explained. The whiskers used on ”large” mobile platforms
are longer whiskers which move at low speeds through the air, hence low fluid velocities. The shorter
whiskers are often used in very detailed texture classification tasks, which mimics the use-case of short
whiskers in nature.

The final design choice is about the use of a tapered whisker. There are three advantages when
using a tapered whisker. First, a small whisker tip will improve the resolution of fine surface features.
Second, in case of tip breakage there will be a smaller impact on the natural frequencies of vibration.
Finally, it has a large effect on models of static sensing.[77][8] For these reasons, a lot of examples in
literature make use of a tapered whisker. The taper ratio used in literature is often ≈ 5 : 1, meaning
that the diameter at the base is five times larger than the diameter at the tip. This taper ratio is used
because it mimics the properties of rodent whiskers. [25]

3.2.2. Sensors for Whisker Deflection Measurements
Many different sensors have been used in robotic whisker implementations over the years to obtain
measurement data from the artificial whiskers. For example the electret microphones were used in
[42] and strain gauges were used in [27]. However, there is one sensor that is most often used in
literature, which is the Hall-effect deflection sensor.
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A Hall-effect sensor measures the deflection of a magnet. If such a magnet is placed on the base
of a whisker shaft the sensor can be used to measure the deflection of the whisker by measuring the
deflection of the magnet with respect to its calibrated origin using the change in magnetic flux. An
example of a Hall-effect sensor in combination with a whisker is shown in Figure 3.3. To be able to
measure deflections in two directions a tri-axis Hall-effect sensor should be used. [69], [24], [25], [52],
and [38] represent research papers that present examples of applications of the Hall-effect sensors for
measuring whisker deflections.

Figure 3.3: Visualisation of the use of a Hall-effect sensor in combination with a whisker.[24]

An new sensor has recently entered the artificial whisker field, the barometric pressure sensor.
These sensors are capable of detecting microforces, such as the velocity of the surrounding air, and
have a low power consumption. When used in combination with a whisker the sensors use changes in
pressure to measure the direction and magnitude of the force applied to the whisker.[70] [79] Examples
of the use of the barometric pressure sensor can be found in [18], [63], and [79].

3.3. Whisker Array Design
When looking into the different whisker-based robotics applications, it can be concluded that all these
applications use an array of whiskers. This design choice is supported by [42], which states that using
an array of whiskers will lead to better and more accurate sensory data. This is confirmed by [38], which
states that an array of whiskers can provide more precise information about the shape of an encoun-
tered object and the contact distance towards that object rather than a single whisker. Furthermore, the
use of a whisker array is also supported when observing vibrissal sensory systems in nature, because
these systems are also based on whisker arrays, as shown in Section 2.1.1.

Same as for a single whisker, there are different design options for a whisker array. The whisker
array design options are the number of whiskers on the array, using constant or varying whisker lengths,
and having an active or passive array.

Number of Whiskers on Array
There are many different array sizes used in literature. Varying from relatively small arrays with five
whiskers [79] to large arrays with twenty whiskers [4]. However, there is no clear reasoning in literature
why certain array sizes are used. There are reasons for using multiple smaller or larger arrays, hence
varying of the total number of whiskers. It was observed in [69] that for applications related to texture
classification multiple smaller arrays of four whiskers were used to obtain a set-up with twenty four
whiskers. To be able to perform proper classification, large batches of accurate texture data is needed,
which can be obtained with a larger total number of whiskers. This is supported by [42]. Furthermore,
for mobile robotics it can be seen that multiple smaller arrays are used surrounding the robot to be able
to increase the chance of detecting obstacles, an example can be seen in Figure 3.4 which shows the
Koala Robot.
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Figure 3.4: An example of the use of multiple arrays on
the Koala Robot. [38]

Figure 3.5: An example of a whisker array with little
spacing between whiskers. [79]

It is also interesting to look into the spacing between the whiskers on the array. A general obser-
vation could be made from the read literature. When the whisker arrays are used for tasks where very
accurate and detailed data is required, i.e. for texture classification and object recognition, the whiskers
are placed relatively close too each other on the array. An example of such an array can be seen in
Figure 3.5, which is used in multiobject exploration and recognition [79]. Similar examples can be found
in [69], [41], and [65].

For less accurate tasks, such as global shape recognition, obstacle detection, and tactile stimuli
detection, more global data about the environment is needed. Therefore, the whiskers on the arrays
are spread out more to increase the chance of detecting i.e. obstacles. This can be seen in Figure 3.4
for the Koala Robot, the whiskers are spread out more to increase the search area. Similar examples
can be found in [52] and [25].

Constant or Varying Whisker Lengths
As mentioned in Section 2.1.1, rats have macro- and microvibrissae. This means rats and rodents,
have varying whisker lengths in their whisker arrays. A lot of the studies done in the field of artificial
whiskers focus on biomimetics, which resulted, in some cases, in artificial whisker arrays with varying
whisker lengths.

It was observed that whiskers in each row of the mystacial pad of whisking mammals exponentially
increase in length from the front to the rear, with a ratio between the adjacent whiskers, depending on
species and the whisker row, between 1.2− 1.6.[11] For this reason, [69] uses a ratio of 1.4 for its cone
shaped whisker array, allowing all the whiskers to be in contact with a plane surface orthogonal to the
axis of the cone. This principle is also used in [51] and [65].

[52] also mimics the rats mystacial pad by having two 3x3 arrays with whisker lengths, from front
to back, varying between 160 − 220[mm]. However, this whisker-based robotic platform also has an
additional array with even shorter whiskers of 80[mm] to mimic a rats microvibrissea. Whereas in rats,
the shorter whiskers are used similarly, for a closer examination of the tactile stimuli. This shows that
based on the tasks of the robotic platform there are different approaches for varying whisker lengths on
the platform, varying whisker lengths on the same array, or varying whisker lengths between arrays.

When revisiting the statement from [18], about whisker lengths being dependent on their applica-
tions, it can be concluded that if varying whisker lengths are used in the same array, a multi-functional
array can be obtained. This could be a very interesting application for a mobile robotic platform, be-
cause with the same array it could for example measure airflow disturbance velocities with shorter
whiskers, which can then be used to correct readings for the longer whiskers in the same array, that
are for example used for obstacle detection.

Active or Passive Whisker Arrays
In nature, many rodents perform active whisking with their macrovibrissae. This has the advantage of
sampling a larger space in the environment surrounding their heads and they will be able to point their
whiskers to nearby tactile stimuli. [57] Besides the whisking, rodents also perform a tapping behavior
with their whiskers to obtain more information about the encountered obstacle.[30] As mentioned in
Section 2.1.1 rodents also have passive microvibrissae, which are used to investigate the stimuli found
in the environment.
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In whisker-based application, active and passive whisker arrays are also used. The active whisker
array movement is divided in active whisking, for exploring the environment and for obtaining texture
roughness, and whisker dabbing, which is used for material hardness analysis. [63]

The general trend in literature is to mainly use active whisker arrays and it has been proven to be
beneficial. [69] and [27] show that active whisking can successfully be used in texture classification.
Furthermore, in most of the mobile robotic platforms active whisking by actuated whisker arrays is used.
This is beneficial, because it is preferable to detect an obstacle as soon as possible when moving in an
unknown environment and with active whisking a larger space is sampled which increases the chance
of detecting an obstacle. This principle can be seen for the Koala Robot [38], the WhiskerBot [53], the
SCRATCHbot [52], and the Shrewbot [51].

Active whisking does not only increase the chance of detecting an obstacle but it also allows for a
more accurate localization of the obstacle. [41] performed a localization experiment with both a static,
Figure 3.6 and a dynamic array, Figure 3.7. The dynamic array can actively protract the whiskers and
passively retract the whiskers, which allows for a whisking motion. During the experiment a rod had to
be localized. The static whisker array was moved in a horizontal dabbing motion across the rod and
a similar experiment was repeated using the dynamic array which used whisking to localize the rod.
From this experiment it was concluded that the static whisker array resulted in inaccurate and variable
readings with IQR ≈ 10[mm]. The dynamic array resulted in accurate and reliable localization of the
rod with IQR ≈ 1.5[mm]. Hence, the dynamic array is able to perform an active localization task.

Figure 3.6: The static array used by [41].
Figure 3.7: The dynamic array used by [41]. Protraction
is realised by pulling on the tendon and retraction is done

by releasing the tendon.

While most studies use active whisker arrays, [79] proves that a combination of a passive whisker
array on a moving platform can perform multiobject exploration and recognition. This means that even
tough a passive whisker array is used, active sensing could indirectly be performed by having a moving
robotic platform.

3.4. Limitations and Drawbacks of Whisker-Based Tactile Sensing
While whisker-based tactile sensing is a very promising application, it unfortunately has some limitations
and drawbacks. In comparison with active sensing systems, such as LIDAR and laser range finders
which can obtain long range measurements, whiskers can only obtain measurements from the root to
the tip of the whisker. Hence, whisker-based tactile sensing can only obtain short range measurements.
This means if whiskers are used on a mobile platform as obstacle detection sensors, the obstacles are
only encountered when they are already relatively close to the platform. This is the reason for the
second limitation, to prevent crashing into an obstacle the platform must travel at relatively low speeds
to be able to account for the nearby obstacles that are detected by the whiskers.

However, the main drawback of the use of whiskers is the danger of noise that induces unwanted
vibrations. Whisker-based tactile sensors are in general very sensitive to low forces, which is an advan-
tages in texture classification. This high sensitivity also means that a low velocity airflow could cause
the whisker-sensor to sense a deflection [18], which could make a system think it is in contact with an
obstacle. Hence, the high sensitivity of whiskers could lead to false measurements.

Unwanted vibrations can also be caused by the texture of the surface. According to [63] abrupt
changes in the surface texture could lead to excessive induced vibrations in the whiskers, which neg-
atively influences the measurement data. Furthermore, in the case of rough surface textures the
whiskers could get stuck, which will influence the measurements, and when they slip off, the whiskers
start resonating at their natural frequency, which also influences the measurements.[27] Hence, rough
surfaces could induce unwanted vibrations in whiskers.
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Moreover, moving a whisker into an object will cause a whisker to start oscillating in unpredictable
manner. This will negatively influence the measurements and could lead to false readings. [24]

Section 3.3 mentioned that active whisking is often used in literature. However, it has one large
disadvantage. The sensor output is dominated by the self-motion induced by the active whisking. [41]
This self-motion could cause for example false positives in texture classification. [69] However, self-
motion is not only created by active whisking but also by the movement of a mobile platform. It is
stated in [52] that the head movements of the SCRATCHbot also generated self-motion noise, which
can cause the robot to follow objects that are not there.

3.5. Whisker Sensor Data Filtering
As explained in Section 3.4, unwanted vibrations of the whiskers negatively influence the obtained
sensor data. To use the sensor data containing these unwanted vibrations, the data must be filtered.
Depending on the cause of the unwanted vibration different methods can be used to filter the data.

First of all, the vibrations cause by abrupt changes in texture and by rough surfaces can be removed
by using a whisker array. [63] mainly focuses on removing noise in sensor data for texture classification
but the method described to account for this noise can be used more generally. The method described
to solve the problem, is based on having multiple whiskers with different specifications. The measure-
ment data of all the whiskers and their classification results are implemented in a voting system to
decide the correct texture of the encountered surface. Such a voting system can also be used for
an array that performs distance measurements. The voting system can rectify an inaccurate distance
measurement by one whisker on the array, as a result of unwanted vibrations, if all the other whiskers
on the array have accurate distance measurements.

Second, for self-induced deflection of the whiskers by active whisking an approach known from
nature can be used. By subtracting a reference signal, which represents the whisker movement due
to whisking, the self-induced motion can be partially removed.[41] The same type of approach is used
in [52]. It uses cerebellar-inspired algorithms that learn the dynamics of each moving whisker which
can then be used to remove the induced noise by the self-motion. The used adaptive self-generated
noise cancellation algorithm is explained in [3]. An adaptive noise cancellation filter is used because
the parameters used in the filter are task specific. This means that the filter should be able to react
to changes in the robot’s environment, its dynamics, or the task description as they occur during the
robot’s mission to ensure that the right amount of noise is filtered out. It was shown by [3] that the
adaptive noise cancellation algorithm improved contact detection in the recorded data and it heavily
reduced the amount of false positive recorded by the system. A visualisation of the general working
principle of adaptive noise cancellation can be seen in Figure 3.8a and the visualisation of the working
principle of adaptive noise cancellation of self-induced sensory signals can be seen in Figure 3.8b.

(a) Visualisation of the general adaptive noise cancellation
scheme.

(b) Visualisation of the use of the adaptive noise cancellation
scheme in the self-induced sensory signals cancellation frame.

Figure 3.8: Visualisation of the link between general adaptive noise cancellation (a) and the cancellation of self-induced
sensory signals due to the plant dynamics (b).[3]

3.6. Whisker-Based Robotics
Numerous references to current whisker-based robotic applications have been provided in this chapter.
In this section an overview of the moving robotic platforms found in literature are given, together with
their main applications. A visual overview can be found in Figure 3.9.
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Figure 3.9: Overview of different whisker applications in robotics. (1: [69], 2: [38], 3: [27], 4: [41], 5: [51], 6: [52], 7: [25], 8: [4].)

The first robotic application is the BIOTACT sensor designed in [69]. This application tried to mimic
the rats vibrissal system by using a conical shaped head, which mimics the snout of a rat, active
whiskers for active whisking, and varying whisker lengths. The main goal of the BIOTACT sensor was
to perform tactile classification.

The second robot is the Koala Robot, which is a moving ground robot built by [38]. This robot mim-
icked the active whisking behavior of a rat to perform localization procedures in unknown environments.
During this localization procedure the shape of the localized object was determined using the whiskers.

The third image in Figure 3.9 represents another moving ground robot, theWhiskerBot by [53]. Once
again a biomimetic approach was used. The used whiskers were tapered and curved to approximate
a nominal rat whisker. The WhiskerBot made use of active whisking with a feedback control system.
This feedback control system was based on the contact mediation approach of rats. This robot was
used in [27] to perform texture classification while moving.

The TacWhisker design by [41] is shown in image number four. The TacWhisker is a whisker array
mounted on a robotic arm. It uses an active whisking design which can compensate for self-induced
sensory signals. The TacWhisker can be used to perform tactile stimuli localization tasks.

The fifth robotic application is the Shrewbot by [51]. The sensory design used for Shrewbot tried
to mimic the radial characteristic of the rat’s sensory surface generated by the whisker tips during
exploration. Furthermore, different whisker lengths were used for each row in the array. The goal of
the Shrewbot study was to analyze the effect of contact-driven feedback control of whisking on the
quantity and quality of vibrissal sensory information.

The sixth images shows the SCRATCHbot [52]. The goal of this design was to completely mimic the
vibrissal system of a rat. It has varying whisker length across the whisker arrays, it has microvibrissae
on the tip of the robots head, it can change the whisker spread, and it can perform the CIA behavior
of a rat. The robot was able to localize and orient itself towards tactile stimuli in the environment. The
goal of this design was to obtain better insight on the effect of active sensing control on the obtained
signals by the whisker-based sensing system.

The seventh image is a mobile ground robot application which is to be able to perform simultaneous
localisation and mapping (SLAM) of the environment based on tactile sensor inputs. [25] The robot
makes use of four tapered whiskers and a finite state machine (FSM) model to perform mapping of the
environment.

The last shown robotic application is the BellaBot designed by [4]. The robotic arm has a sensor
array with twenty whiskers attached to it. This robot was used in research to improve the accuracy of
directed motor commands toward tactile stimuli in the environment.

Finally, an interesting observation can be made when looking at the overview shown in Figure 3.9.
All the whisker-based robotic applications are either robotic arms on the ground or moving ground
robots. This means that the use of whisker-based tactile sensing is so far only proven to work on
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ground robots and not on aerial robots. It is therefore not known if all the obtained conclusions and
observations mentioned in the papers of these applications will work on aerial robots.

3.7. Key Findings: Whisker-Based Tactile Sensing
In Section 3.1 it was shown that tactile sensing can be used in many different domains. The most
important observation was that tactile sensing can be used for exploration and navigation tasks which
is key for the main research goal mentioned in Chapter 1.

From Section 3.2 it can be concluded that whisker designs are heavily dependent on the use-case
and that the used designs in literature all strongly focus on the whisker designs seen in nature. For the
four main design choices shown the following conclusions can be made. Plastics are the main material
type used in whisker design, due to their flexibility in design choices. Furthermore, it was derived from
literature that the common design choice was the use straight whiskers. Moreover, the length of the
whisker is mainly dependent on it applications. Finally, the use of taper ratios in whisker design is
justified by the benefits it has and by the use of taper ratios by rodents.

For the array designs no clear rules for the number of whiskers that should be used on an array
were found. However, there was a relation observed between the array application and the spacing
between the whiskers on the array. For arrays that were used in tasks that required very precise data
the spacing between the whiskers was small. Larger spacing between whiskers on the array were used
for tasks that needed more global data.

The choice about the use of constant or varying whisker lengths was mainly based on the obser-
vations made in nature. Rodents have varying whisker lengths in their vibrissal system and therefore
many designs in literature followed this path. Variations in whisker lengths on an array could have
very interesting applications, because depending on the length of a whisker it can be used for different
applications. Hence, a whisker array can be designed that can fulfill multiple functions.

The main flow seen in literature was the use of dynamic whisking. However, it was also shown that a
combination of a static whisker array and a moving platform could perform exploration and navigation
task. While dynamic whisker arrays have many advantages, it also has the large disadvantage of
causing self-induced motion noise in the sensor readings.

This self-induced motion noise should be removed from the sensing data to be to use the data
properly. This can be done with the help of an adaptive noise cancellation filter, which learns the self-
induced motion based on the dynamics of the system. Noise can also be caused due to unwanted
vibrations induced by rough surfaces and changes in surface texture. However, by using the sensor
data from all the whiskers on the array this noise can be filtered out with the help of a voting system.

Another key observation is the following. Section 3.6 showed many different whisker-based robotic
applications, but all these whisker-based robotic applications are robots located on the ground. Hence,
no proof exists for the use of whiskers in aerial applications.



4
The Influence of Ceiling Effects on Micro

Aerial Vehicles
When an aerial vehicle is flying close to the ground, it will experience certain influences due to the
ground, this well-known phenomenon is called the ground effect. A little less-known is the phenomenon
that describes the effect of flying in proximity with a ceiling, the ceiling effect. This chapter delves into
the influence of the ceiling effect on quadrotor vehicles.

The principle and problem of the ceiling effect will be explained in Section 4.1. Further, Section 4.2
will describe different approaches, that use the ceiling effect to their advantage by flying close to the
ceiling. Finally, Section 4.3 will summarize the key findings of the chapter.

4.1. The Ceiling Effect Principle
Flying in close proximity with obstacles, influences the behavior of the rotor wake of a rotorcraft. For
example, the ground effect results in an increase of lift experienced by the aircraft when flying close to
the ground. It is caused by a reduction in the induced velocity from the rotor, which creates a larger
pressure difference across the rotor disk, when in proximity with the ground. [15]

A similar observation can be made for the ceiling effect. When flying close to a ceiling the induced
velocity from the rotors is also reduced, which causes a greater pressure difference across the rotor
disk.[16][66] This causes an increase in thrust, leading to the rotorcraft being pulled towards the ceiling.
Furthermore, the resulting suction lowers the air pressure around the propellers, which leads to a
decrease in drag and an increase in rotor velocities. [34]

This suction towards the ceiling can be very dangerous when not properly accounted for, it can
cause the rotorcraft to crash into the ceiling. It can also obstruct a multirotors’ tracking task, because
it will not be able to follow the target states and points due to the differences in the desired forces and
the actual forces generated due to the suction of the ceiling. The obstruction of the tracking task will
lead to the target never being reached or the crashing of the drone into the ceiling. [50]

To be able to perform tasks in proximity with the ceiling, methods are needed to estimate the ceiling
effect. These estimation methods can then be used in controller designs to be able to perform flight in
proximity with the ceiling. Methods for estimating the ceiling effects will be the main focus of the next
section, Section 4.2.

4.2. Approaches for Flying in Close Proximity with a Ceiling
In literature there are two main approaches used to determine the influence of the ceiling on the pro-
duced thrust and the power consumption. The first approach focuses purely on Momentum Theory
and Blade Element Theory, which will be explained in Section 4.2.1. The second approach will be
discussed in Section 4.2.2 and is based on the Cheeseman-Bennet model, which indirectly uses Blade
Element Theory [14].

4.2.1. Momentum Theory and Blade Element Theory Approach
In this section the application of the Momentum Theory (MT) and the Blade Element Theory (BET) for
the ceiling effect estimates will first be discussed for a single rotor case. Then a multirotor scenario will
be discussed. Lastly, the unsteady state scenario for a multirotor will be described.

16
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Single Rotor Ceiling Effect Estimation
To describe the MT for a single rotor the illustration in Figure 4.1 is used. Here, R is the radius of the
rotor andD is the distance from the rotor to the ceiling. Furthermore, when using MT it is required to use
standard assumptions. Such as, assuming steady, incompressible, one-dimensional, and axisymmetric
flow and modeling the rotor as an infinitely thin disc. [32][31]

As can be seen in Figure 4.1 the rotating propellor will generate a constant airflow with induced
velocity, vi, along the rotating axis. The difference in pressure along the propellor disk results in thrust.
In traditional MT the generated thrust is equal to the difference between the vertical momentum of the
incoming and outgoing airflow. This changes when the rotor is in proximity with a ceiling, because the
ceiling influences the vertical movement of the airflow. [32][31]

Figure 4.1: Illustration of an axisymmetric propeller
below a ceiling, showing the pressure and flow speed at

different parts of the system. [32]

Figure 4.2: Illustration of multiple axisymmetric
propellers below a ceiling, showing the pressure and flow

speed at different parts of the system. [31]

[32] shows that when taking into account the influence of the ceiling a new relation for vi based on
the distance to the ceiling can be obtained, which is Equation 4.1. The difference with the regular re-
lation, vi = 1

2v∞ [5], is the ceiling coefficient γ, which depends on the propeller-to-ceiling-ratio, δ. If δ
approaches 0, meaning the ceiling is very far away, γ becomes 1 resulting in the regular vi relation.

To account for some of the made assumptions, [32] introduces the correction factor α to the ceiling
effect coefficient which results into Equation 4.2.
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2
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Using Equation 4.1, a new equation for the thrust can be obtained, Equation 4.3. Furthermore, a new
equation for the aerodynamic power can be obtained with Equation 4.3, which is shown in Equation 4.4.
From this equation is can be concluded that if the ceiling coefficient increase, the rotor is closer to the
ceiling, the aerodynamic power to generate the same thrust decreases. [32]

T =
1

2
ρAv2∞ = 2ρAγ2v2i (4.3) Pa = Tvi = γ−1 · T

√
T

2ρA
(4.4)

While the MT derived a model for the thrust and aerodynamic power, the BET will be used to ob-
tain relationships between the rotor velocity and the resulting thrust and aerodynamic power. In these
relationships, BET takes the propellers geometry into account. [32] uses the BET results in [5] and
Equation 4.3 to derive a new thrust equation depending on the distance to the ceiling and the rotational
velocity, Equation 4.5. Where the thrust coefficient, cT , depends on the dimensionless coefficients c1
and c2 which relate to the geometric properties of the propeller.
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Furthermore, the torque coefficient cτ can be derived from Equation 4.6 which uses the fact that Pm =
cτΩ

3 and that Pa = ηPm.
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4.2. Approaches for Flying in Close Proximity with a Ceiling 18

The resulting equation for cτ can be found in Equation 4.7. It can be seen that cτ only depends on the
ceiling coefficient.

cτ =
Pa

ηΩ3
=

2ρA

η

(
2c1Rγ

2
3
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1 + 16c2γ2

)3

(4.7)

To be able to verify the found equations, [32] used an experimental set-up which could measure
the thrust force, current, and angular velocities at different distances from the ceiling. For details about
the set-up see [32]. From these measurements values for the unknown coefficients, η, α, c1, and c2
were obtained. They also concluded that the thrust would increase by a factor of 1.6 —2.3 for the
same power consumption when in proximity with the ceiling. Hence, the input power reduces by a
factor of 2.0—3.5 for the same amount of thrust. Finally, the experiments proved the derived analytical
models, meaning they can be used to approximate the ceiling effect. These models can thus be used
in controller designs.

Multirotor Ceiling Effect Estimation
The models discussed in [32] are only valid for a single rotor condition. This means that they might not
be valid for a quadrotor configuration. Therefore, it is required to analyse such a configuration, which
is done by [31].

While the used approach for MT and BET is the same as for the single rotor scenario, there is
one big difference for the multirotor case. Multirotor configurations cause flow asymmetry and flow
re-circulation, which will influence the ceiling coefficient. A visualisation of this scenario can be seen in
Figure 4.2. The propellers obstruct the airflow from entering the streamtubes above the rotors, which
leads to re-circulation of the wake causing a reduction in flow momentum. [31].

To account for this re-circulation of the wake, Equation 4.2 needs to be adapted. The new ceiling
coefficient equation is shown in Equation 4.8. Here the 1−α1δ

2-term represents the decrease in vertical
flow momentum, with α1 representing the interaction between the the propellers when in proximity with
the ceiling, and α0 has the same function as α in Equation 4.2. Hence, the re-circulation will negatively
influence γ.
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8
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Using this adapted equation for γ, [31] obtains a new equation for cT shown in Equation 4.9 and a
new equation for cτ , Equation 4.10. In Equation 4.9, c0, c1, and c2 are coefficients related to the blade
profile.
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To verify the obtained equations, [31] used benchtop experiments using propellers with a radius of
23-mm and 50-mm. The distance between the rotors and the distance towards the ceiling could be
changed in their set-up. They concluded that the presence of a ceiling indeed reduces the power con-
sumption and increases the thrust, and that these changes can be properly estimated by the derived
equations. A limitation of the performed study is that it only focused on flat, rigid, and horizontal ceilings.

[31] also concludes that the obtained models could be used in surface locomotion controllers. How-
ever, the controller should apply strategies to prevent crashing into the ceiling by maintaining a certain
propeller-to-ceiling ratio and the controller should be able to regulate the thrust based on this ratio.

Unsteady State Multirotor Ceiling Effect Estimation
In the previous sections it was assumed that the rotors are in a steady state, hovering below the ceiling.
However, in a real scenario, a rotor aircraft will not always be in steady state below a ceiling. It is
important to account for changes in vertical velocities when approaching and flying underneath a ceiling.

To analyse the effect of changes in vertical velocities the airflow model in Figure 4.3 is considered.
It can be seen that the flow velocity v(r) is now not only influenced by the induced velocity vi, but also
the vertical velocity rate of the quadrotor, ż. [50]
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Figure 4.3: Illustration of an axisymmetric propeller below a ceiling, showing the pressure and flow speed at different parts of
the system in unsteady state. [50]

The thrust equation, when in proximity with a ceiling, is derived in the same way as conventional
MT, however [50] takes ż into account leading to Equation 4.11. In Equation 4.11 the definition of γ in
Equation 4.2 is used.

T =
1

2
ρAv∞(v∞ + 2ż) = 2ργvi(γvi + ż)A (4.11)

It is assumed from MT that the thrust equation equals TOCE = 2ρAv2i , when being far away from the
ceiling. Now the thrust ratio, kT , between the thrust effected by the ceiling effect, TICE , and the thrust
not effected by the ceiling, TOCE , can be obtained and is represented by Equation 4.12.

kT =
TICE(δ, ż)

TOCE
= γ2(1 + γ−1 ż

vi
) (4.12)

The unsteady state thrust model is verified in experiments and compared to the steady state model,
derived in [32]. It was concluded that in a steady state case, with ż = 0.0, the conventional model
represented the steady state better. However, for an unsteady state it was concluded that the model
follows the experimental data better than the conventional model.

[50] uses Equation 4.12 in a controller design to analyze the stability of the derived model when
performing vertical flight underneath a ceiling. A motor-mapping approach, which used Equation 4.12,
was designed. When the ceiling comes closer or when the vertical rate increases the motor-mapping
will reduce the rotor inputs. The other way around, the rotor inputs will increase when the ceiling is
further away or when the vertical rate decreases. Furthermore, the system estimates self-states and
the distance to the ceiling with onboard sensors.

This controller was verified by comparing four different controllers in a vertical climb and descent
scenario. The first controller did not use a ceiling effect model, the second controller used the conven-
tional mode, the third controller uses the unsteady state model for ż = 0.0, and the fourth controller
uses the unsteady state model considering vertical rates. The experiment was carried out based on
changing the altitude and the vertical rates with the Sine Curve Case.

The first conclusion from this experiment was, that the controllers using ceiling effect models were
able to follow the target. The controller which not included the ceiling effect crashed into the ceiling.
Furthermore, it was shown that the fourth controller outperformed all the other controllers. Meaning the
proposed unsteady state controller design can be used to improve the performance of target tracking,
when influence by the ceiling effect. [50]

4.2.2. Cheeseman-Bennet Based Approach
Cheeseman and Bennett obtained a mathematical model to describe the ground effect experienced by
a helicopter. This model is described with Equation 4.13, which shows the ratio between generated
thrust without the ground effect, TOGE , and the thrust experienced when influenced by the ground effect,
TIGE . This ratio only depends on the radius R of the rotor and the distance from the ground Z. It is
important to state that the model assumes a single rotor, spinning at a constant speed with constant
engine power.[14]

Due to the fact that the ground effect and the ceiling effect arise from the same physical phenomena
the Cheeseman-Bennet model, Equation 4.13, can also be used for estimating the ceiling effect in a
single rotor case.[16]
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As mentioned in Section 4.1, flying in proximity with a ceiling increases the rotor velocities. To be able
to use Equation 4.13 a constant rotor speed is needed and therefore [16] states that a closed-loop
speed controller should be used. Using this approach in experiments with a fixed experimental set-up,
[16] validated the use of Equation 4.13 in both a single rotor and multirotor configuration.

According to [16], not using a closed-loop speed controller will break the assumption for Equa-
tion 4.13, which mean correction factors are needed to account for that. Both [66] and [34] use an
adapted version of Equation 4.13, shown in Equation 4.14. Here K1 and K2 are coefficients that are
obtained experimentally. In the case of [66] this is done via real life experiments and [34] used CFD
simulations.
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While in [66] the coefficients are used in a single rotor case to account for the open-loop speed con-
troller, in [34] they are used to account for the use of a multirotor and the specific design of the used
multirotor. Using these coefficients allow for more accurate matching of the experimental and model
data. Furthermore, both papers conclude that for a multirotor the ceiling effect becomes already signif-
icant at larger propellor-to-ceiling ratios, compared to a single rotor scenario. This conclusion is also
supported by [75].

[66] validates their model in a controller design by performing experiments, bridge inspections, with
the quadrotor underneath a bridge. Only vertical motion was performed and the distance to the ceiling
was measured with optical flow and visual odometry. From these experiments it was concluded that
the found model could be successfully used in controller design and that the maximum flight time of
the quadrotor was increased.

From the validation procedure in [34], it was concluded that the attitude of the multirotor leads to
differences in ceiling effects between the rotors. For the used design, a distance of 0.25m from the
ceiling led to a maximum difference in ceiling effect of 2%. Therefore, it was assumed that horizontal
flight was only allowed for distance to the ceiling of z ≥ 0.25m. When using this assumption in the
performed outdoor experiment, [34] showed that the designed ceiling effect controller is able to perform
autonomous bridge inspections in a safe manner.

4.3. Key Findings: The Influence of Ceiling Effects on Micro Aerial
Vehicles

In Section 4.2 it was shown that there are two main approaches for estimating the ceiling effect. The
first approach is using thrust and power equations derived from Momentum Theory and Blade Element
Theory and the second approach is using variations of the Cheeseman-Bennet model.

The models derived via the two approaches showed promising results in estimating the ceiling
effect and also promising initial results in controller design. When it comes to incorporating additional
variables to account for multirotor configuration, both approaches do not show a clear path. However,
based on the points and conclusions made in the papers that do incorporate these additional variables,
it seems that these models are more accurate. This could be the case, because these variables not
only account for the different configuration but also for some assumptions that were made, that are not
valid in a real life case.

These additional variables need to be estimated with the help of an experimental phase. This will be
the case for both approaches and therefore there is not a large difference in the amount of experiments
needed before a working model can be obtained.

From the performed research in Section 4.2, it can also be concluded that the ceiling effect indeed
increases the thrust and the rotational velocity. Meaning, when flying in proximity with the ceiling the
same thrust level can be obtained for a lower input power, which increases the maximum flight time.

An important remark that should be made is, that all the performed experiments, that are described
in the articles, are performed with horizontal and relatively smooth ceilings. Hence, to confirm the use
of the models for asymmetric surfaces additional research must be performed.



5
Tactile Navigation by Contour Following

In Chapter 3 whisker-based tactile sensing was explained and it was stated that whiskers can be used
for distance measuring. The ceiling effect was explained in Chapter 4, which showed that flying close to
the ceiling can have advantages, such as a lower power consumption. The use of whiskers for distance
measurements and the advantages of the ceiling effect can be combined and used in an exploration
task. More precisely a contour following exploration tasks based on a ceiling following approach. To be
able to perform such an approach, a specialized contour following controller must be used. Therefore,
Section 5.1 discusses multiple contour following controllers.

The distancemeasurements obtained from the whiskers could be used for mapping the environment.
Section 5.2 looks into special algorithms needed for mapping an environment, called Tactile SLAM.

5.1. The Contour Following Approach
Contour following by a robot can be used for many different tasks, such as mine exploration and search
and rescue missions.[74] Contour following strategies are often called wall-following (WF) strategies,
and these strategies are based on moving along the edge of obstacles, which could be walls, while
keeping a constant distance and constant parallel orientation between the mobile robot and the object.

Using controllers based on these strategies would allow a robot to autonomously navigate in an
unknown environment. Meaning, that based on these controllers the robot can move independently
through the unknown environment without the need of human inputs, which is a big advantage.[33]

The contour following controllers that are discussed in this section are divided in approaches that
use conventional (non-)linear controller, Section 5.1.1, and in approaches that use intelligent controllers
with fuzzy logic Section 5.1.2.

5.1.1. Contour Following with General Controllers
A lot of contour following controller are based on the WF principle, which in general is based on three
main goals. Firstly, the robot should be able to maintain a desired distance to the wall. Secondly, the
robot should be able to follow the wall in a parallel matter and therefore its heading angle should be
very close to the angle of the wall. Finally, the robot should be able to measure distances to obstacles
in its path to be able to account for these.[76] [72]

From these goals it becomes clear that the simple controller should be able to control the distance
and the angle between the robot and the wall. From this, control errors can be derived. The distance
error between the distance to the wall, dwall, and the desired distance, ddes, is shown in Equation 5.1.
The orientation error between the wall angle, θwall, and the heading angle, θ, of the robot can be
obtained with Equation 5.2.[76][72]

d̃ = ddes − dwall (5.1) θ̃ = θwall − θ (5.2)
However, walls are not always straight and smooth. They can be curved or contain corners. There-

fore, distance measurements are not always constant along the sensor array, which means the wall
angle varies. Hence, to be able to use the control error equations estimates of the distance towards
the wall and the wall angle should be found.

To account for this problem [72] uses its sensor measurements, obtained by a laser sensor, to
obtain wall angles between different laser beams. It uses the distance measurements of ten beams
to obtain ten wall angles, all calculated with respect to the distance measurement perpendicular to the
robots heading angle. A decentralized Kalman Filter obtains an improved wall angle estimate based
on these measurements. The Kalman Filter steps are explained in [72]. With this improved wall angle
estimate, the improved distance towards the wall can be obtained, which can be used in the control
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error equations. Furthermore, using the control errors and a Lyapunov candidate function control laws
could be derived for the controller.

However, these simple control laws were not able to account for a loss of wall event or a possible
collision event. Therefore, [72] decided to make use of a switching controller consisting of the normal
WF mode, an orientation mode, and a rotation mode. The orientation mode was activated in case of
a possible collision. The collision is avoided by rotating the robot until a free path is found. When the
wall is lost, the rotation mode is activate. The robot will start following a circular path towards the side
where it last detected a wall, until it finds the wall.

The block diagram of this switching controller can be found in Figure 5.1. Where the supervisor
contains the logic to switch between the different behaviors. Using this controller it was shown that the
controller was able to perform a contour following tasks in an unknown environment. Results of a real
world experiment are shown in Figure 5.2. It can be seen that the robot was able to follow the wall and
able to get out of the trap situation.

Figure 5.1: Block diagram of the switching controller
used in [72].

Figure 5.2: Experiment in which the robot should avoid a
trap situation.[72]

Instead of using a Kalman Filter to obtain the wall angle estimates, [76] generates a dynamic virtual wall.
The wheeled ground robot in [76] obtains distance measurements from its laser sensors. By applying
least squares method on the data, a line estimate in the form y = ax+ b is obtained, which represents
the virtual wall. The slope of the virtual wall, represents the wall angle estimate.

Furthermore, [76] makes use of adaptive velocity, which means no switching controller is needed.
However, the adaptive velocity only holds for the linear velocity but not the rotational velocity. For the
robot to rotate, a difference in velocity between both wheels is needed. Therefore, [76] uses a PD
controller to determine the required difference in velocity, ∆v, based on the distance and orientation
towards the virtual wall.

An illustration of the used algorithm is shown in Figure 5.3. [76] concluded, that the designed
controller can be used for WF and object avoidance in an unknown environment. In Figure 5.4 a
simulation result is shown, in which can be seen that the robot is able to follow the walls and avoid
obstacles.

Figure 5.3: Illustration of the working principle of the
virtual wall based WF algorithm.[76]

Figure 5.4: Simulation result of the virtual wall based
WF controller. [76]

The previously discussed contour following controllers are both based on ground robots with laser
sensing. However, [10] proposes a controller design based on tactile contact sensors for a quadrotor.
It uses an array of four contact sensors, positioned with a 90 degree angle between each other, together
with a velocity control method to perform a contour following navigation task. The contact measured
with these contact sensors can be binary, contact or no-contact, or it can be force measurements.

The sensors have two direction vectors, the direction vector following the pointing direction of the
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sensor, q̂i, and vector q⊥i , which is the unit vector perpendicular to q̂i in a counter-clockwise direction
relative to the quadrotor.

When an obstacle is encountered the controller should make sure that the quadrotor moves parallel
to the obstacle. According to [10] continuous contact can be ensured by using a linear combination
of q⊥i and q̂i. However, it could occur that contact with the obstacle is lost. When this occurs, the
quadrotor will fly in the direction it last encountered an obstacle. Using the parallel flight mode and the
regain contact mode [10] obtained a velocity-based controller, for movement in x- and y-direction. For
movement in z-direction a simple height controller is added.

The discussed controller design can be visualised as a block diagram, which is shown in Figure 5.5.
Simulation experiments were performed with the controller and the result for a circular environment is
shown in Figure 5.6. From this, and additional experiments, it was concluded reliable contour following
could be performed with the proposed controllers.

Figure 5.5: Visualisation of the structure of the proposed
controller design.[10] Figure 5.6: Simulation result of the contour following

controller in a circular environment. [10]

5.1.2. Contour Following with Fuzzy Controllers
Fuzzy controllers (FC) are intelligent controllers, therefore they could be applied in uncertain and unpre-
dictable situations. According to [74] fuzzy logic is based on a rule-based system, that makes decisions
and performs mathematical reasoning with the available data, which could be imprecise and uncertain.

There are two types of fuzzy sets, Type-1 and Type-2. The main difference between the two sets is,
the Type-2 sets have more parameters and more degrees of freedom. This allows a Type-2 fuzzy set
to handle uncertainties better. For that reason the wheeled ground robot in [74] makes use of Type-2
fuzzy sets in its interval Type-2 FC, IT2FC. This controller makes use of zero-order Takagi-Sugeno type
fuzzy rules, IF-THEN rules.

The free parameters of the IF-THEN rule based controller should be designed such that the con-
troller performs the required tasks. The performance of the controller can be evaluated with the help
of cost functions.

The inputs for the FC in [74] are the distance and orientation towards the wall. The outputs of the
controller are the angular velocities for the wheels. However, to be able to perform the WF task rule
bases must be determined, using the two state variables, distance and angle to the wall. These bases
use membership functions based on linguistic functions, which will assist the mobile robot in its control
tasks. The overview of the used rules in the controller can be found in [74].

With the designed fuzzy IT2FC, [74] performed experiments. In these experiments the path for the
robot to travel was obtained by setting a desired goal. An example of such an experiment can be seen
in Figure 5.7. From the experiment it was concluded that the robot could successfully reach the desired
target by using the IT2FC for WF an obstacle avoidance.

Figure 5.7: Example of a WF and obstacle avoidance
experiment using the IT2FC.[74]

Figure 5.8: Visualisation of the data-driven AGDE based
fuzzy controller. [36]

While in [74] the FC is manually designed, it can also be designed with the help of bio-inspired op-
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timization algorithms. Two examples of bio-inspired FCs for a WF tasks can be found in [36] and [35].
Where [36] uses an Adaptive Group-based Differential Evolution (AGDE) algorithm to obtain a fuzzy
controller for WF control of a hexapod robot and [35] uses a Evolutionary-Group-based Particle-Swarm-
Optimization (EGPSO) fuzzy controller for a wheeled ground robot.

Both approaches are based on the same type of zero-order Takagi-Sugeno-Kang fuzzy IF-THEN
rules as in [74]. However, the fuzzy sets make use of the Gaussian membership function. All the free
variables used in the IF-THEN rules and the fuzzy sets can be combined in a parameter solution vector.
In the AGDE algorithm each individual represent a FC with a solution vector and the same holds for
each particle in the EGPSO.

In a training stage the evolutionary algorithms will find an optimal solution for the solution vector,
which results in the final version of the FC. The methods used by AGDE and EGPSO to obtain the final
solution, are described in [36] and [35] respectively. The training is often done in a simulation environ-
ment. However, if this training environment does not accurately represent the actual environment the
controller will fail in the actual environment. This means, expected shapes of the environment should
be known beforehand to be able to properly train the FC’s.

A block diagram visualising an evolutionary based FC for the AGDE case can be seen in Figure 5.8.
Using this FC approach [36] showed in simulation and real world experiments the effectiveness of the
evolutionary fuzzy control approach for a WF task with a hexapod robot. An example of an obtained
trajectory in an unknown environment can be seen in Figure 5.9.

Using the EGPSO FC approach, [35] showed that the chosen approach also led to an effective and
accurate WF controller. An example of a result obtained by [35] can be seen in Figure 5.10.

Figure 5.9: Resulting trajectory of the hexapod robot
when the AGDE FC in a testing environment.[36]

Figure 5.10: Resulting trajectory of the wheeled robot
with the EGPSO FC in an environment with convex and

concave obstacles.[35]

5.2. Tactile SLAM
When a mobile robot or agent is places in an unknown environment at an unknown location it could be
tasked to build a map of this environment and localizing itself within this environment. This describes
the simultaneous localization and mapping (SLAM) problem. SLAM uses sensory data obtained by the
sensors on the robot to build a map, which is used to determine the robot’s location in the map. [22]

There are many different solutions to the SLAM problem. In this section only the Tactile SLAM
(tSLAM) solution and different variants of this solution will be discussed. The variants of tSLAM that
will be discussed are blob-based mapping, mapping with multi-whisker templates, mapping with hierar-
chical priors, and Whisker-RatSLAM.

Blob-based Mapping
The basic blob-based mapping approach will link each contact point to a single cell of the grid map of
the environment, while assuming no dependency between grid cells. [25] states that using whiskers
will lead to a relatively small number of contacts, which will lead to unusable maps. When assuming
that there actually is correlation between cells of the grid map, Gaussian likelihood can be implemented
in the grid map. Using this approach in combination with a standard particle filter [71], every point of
contact will increase the local Gaussian with ∆m at that point in particle map m. This increase can be
obtained with Equation 5.3. Here, the coordinates of the contact cell are xc and yc, σ determines the
radius of the resulting blob, and∆[xc, yc] is the likelihood of occupancy for the current particle map and
the contact.

∆m[x, y] = ∆[xc, yc] exp
(
− (x− xc)

2 + (y − yc)
2

2σ2

)
(5.3)
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When no contact is made by a whisker the likelihood of occupancy will be lowered for the points along
the whisker.[25][54] Besides the maps being updated by whisker readings, the particle maps also get
updated by changes in odometry.

In this approach, every particle will develop a map in which each cell contains the chance of a
whisker tip being in contact at that cell. From these particle maps the likelihood of the current pose
estimate can be determined.

The blob-based mapping approach with a particle filter was used in [25]. Mapping the arena envi-
ronment, shown as a grid map in Figure 5.11, where the brightness indicates the occupancy, resulted in
the maps shown in Figure 5.12. As can be seen the generated maps perform relatively well in showing
the global shape of the ground truth. However, [25] stated that due to localisation errors the trials with
blob-based mapping sometimes added object outside the arena.

Figure 5.11: Grid map representing the ground truth of
the environment.[25]

Figure 5.12: Examples of two grid maps generated in
one trial with blob-based mapping.[25]

Mapping with Hierarchical Priors
As mentioned earlier, using whiskers will lead to a relatively small number of contacts with the envi-
ronment. Laser sensors can easily be used for recognizing and learning complex spatial structures,
but whisker sensors can not obtain the required level of detail. This lack of details could be solved by
using strong, hierarchical priors about structures. [26] makes use of hierarchical objects for mapping
the environment.

[26] showed the application of using strong hierarchical priors in an environment with multiple tables
of the same size and with the same texture. A model of a table was generated containing dimensions,
texture, and orientation. If a table exists it means that there are four table legs in the environment.
Based on the whisker contacts made with the legs of the table, a table was placed in the environment.

It is required to known the type of objects that could be encountered in the environment when such
strong hierarchical priors as in [26] are used. However, this is not always known. [25] uses the idea of
hierarchical priors but instead of assuming complete object shapes, it is assumed that the environment
exists mostly of straight edges. This can be applied in mapping by placing a line of blobs between
two multi-whisker contact points if they are on the same surface. The increase in the local Gaussian
can be determined by Equation 5.4, where R and θ are the radial coordinates centered on the contact
midpoint (xc, yc) and θc is the estimated surface angle. The σ’s represent model sensor noise and can
be tuned by hand. In the case of only one contact point the equation for blob-based mapping was used,
Equation 5.3.

∆m[x, y] = ∆[xc, yc] exp
(
− R2

2σ2
R

− (θ − θc)
2

2σ2
θ

)
(5.4)

Using this approach [25] obtained more accurate localization and map estimates, than the blob-
based mapping approach. Examples of maps generated with individual runs of this method can be
seen in Figure 5.13.

Figure 5.13: Examples of two grid maps generated by
multi-whisker geometrical hierarchical prior mapping.[25]

Figure 5.14: Examples of two grid maps generated in
one trial with multi-whisker template mapping.[25]
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Mapping with Multi-whisker Templates
The use of templates in whisker-based tasks is mainly done for texture classification task, as in [69]
and [24]. However, it can also be used in mapping, which is done by [25]. Here, templates are trained
based on contact angle classes from time series obtained by the whisker array. The templates were
generated by letting the robot drive into a wall at different angles. These templates were then used in the
mapping approach to obtain surface orientations by comparing the obtained time-series data with the
templates. The template that resulted in the lowest sum of squared errors, obtained via Equation 5.5,
was the winner. The templates surface normal was then used in Equation 5.4 to implement a long edge
into the particle maps.

e(Ti) =
1

N

n∑
t=1

(I(t)− Ti(t))
2 (5.5)

[25] showed that this approach improved localization due to more accurate object contour predic-
tions. Examples of the maps created by this approach are shown in Figure 5.14.

Whisker-RatSLAM
Whisker-RatSLAM is based on the RatSLAM algorithm introduced by [46], which makes a 2D topo-
logical map called the experience map. In this map the association of local view and odometry are
represented as nodes and edges. The initial RatSLAM algorithm was used with visual sensors, but
[64] showed that it could also be used in combination with whisker-based tactile sensors.

However, due to the sparse sensory data obtained from whisker contacts, the chance of incorrect
localization is relatively high. According to [65], this chance could be decreased by observing landmarks
in the environment and implementing them in the experience map. This can be done by switching
between the train exploration mode and the object exploration mode. During the train exploration mode
the robot pose estimate and the experience map are updated by whiskers sweeping the floor. When
an obstacle is encountered by the robot, the object exploration mode is activated, which generates a
6D object exploration map. A visualisation of this switching behavior for a navigation task can be seen
in Figure 5.15.

When performing normal RatSLAM simple experience nodes are placed in the terrain exploration
map. In this experience node the pose cells, which contain the three degrees of freedom pose of the
robot, form the core of the RatSLAM system.[46] The activity in the pose cells is updated by self-motion
cues and, in the case of [65], by whisker sensor measurements.

Complex experience nodes are generated when an obstacle is detected. The main difference be-
tween the two nodes is that the complex experience nodes contain object exploration maps of an object
at that location and the simple experience nodes contain the 3D pose-cell and the feature cells that were
active during terrain exploration. [65]

In the original RatSLAM feature cells represent the presence of cues at specific locations, which is
similar inWhisker-RatSLAM.[46] InWhisker-RatSLAMa point feature histogram and a slope distribution
array are the geometric features that are stored in the feature cells.

Figure 5.15: Visualisation of the switching behavior combining RatSLAM and Whisker-RatSLAM in a navigation task.[65]



5.3. Key Findings: Tactile Navigation by Contour Following 27

[65] concluded that using the approach displayed in Figure 5.15 would lead to the successful local-
ization of a mobile whisker array in 6D space. Furthermore, the generated object maps can be used to
confidently classify object identities. However, the algorithm has low confidence for object identification.
This is because the observed features on an object are dependent on the detected surface region by
the whiskers. Meaning the obtained features are dependent on the executed trajectory.

5.3. Key Findings: Tactile Navigation by Contour Following
There are controllers that allow mobile robots to perform contour following tasks, as discussed in Sec-
tion 5.1. These controllers are in general based on two goals, keeping the robot at a constant distance
from the wall and keep the robot at the same orientation as the wall. Keeping the robot parallel with
the wall, will make it easier to maintain the constant distance towards the wall.

The conventional controllers discussed in Section 5.1.1 are able to perform a WF approach, while
also performing obstacle avoidance. Furthermore, the conventional controller are also able to follow
walls with variations in shape by obtaining estimates of the global wall angle. This is a big advantage,
because it increases the amount of use-cases for the controller. Another important observation was,
that contour following can be performed by using tactile contact sensors in combination with a simple
controller by a quadrotor.

Section 5.1.2 mentioned the use of fuzzy logic controllers for contour following tasks. These con-
trollers use a rule-based system, allowing them to be applied in uncertain and unpredictable situations.
It was shown that using such a rule-based controller promisingWF results could be achieved. However,
manually designing all the required rules for the FC can be a time-consuming and difficult task. There-
fore, FCs are often designed automatically by using evolutionary based algorithms, which make the
controller more complex. By training the controller in simulation using the evolutionary algorithms the
best optimized FC is found. A disadvantage of this training procedure is that it can be time-consuming
and the training environment should accurately represent the actual test environment, otherwise the
controller will fail.

When comparing the conventional controller and the FC, it can be concluded that both are able
to accurately perform a contour following task. However, even tough FCs could be more accurate
in uncertain situations, designing such a controller can be very time consuming. The conventional
controllers can relatively easy be designed based on two control errors and they can be applied in
complex environments without the need of a training phase, which make the designing phase of the
controllers less time consuming. For these reasons, using a general controller approach is deemed to
be more favourable for the main research goal mentioned in Chapter 1, which requires a controller that
can perform a ceiling following task.

There are also some key observations made related to tactile SLAM, Section 5.2. The first obser-
vation is that it possible to perform a mapping task based on sensory data obtained by whisker-based
sensors. The best approach was the use of multi-whisker template mapping. However, this method
has as a disadvantage that it needs to train templates, which can be a time-consuming task. The map-
ping with hierarchical priors, which is less time consuming, showed to be only a little bit less accurate
and could therefore be a promising approach for mapping.

Furthermore, RatSLAM showed to be useful for not only mapping but also for object identification.
This approach would increase the use-cases of tactile SLAM.



6
Conclusion and Recommendations

The goal of this literature study was to identify existing research gaps in previous studies, to find an-
swers to all of the sub-questions that were derived from the main research question, and to find possible
future research possibilities. The sub-questions that had to be answered were the following:

1. How can whisker-based tactile sensing be used in navigation tasks?
2. How many whiskers does the whisker array have?
3. What is autonomous decision making?
4. What is contour following and how can it be performed by an autonomous system?
5. What are the desired unknown environments?
6. How does flying in proximity with the ceiling, affect the behaviour of the quadrotor?

The first question can be answered with the help of findings in nature and from current whisker-
based robotic applications. It was observed that tactile sensors in nature, such as whiskers, are directly
or indirectly used as distance sensors. This allows animals to detect and localize obstacles in the
environment. They can use these observations to change their locomotion and exploratory behavior.
When a rat encounters an obstacle behavior can change from global to detailed exploration of the
obstacle. It uses whisker tapping and brushing behavior to obtain more information about the obstacle.
Furthermore, it was observed that rats keep their whiskers in contact with the wall when exploring a
new dark environment, they perform a wall-following strategy. This shows that in nature, whiskers are
already used in a closed-loop fashion for navigation tasks such as obstacle detection and wall-following.

Whisker-based robotic applications also showed that artificial whiskers can be used to perform
accurate localization of tactile stimuli in the environment by using distance measurements. Hence,
whisker-based tactile sensors can be used as contact distance sensors which allows them to be used
in contact based navigation tasks, such as the wall-following exploration approach and target seeking.

Unfortunately, no specific answer was obtained for the second sub-question. Many different array
sizes were found in literature, but no clear reasoning for the choice in array sizes was given. However,
trends were seen in literature about the total number of whiskers used and the spacing between the
whiskers on the array. For classification tasks a lot of data was needed to perform an accurate clas-
sification, which could be achieved by a large number of total whiskers. Furthermore, in such tasks,
where accurate and detailed data is required, it was observed that the spacing between the whiskers
on the array was relatively small. This leads to more precise sensor readings for a small area.

On the other hand, for whisker-based applications such as obstacle avoidance a larger search
space is needed to increase the chance of obstacle detection. Therefore, the whiskers should be more
spread out to increase the search space. Depending on the desired accuracy of the environment, the
total number of whiskers can vary.

So, while there is no specific answer to this question, important observations were made in the
search for this answer. It became clear, that the total number of required whiskers and the required
spacing between whiskers on an array are heavily dependent on the desired application of the array.

The third question can be answered with the definition for autonomous systems found in literature.
This definition is based on the following principle: an autonomous system is a systemwhich can perform
tasks by itself without the need of human commands. Hence, an autonomous decision making system
makes its own decision without the influence of external factors, such as human inputs.

The research performed in the field of contour following allows for answering question four. First
of all, contour following is based on moving along the contour of an obstacle, which could be a wall,
and at the same time keeping a constant distance and parallel orientation between the robot and the
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object. This procedure can be performed by an autonomous system with the help of a contour following
controller and a sensory array to obtain distance measurements. These controllers are based on the
distance error input, the error between the desired distance from the wall and the actual distance from
the wall, and the orientation error input, which is is the error between the angle of the wall and the
orientation of the robot. The contour following controller will output for example a change in velocity
or thrust which leads to a change in the orientation of the robot, which will decrease the control errors.
Multiple different controller approaches exist, however for the goal of this project it was concluded that
the use of a general (non-)linear controller would be suitable.

It is not exactly known what the desired unknown environments are for this research. However, to
have a broad spectrum of use-cases it is important that the final solution of this research can be applied
in relatively complex environments. The research into contour following showed that the controller
could follow relatively complex environments with convex and concave shapes and obstacles within the
environment. While this was based on designing an environment for wall-following, the design choices
can be translated into different ceiling designs. However, it is not yet known if these environments are
also desired for the ceiling effect.

The final sub-question can be answered with the key findings obtained form the ceiling effect re-
search. When flying close to the ceiling with a quadrotor a greater pressure difference across the rotor
disks is generated. It was found in literature, that due to this pressure difference the thrust and the rotor
velocities increase. Due to the increase in thrust, the rotor aircraft will be pulled towards the ceiling,
which can cause the quadrotor to crash into the ceiling. A specific controller design that takes into
account the ceiling effect should be used to prevent dangerous situations. Furthermore, it was found
that the ceiling effect allows to achieve the same thrust level with lower power inputs. This could lead
to an increase in total flight time.

While performing the literature study in the different field to obtain answers to all the sub-questions,
two large research gaps were found. The first research gap is related to whisker-based applications
in robotics. It was observed that all the applications shown in literature were based on ground robots,
either robotic arms or moving ground robots. This means that whiskers in combination with aerial
vehicles are not yet researched and it is unknown how the whiskers will behave on such platforms.

The second gap was derived from the ceiling effect research. In the existing literature, distances
to the ceiling were measured with long range distance sensors, but not with tactile sensors, such as
whiskers. It is therefore not known if whiskers can be used for measuring distances towards the ceiling
and how their behavior will change, while being in proximity with the ceiling.

Furthermore, the experiments related to the ceiling effect are only done for smooth horizontal sur-
faces. This means that the derived equations to estimate the ceiling effect are so far only valid for
smooth horizontal surfaces and might not be applicable for asymmetric surfaces.

The unknowns due to these gaps will be answered at the end of this research project. Because the
found gaps can be traced back to the main research question that was established for this project:

How can whisker-based tactile sensing be used to perform autonomous contour following navigation
tasks in unknown environments, while flying in proximity with rugged ceilings, with a quadrotor?

Using the answers to the sub-questions, it becomes clear that in theory the goal of the research
question could be achieved by using a contour following controller, that can account for the ceiling effect.
The required controller inputs required are the distance towards the ceiling and the orientation of the
ceiling, which can both be obtained from distance measurements from the whisker-array. However,
due to the research gaps it is unknown if in practise the proposed solution will work.

In conclusion, the performed literature research provides insight about all the different aspects of
the research question, focusing on whisker-based tactile sensing in nature and in robotics, the ceiling
effect principle, and contour following navigation tasks.

This literature research also provides insight in possible future research fields. First of all, this litera-
ture study focuses on a whikser-based ceiling contour following navigation task with a quadrotors, but
there are many more tactile sensing applications. It would be interesting to analyse if these applications
can be performed with a whisker-based quadrotor.

Furthermore, most studies related to whiskers, perform experiments in controlled environments to
minimize the effects of induced noise. This means it is unknown how the whisker-based applications
would perform in non-perfect environments. This would be a very interesting research topic, because
it will give insight about applications of artificial whiskers in the real world.



7
Project Planning

This chapter will describe the phase that comes after the literature review. This next phase aims to
fulfill the practical goal of the research, by building a whisker-based drone with the ability to perform a
ceiling contour following navigation task. This phase uses the theoretical knowledge that is obtain via
the literature review.

To be able to achieve the desired goal, it is important to have a clear overview of the tasks that need
to be performed. This practical phase can be divided in six main stages. The overview of the different
stages together with their estimated time duration’s can be seen in Figure 7.1.

Figure 7.1: Overview of the main stages of the MSc thesis flow and the estimated time to perform the stages.

In every stage there are many different tasks that can be performed, but due to time limitations a se-
lection must be made. An overview of the possible design choices per stage can be found in Figure 7.2.
Here, it can be seen that for each of the different whisker-based tactile navigation approaches obtained
from literature the same overall flow can be used. The main difference is in the type of controller that
needs to be designed. As mentioned, a task selection must be made. The tasks that will be performed
are represented by the blocks in Figure 7.2 with a thick green border. The main application goal is
tactile contour following.

The first stage will focus on the analysis of the current whisker design that is used in the research
group. Static and dynamic testing will be performed to get a complete overview of the behavior of a
single whisker. The difference between the static and dynamic testing is that the whisker will move,
whisk, in the dynamic testing environment.

The obtained knowledge from the first stage can be used in the design of the whisker array in the
second stage. Due to time limitations it was chosen to focus only on a passive whisker array design,
specifically with a constant whisker length. The behavior of the designed array will also be analysed in
this stage.

The next stage is to design a roof on which the whisker arrays can be placed. It was chosen to go
for a roof design, because the distance towards the ceiling must be obtained. In this stage multiple
designs will be tested and analysed, to find that design that minimizes the amount of induced noise.

Stage four will focus on perform manual flight tests with the whiskered drone. The goal of this stage
is to obtain estimates of the different noises sources. Experiments will be done in hover flight, free
flight, and flights close to the ceiling. Furthermore, this stage will also analyse the effect of the ceiling
effect on the behavior of the whiskers and to obtain the required parameter estimates to approximate
the ceiling effect.

Using the information obtain from the experimental stage in stage four, a drone controller can be de-
signed in stage five. This controller should be able to account for the ceiling effect while it is performing
a ceiling contour following navigation task.

Finally, in the last stage the completed design will be tested in multiple unknown environments. The
design will be tested in environments with straight ceilings and environments with curved ceilings. This
final stage aims to verify and validate the final design. If this final stage is successfully completed a
design for whisker-based navigation is obtained. When there is additional time left, it can be decided
to look into some of the additional tasks shown in Figure 7.2.
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Figure 7.2: Overview of the MSc thesis flow, giving the global overview of the tasks at hand.
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