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Abstract— This work explores the use of artificial whiskers
as tactile sensors for enhancing the perception and navigation
capabilities of mobile robots in challenging settings such as
caves and underground mines. These environments exhibit
inconsistent lighting conditions, locally self-similar textures,
and general poor visibility conditions, that can cause the
performance of state-of-the-art vision-based methods to decline.
In order to evaluate the efficacy of tactile sensing in this context,
three algorithms were developed and tested with simulated and
physical experiments: a wall-follower, a navigation algorithm
based on Theta*, and a hybrid approach that combines the
two. The obtained results highlight the efficacy of tactile sensing
for wall-following in intricate environments. When paired with
an external method for pose estimation, it further aids in
navigating unknown environments. Moreover, by integrating
navigation with wall-following, the third, hybrid algorithm en-
hanced the map traversal speed by roughly 26−43% compared
to standard navigation methods without wall-following.

I. INTRODUCTION

State-of-the-art perception techniques for robot navigation
commonly rely on data from cameras [1], LiDAR [2], [3],
or combinations of those [4], [5], and have demonstrated
excellent performance in a variety of applications and envi-
ronmental settings. However, the performance of these tra-
ditionally successful approaches diminishes in environments
such as underground mines and caves, that are often dusty,
muddy, dark, GPS-denied, partially or fully submerged,
and locally self-similar. To mitigate these limitations, the
scientific community often leverages biological inspiration
[6]. Our work explores artificial whiskers as an alternative
tactile sensing mechanism for navigation.

Previous implementations of whisker-like sensors rely on
a variety of sensing modalities, such as magnetic [7], [8], [9],
piezoelectric [10], [11], triboelectric [12], [13], piezoresistive
[14], [15], capacitive [16], [17], strain gauges [18], [19] and
other [20], [21], [22], [23]. Many of these methods serve
as proof-of-concept, not considering the cost, scalability or
robustness in harsh conditions. Whisker-based perception
methods have shown good performance for a variety of
applications, including flow sensing in air [24] and water
[25], [26], [11], as well as for object identification [27],
[20], obstacle detection [12], and various navigation-related
applications [9], [28], [29].

Specific to navigation, in [28], an omnidirectional mo-
bile robot using a 3 DoF arm with whisker sensors was
used to demonstrate Simultaneous Localisation and Mapping
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Fig. 1: RM3 robot with whiskers

(SLAM). In [29] a small whiskered robot was used to
demonstrate SLAM for mapping simple small arenas with
only whiskers and prior knowledge about the world structure.
[30] demonstrated indoor wall following, using one artificial
cockroach-inspired antenna, that combines an array of flex
sensors. In [31], a vehicle with bumper-like tactile sensors
on its periphery was used to demonstrate wall following in
simple simulated environments.

Most of the strategies mentioned above include mechani-
cally complex sensing systems, or implementations that have
been tested only in simulated or indoor environments. In this
work we propose a navigation algorithm for the RM3 robot
platform (Fig. 1), that relies on low-cost passive whisker
sensors. The contributions of this work include:

• two separate navigation algorithms that use whisker sen-
sor data: wall-following and Theta*-based pathfinding;

• a hybrid navigation algorithm combining Theta* and
wall-following;

• experimental validation of algorithms in simulated and
real-world scenarios.

II. PLATFORM

A. RM3 robot

The RM3 prototype (size: 0.79 by 0.74m), is a small
testing platform, for investigating mining-related technolo-
gies in the ROBOMINERS project [32]. The robot consists
of: a rigid frame, a main electronics compartment and
two locomotion modules. Two counteracting Archimedean
screws per module enable holonomic control on the x-y
plane, similar to robots with mechanum wheels.

B. Whisker sensors

The whisker sensors (Fig. 2a) comprise a 3D Hall effect
sensor (Infineon TLV493D-A1B6), a magnet mounted on the
base of the stem, a flexible silicone membrane (Elite Double
22 by Zhermack), and a whisker stem made of 0.3m long
polyamide M4 threaded rod [33]. When the whisker stem
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Fig. 2: Whisker sensor components (a) and axes (b)
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Fig. 3: Whiskers top-down view (a) and blindspots (b)

touches an object, the silicone joint allows it to be deflected
from its original position. This causes the magnet to be
displaced relative to the sensor, which is reflected in the
magnetic field measurements. The silicone joint provides
a small force for returning the whisker back to its resting
state when not in contact with an object. The whiskers are
mounted on all 4 sides of the robot in arrays of 8.

For navigation, minimising potential blind spots is es-
sential. For turning smoothly and without hard collisions,
a connected whisker setup was created in [34] to cover
the corner blind spots (Fig. 3a), by connecting the ends
of a long whisker into neighboring whisker sensors. This
configuration requires no change in the algorithm due to
the way whisker bias is accounted for. To cover blind spots
vertically, a whisker setup is proposed (Fig. 3b), that uses
two arrays per side. The initial configuration with whisker
arrays at −30◦ and 30◦ was replaced with −30◦ and 0◦, as
the walls used for final testing were shorter.

III. ALGORITHM

A. Whisker preprocessing

Each whisker sensor measures the deflection of its com-
pliant joint across three axes, converting magnetic field data
to spherical coordinates, namely azimuth ϕ and polar angle θ
(see Fig. 2b). Since some deflection is absorbed by the stem,
and the azimuth doesn’t aid in determining object distance,
the azimuth ϕ was not considered in this paper. The third
axis (z) stands for perpendicularly applied pressure to the
sensor. Various ratios for θ and z measurements were used,
with weights assigned as wθ and wz respectively.

B. Recalibration

During real-world tests an issue of both initial and accu-
mulating whisker bias was observed. The initial bias refers
to the whiskers not being in an exact orientation to give a
reading of exactly zero when not in contact with any object.
Accumulating bias refers to whiskers changing the bias
during operation, especially when higher deflection values

occur. Both of these issues were mitigated by recalibrating
the whiskers periodically.

The values of the whiskers are composed of three com-
ponents: the actual whisker values Win, the bias matrix B,
the sensor noise at a given time R and the sensor output W :

W = Win +B +R (1)

The matrices are three-dimensional, with m whisker ar-
rays, n whiskers per array, and (θ, z) data for deflection and
perpendicular pressure.

A key problem of using whiskers is that at a given point
in time it cannot be known whether the whisker is displaced
due to bias or due to contact. Thus a solution considered in
this work is recalibration consisting of two parts for each
of the robot’s four sides. First, the robot is navigated to a
neutral state, away from the whisker array’s direction until
the whisker array’s pressure sample amount sm = 10 has a
standard deviation lower than ξcal = 0.015. Then, the robot
is kept moving in the same direction for bias sample amount
s = 10, after which the bias compensation matrix B−′ is
updated for that specific side (in this example the second of
four sides, i.e. j = 2) with:

b−i,j =

[∑s−1
t=0 θi,j(t)

s

∑s−1
t=0 zi,j(t)

s

]

B− =


b0,0 b0,1 . . . b0,n−1

b1,0 b1,1 . . . b1,n−1

...
...

. . .
...

bm−1,0 bm−1,1 . . . bm−1,n−1


(2)

B−′
=

[
1 0 1 1

]
B−

old +
[
0 1 0 0

]
B−

new (3)

In (2), θi,j(t) and zi,j(t) represent the θ and z values of
the j’th whisker in i’th whisker array respectively at time
t, where the robot is also in a neutral state. This process is
repeated for all four sides every time calibration is triggered
— for this work, every 50 seconds (i.e., 1000 samples at
20 Hz sampling rate). In order to filter out noise not resulting
from bias, a simple method of averaging by a constant
r = 3 was sufficient due to the relatively small amount of
noise in the whisker sensor readings. Thus the filtered three-
dimensional output matrix of whiskers W ′

k can be obtained
with: 

W ′
0 = [0]m×n×2

W ′
k = W ′

k−1 +
Wk −B− −W ′

k−1

r

(4)

C. Errors calculated from whisker pressures

A whisker is always mapped to a single value, pressure p,
which is normalized to 0 ≤ p ≤ 1:

pz = max(1, abs(z/zmax))

pθ = max(1, (π/2− abs(θ))/(π/2− θmax))

wθ ≥ 0, wz ≥ 0, wθ + wz = 1

p = wθ ∗ pθ + wz ∗ pz

(5)

A p value 0 means no contact for the whisker and a p value
1 means that the whisker effectively cannot bend any more
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Fig. 4: Calculation of the directional whisker weight wdir

for n = 8

without likely damage to the whisker. The normalization
values θmax = 0.7 and zmax = 25 were used in this work.
Weights wθ and wz can be varied to prioritise the robot to
use more of the polar angle θ or the perpendicular force z. As
follows, pij will be used to refer to the pressure calculated
for the j’th whisker in whisker array i.

1) Generalised whisker array errors: For calculating the
errors to be used in higher-level algorithms, both average and
maximum p values are calculated for each whisker array i,
with n total number of whiskers in a specific whisker array.

Pavg(i) =

∑n−1
j=0 pij

n
, Pmax(i) = max

j∈{0,1,2,...,n}
pij (6)

2) Directional error: The purpose of the directional error
is to align the whisker array with the wall. In addition,
including front whisker pressures in the directional error
allows the robot to rotate when encountering an obstacle in
the front. For calculating the directional error, the concept
of a directional whisker weight wdir was introduced and
generalised for any whisker array with equidistant whiskers,
as seen on Fig. 4:

wdir =

{
⌊j − n/2⌋+ 1, if n is odd or j ≥ n/2

⌊j − n/2⌋, if n is even and j < n/2
(7)

The directional error normalised to [0, 1] for a given
whisker array i is calculated with:

Ecdir(i) =

∑n−1
j=0 pijwdir(j)

2 ·
∑⌊n/2⌋

k=0 k
(8)

For upcoming equations, we set helper definitions:
Dtracked as the direction of the tracked wall and Dopposite as
the direction opposite of the tracked wall. Similarly, Dleft,
Dright, Dfront and Drear (Fig. 3) are used to denote a
specific side of the robot instead of a certain whisker array
i value.

The whisker arrays were mounted on the robot such that
the 0’th whisker was towards the rear of the robot for left
and right arrays, and towards the right side of the robot
for the front and rear arrays. We also chose positive Edir

values to turn the robot left. The final directional error is
thus calculated with:

wavg ≥ 0, wmax ≥ 0, wavg + wmax = 1

signtracked =

{
1, if Dtracked = Dright

−1, if Dtracked = Dleft

Edir = Ecdir(Dright)− Ecdir(Dleft)

+ signtracked(wavgPavg(Dfront)

+ wmaxPmax(Dfront))

(9)

TABLE I: Collision angle parameters based on whisker array.

Direction of whisker
over the threshold

Collision angle
αarray

Whisker angle multiplier
λwhisker(i)

Dleft 90° -1

Dright -90° 1

Dfront 0° 1

Drear 180° -1

TABLE II: Impact of vx, vy and ψ̇ on motion.

Parameter Positive values Negative values

vx Forward motion Backwards motion

vy Movement left Movement right

ψ̇ Turn right Turn left

D. Path planning

Theta* [35] was used for path planning as it can create
shorter paths in open spaces. The grid size was set to half
the size of the robot’s length. The collision marking for the
purpose of this paper was simplistic, taking into account just
the whisker’s approximate angle from the robot location s′

to destination point p′0 compared to the center of the robot
and using values from Table I:

αcollision = αrobot+αarray+λwhisker(i)wdir(i)·10◦ (10)

In order to rotate the robot towards the direction of the
next node of Theta*, a path following angle error Epath was
defined: 

s′ = (x′s, y
′
s) p′0 = (x′0, y

′
0)

αtarget =
180

π
atan2(y′0 − y′s, x

′
0 − x′s)

αtemp = (αrobot − αtarget) mod 360

(11)

Epath =

{
αtemp − 360, if αtemp > 180

αtemp, if αtemp ≤ 180
(12)

E. Weight-based movement system

In order to avoid complex decision trees and the need to
smooth their movements, but retain traceability of the robot’s
movement, the algorithm uses weight factors. A weight factor
ϕi consists of a scalar weight wi and a movement vector v⃗i:

wi ≥ 0, −1 ≤ vx, vy, ψ̇ ≤ 1

v⃗i =
[
vx vy ψ̇

]
ϕi = (wi, v⃗i)

(13)

The way the parts of movement vector v⃗i impact move-
ment is described in Table II. To determine the robot’s final
movement vector v⃗′ that is used by a separate module for
calculating the motor speeds, the sum-normalised weights
are multiplied with the respective movement vectors:

v⃗′ =

∑n
i=1 wiv⃗i∑n
i=1 wi

(14)

13166



F. Weight factors

In this section all the weight factors created for the
navigation and wall-following algorithms are presented. In
addition, errors Ey , Edir and Epath each utilised a PID-
controller, with the input being the actual calculated value
of the error and the output being used for calculating weight
factors. This enabled simple tuning of the algorithm. For Ey ,
a non-zero setpoint could be used for keeping the robot in
contact with the wall. For tuning PID controller parameters,
the Ziegler-Nichols’ method based on frequency response
[36] was used, but with the improved starting parameters
taken from [37, 160].

1) Base normalisation weight factor ϕbase: Used to keep
small weights small after normalization.{

wbase = 1

v⃗base =
[
0 0 0

] (15)

2) Wall distance weight factor ϕwall dist: Used for keep-
ing the robot at a fixed distance from the wall.

Ey =wavgPavg(Dtracked) + wmaxPmax(Dtracked)

− wavgPavg(Dopposite)− wmaxPmax(Dopposite)
(16)


v⃗tracked =

{[
0 1 0

]
, if Dtracked = Dleft[

0 −1 0
]

, if Dtracked = Dright

wwall dist = |Ey|
v⃗wall dist = sgn(Ey)v⃗tracked

(17)

3) Wall tracking direction weight factor ϕdir: Used for
keeping the robot as parallel to the wall as possible.{

wdir = |Edir|
v⃗dir =

[
0 0 −sgn(Edir)

] (18)

4) Path following angle weight factor ϕpath: Used for
following the calculated path during navigation.{

wpath = |Epath|
v⃗path =

[
0 0 sgn(Epath)

] (19)

5) Forward movement weight factors ϕforward wall and
ϕforward path: Used for moving forward when in a suitable
position near the wall.

γwall dist = max(1,min(0, 1− 2|Ey|))
γdir = max(1,min(0, 1− 1.25|Edir|))

wforward wall = γwall distγdir

v⃗forward =
[
1 0 0

] (20)

For navigation, as Ey and Edir are not used, the maximum
pressure in the front was chosen.{
wforward path = max(1,min(0, 1− 1.25Pmax(Dfront)))

v⃗forward =
[
1 0 0

]
(21)

Whisker preprocessing:
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arrays
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movement system:

Wall distance
Forward movement

Wall tracking direction

Publish movement
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module

No Hard collision?No Calibration due?
YesYes

Fig. 5: High-level working principle for the wall-following
algorithm, with decision points marked red and whisker
processing marked blue.

G. Hard collision avoidance

To avoid situations with the algorithm that could po-
tentially cause damage to the robot’s components, a hard
collision avoidance system was implemented. The system
uses predefined thresholds ξavg = 0.4 for Pavg(i) and
ξmax = 0.8 for Pmax(i) to invoke hard collision avoidance,
upon which the robot stops and slowly moves back from the
side with the highest pressure. To avoid perpetual oscillations
between either front-rear or left-right directions in tight
spaces, a threshold reduction ξr = 0.3 was also defined.

If perpetual oscillation is detected and wall-following
is being performed (Dtracked is set), then the movement
direction is the opposite of the tracked direction, as we can be
sure there is a wall on the other side. However, if Dtracked is
not set and perpetual oscillations are detected, e.g. between
the left and right sides, then the directional error Ec(i) is
calculated for the sides between which the robot is oscillating
in order to determine whether the front or rear side is more
free to move towards.

H. Wall-following algorithm

The wall-following algorithm (Fig. 5) is repeated every
time an update for the orientation of the whiskers is received
(at 20 Hz). To obtain a movement vector for the robot when
wall-following:

1) Check for hard collision using the previously described
algorithm.

2) If calibration has been initiated, then use the previously
described calibration method.

3) If Pavg(Dtracked) < ξtrack, i.e., no contact is detected
on the tracked wall with a given threshold ξtrack =
0.05, then move slowly towards the Dtracked direction.

4) Calculate the movement vector using (14) with set
Swall = {ϕbase, ϕwall dist, ϕforward wall, ϕdir}.

In addition, if weight-based movement was not used in the
previous cycle, then the integral values on the PID controllers
should be reset to 0 to prevent integral windup.

I. Navigation algorithm

For the navigation algorithm (Fig. 6), the robot’s pose is
also taken into account, obtained using external sensors in
this work. The algorithm, intended for navigating unknown
environments, is the following:
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Fig. 6: High-level working principle for the navigation algo-
rithm, with decision points marked red, whisker processing
marked blue and path calculation marked green.

RM3

Following threshold

Wall side
threshold

Open side
threshold

Destination outside
of threshold: stop

wall-following

Next path node
within threshold:

continue following

Fig. 7: Use of right wall-following during navigation

1) If the current position is the destination or no destina-
tion has been supplied, hold the robot still.

2) Check for hard collision using the previously described
algorithm.

3) If calibration has been initiated, then use the previously
described calibration method.

4) If it is possible to use wall-following during navigation
(see Section III-J) and it is enabled, then use the given
movement.

5) Calculate the movement vector using (14) with set
Spath = {ϕbase, ϕforward path, ϕpath}.

In addition, if weight-based movement was not used in the
previous cycle, then the integral values on the PID controllers
should be reset to 0 to prevent integral windup.

J. Utilising wall-following in navigation

In order to improve navigation speed in unknown areas,
wall-following can be utilised (Fig. 7) — if a wall is
detected and the next path node is within the thresholds, wall-
following can be used. Here, the open side threshold was set
to ξopen = 40◦ and the wall side threshold to ξwall = 150◦.

Wall-following can also be utilised as backup when no
path to a destination can be calculated. When disengaging
wall-following and rotating towards the path, there also needs
to be a threshold for Epath to reach when rotating towards
the next path node before continuing the same algorithm,
as otherwise the robot will try to start wall-following again,
leading to a perpetual loop. In addition, if there is contact

(a) (b)

Fig. 8: Wall-following in simulation (a) and gaps in wall (b).

for only the front of the robot, then an attempt to rotate the
robot towards its side to attempt wall-following is beneficial.

IV. EXPERIMENTS AND DISCUSSION

The proposed algorithms were tested both in simulations
and real-world environments. In simulations, obstacles or
walls were represented using various Gazebo models, includ-
ing road barriers, trees and barrels. For real-world testing
(see accompanying video), we constructed uneven walls by
merging polystyrene and bricks to replicate the irregularities
of a cave wall. The robot confronted a series of challenges,
ranging from narrow corridors, sharp turns, to dead-ends. Its
position was continually monitored using a 0.54m ArUco
marker [38], and an Intel Realsense D455 camera measured
its pose in the Earth-fixed frame at a 10Hz rate.

As the whisker tips were sharp, plastic end caps were
glued onto them to reduce friction. In addition, to provide
more reliable feedback, corner whiskers were vertically cen-
tered by tying them to both a high and a low point on the
robot using strings.

For performance assessment, we compare the recorded
traversal time and distance to a ’theoretical fastest time’
(TFT). This benchmark is derived by summing the linear
and angular distances divided by their respective maxi-
mum speeds. These speeds were 0.18 m/s and 22.50◦/s
in simulations and 0.053 m/s and 6.45◦/s in real-world
experiments. Examining the results in Table III, we observe
the performance of the wall-following algorithm in both the
simulated and real-world environments compared to the TFT
for the chosen path.

In simulations, wall-following took 39.22% longer than
the TFT to traverse the desired path. The distance covered
was consistent with the expected distance, showing the algo-
rithm’s efficacy in navigating in an unknown environment.
The wall-following trajectory in simulation (Fig. 8a) show-
cases an almost optimal route, with deviations mainly due
to the simulated calibration procedure. A closer examination
of sharp turns and wall gaps is provided in Fig. 8b.

The real-world scenario presents more variability. As
reported in Table III, wall-following (WF) took over twice
the time compared to the TFT. This can be attributed to
real-world challenges not present in simulations. The algo-
rithm had to handle intricate gaps and acute corners (see
Fig. 9) along the path which led to the time discrepancy.
Furthermore, the screw-based locomotion system of the
robot demonstrated some difficulty in managing the heavily
coupled degrees of freedom, resulting in minor navigation
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TABLE III: Performance of wall-following and navigation algorithms compared to the theoretical best times. T: Time,
D: Distance.

Simulation Real-world

Description T (s) T (%) D (m) D (%) T (s) T (%) D (m) D (%)

Wall-Following
TFT for path 363.04 100.00% 59.71 100.00% 531.49 100.00% 19.42 100.00%

Wall-follower 505.40 139.22% 59.71 100.00% 1304.60 245.46% 21.40 110.19%

Navigation

TFT for explored map 149.53 64.87% 24.67 72.55% 116.35 55.20% 5.87 58.37%

TFT for N-WF path 230.52 100.00% 34.00 100.00% 210.76 100.00% 10.06 100.00%

N-WF 420.85 182.57% 34.00 100.00% 810.40 384.51% 10.06 100.00%

N 571.70 248.01% 36.21 106.50% - - - -

Fig. 9: Wall-following on a real-world grass surface. Due
to noise, the pink line signifies the path with measurements
averaged over 10 readings, and the green for 100 readings.

delays. This is further emphasized by the slightly higher
distance value of 110.19%, suggesting occasional deviation
from the optimal path.

Table III compares the performance of two studied naviga-
tion algorithms: Theta* with wall-following (N-WF) and the
regular Theta* (N) which does not leverage wall-following.
In simulations, N-WF achieved 182.57% of the TFT out-
pacing the N algorithm, which took 248.01% longer. This
suggests that integrating wall-following into the Theta* al-
gorithm enhances time-efficiency in pathfinding. Fig. 10a and
Fig. 10b depict the travel paths for N-WF and N, respectively.
Though N-WF’s time exceeded the TFT, it maintained a
consistent path distance. Given N-WF’s superior simulation
performance, the N algorithm was not tested in real-world
experiments. In the real-world tests, the N-WF algorithm
demonstrated its efficacy by completing its path in 384.51%

(a) (b)

Fig. 10: Navigation in simulation. (a) N-WF and (b) N

Fig. 11: Real-world N-WF paths

of the theoretical fastest time. The specific path taken by the
proposed N-WF algorithm can be visualized in Fig. 11.

In sum, the results highlight the advantages of integrating
tactile sensors within a wall-following navigation algorithm,
especially when tailored for the demanding and unpredictable
environments of underground mining.

V. CONCLUSIONS

This work demonstrated the ability to perform navigation
using whisker sensors. While separately, the wall-following
and Theta* navigation algorithms are not new concepts,
their fusion in the context of tactile feedback from whiskers
presents an innovative approach with great potential in
sensory-deprived environments. While this method can not
compete with state-of-the-art LiDAR and camera-based tech-
niques under perfect conditions, it could be used to augment
or even replace them when those methods’ performance
declines. Compared to previous implementations of whisker-
based navigation that were tested in simulations or simplified
physical conditions with flat non-slippery floors and straight
walls with easily defined edges, our prototype and algorithms
demonstrate good performance in outdoor conditions.

The work presented here opens up many avenues for
further research, to improve the locomotion system, whisker
configurations, the navigation algorithm itself and also to
develop more realistic simulation environments. Future re-
search can also look into extending the algorithm to other
inexpensive sensing technologies and combining the work
with SLAM algorithms to cover localization needs. An
additional avenue of research is unifying the robot with other
robots and interfaces for use in mine and cave environments,
for industrial and research applications.
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