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Abstract: Swarm robotics finds inspiration in nature to model behaviors, such as the use of pheromone
principles. Pheromones provide an indirect and decentralized communication scheme that have
shown positive experimental results. Real implementations of pheromones have suffered from slow
sensors and have been limited to controlled environments. This paper presents a novel technology
to implement real pheromones for swarm robotics in outdoor environments by using magnetized
ferrofluids. A ferrofluid solution, with its deposition and magnetization system, is detailed. The
proposed substance does not possess harmful materials for the environment and can be safely han-
dled by humans. Validation demonstrates that the substance represents successfully pheromone
characteristics of locality, diffusion and evaporation on several surfaces in outdoor conditions. Addi-
tionally, the experiments show an improvement over the chemical representation of pheromones by
using magnetic substances and existing magnetometer sensor technologies, which provide better
response rates and recovery periods than MOX chemical sensors. The present work represents a
step toward swarm robotics experimentation in uncontrolled outdoor environments. In addition,
the presented pheromone technology may be use by the broad area of swarm robotics for robot
exploration and navigation.

Keywords: swarm; robotics; robots; pheromone; stigmergy; ferrofluid; magnetic trail

1. Introduction

Swarm robotics is a wide and dynamic research area. Several models and behaviors
for swarms involve the use of a bio-inspired principle: pheromones. The representation of
pheromones in robotics experiments has ranged from simulation, virtual pheromones and
real implementations. However, these representations have been performed in controlled
indoor environments. Swarm robotics using pheromones in outdoor environments are still
an unexplored area.This paper presents a novel pheromone technology for swarm robotics
aimed at such outdoor conditions.

When multiple mobile robots are used to achieve a common goal, it is considered
a multi-robot system. If this multi-robot system presents some level of coordination
or communication among robots, it is also considered a robot swarm [1]. A common
characteristic of robot swarms is the limited capacity of each individual. These robots are
usually simpler, technologically, than state-of-the-art mobile robots. This also limits the
range of methodologies that can be applied for navigation, localization and mapping [2].
Navigation is one of the most complex problems in mobile robotics. Moving successfully
to a goal point involves integrating perception systems, localization in space, movement
computation and locomotion actuator control [3]. A new communication and coordination
method should consider this characteristic to maintain the low cost of individual robots
and to foresee scalability.
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Stigmergy is the natural technique for indirect communication, where a message is
transmitted and received at different times. Pheromones are an example of stigmergy since
their deposition and then detection by another individual occur in different moments. They
present several characteristics, such as locality, diffusion, and evaporation [4,5]. Simula-
tions are a valuable tool to test swarm models and behaviors with pheromones. Swarm
robotics in reality may use virtual representations of pheromones. They employ a smart
environment, such as screens, projectors or a centralized control, to represent pheromones.
The disadvantage of this approach is the limitation to a controlled indoor environment.
Real implementation has been done by using a combination of special surfaces and sensors
(e.g., UV light and UV sensitive floor), and by using chemical substances (e.g., alcohol,
and VOC), also in controlled environments. Current chemical sensors present large noise
values, slow response times and large recovery periods, which limit their use to detect
pheromone gradients [6].

The present paper describes a real pheromone substance implemented with magne-
tized ferrofluids for swarm robotics in outdoor environments. The validation methodology
aims to certify its use as a pheromone. Experiments highlight the key characteristics of
pheromones: locality, diffusion, and evaporation. Validation also identifies the results of
the substance on different types of surfaces in uncontrolled outdoor environments. Finally,
the response of the magnetometer sensor on pheromone presence is presented to identify
advantages over chemical sensors.

Ferrofluids are defined as colloidal substances composed of small particles of a ferro-
magnetic material suspended in a carrier liquid. This type of substance presents important
magnetic features that change the properties of the material when it is exposed to a mag-
netic field [7]. In ferrofluids, particle sizes in the nanometer range are used. Contrarily,
if particles are larger (sizes on microns), it is called a magnetorheological fluid. Smaller
particle sizes present higher suspension stability in the solution [8]. Iron oxide (Fe3O4),
also called magnetite, is one of most common type of magnetic solids that may be used in
ferrofluids. It presents substantial properties, such as biodegradability, biocompatibility,
minimal toxicity, high magnetic susceptibility and superparamagnetism [9]. When a strong
magnetic field is applied to a ferrofluid, magnetite particles become oriented in the direction
of the field and become magnetized [8].

The swarm robotics research group at Costa Rica Institute of Technology (PROE re-
search project) have proposed several exploration behaviors that use pheromone principles.
In [10], they reported faster coverage ratios than behaviors without pheromones. Currently,
the group is looking to evolve their experimentation on swarm robotics with pheromones
from simulations into reality. This paper is part of that effort. The Institute of Automation
and Industrial Computation (ai2) at Universitat Politècnica de València (UPV) in Spain, has
provided supervision during the formulation and execution of the pheromone research.

This paper is structured as follows: the next section presents a review on the state
of the art of pheromone representation in swarm robotics. Then, the Problem Statement
section summarizes the research problem in order to understand the need for a new
type of pheromone. The Methods and Materials section presents details on pheromone
formulation and the designed deposition system. The Experiments and Results section
presents validation of the pheromone, its use on several surfaces and the sensor response.
Finally, the main conclusions from the present work are discussed.

2. Background and Related Work

This section summarizes the state of the art on swarm robotics research with pheromone
representation. An introduction to swarm robotics and its main characteristics is presented.
The organization of robot communication as direct and indirect is explained with a special
focus on indirect communication characteristics. Finally, pheromone representation in the
literature is presented with subsections for simulation, virtual and real pheromones.
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2.1. Swarm Robotics Research

Research on swarm robotics finds inspiration from nature collective behaviors. Biolog-
ical systems, such as ant or bee colonies, achieve collaborative tasks, such as exploring or
foraging for food. Understanding and studying swarm paradigms may offer solutions to
present complex problems.

Swarm robotics is an active research area. It offers several advantages, such as the
possibility to scale the capacity of a robot. For example, sensing the environment in large
groups expands each robot capacity. Additionally, it provides robustness against individual
failures due to the redundancy of robots. Finally, the workload distribution for a task
reduces the required complexity of each robot [11].

Collective behaviors are coordinated by the interaction of multiple robots. That interac-
tion happens by some means of communication. There are several communication schemes in
a swarm. Centralized schemes use a central coordinator for communication to each robot and
data collection. It provides a more predictive and easier implementation than decentralized
schemes since data flow concurs to a single point. However, its downside is that this scheme
limits the possibility to scale up swarm sizes and is sensible to failures on the central coordi-
nator. On the other hand, a decentralized communication scheme is often desired in swarm
robotics. It aims for robot–robot communication without the use of a central coordinator.
Pheromones are used to implement decentralized communication between robots in order to
coordinate a common behavior. They provide a communication and coordination scheme that
can be scaled to larger swarm sizes. This scheme also provides robustness against the loss of
individuals on the swarm [12]. As is presented in the next sections, the implementation of
decentralized communication schemes are still an area of development.

2.2. Direct Communication and Coordination in Swarm Robotics

Current robot communication and coordination might also be classified as direct or
indirect. Direct communication is when a message is transmitted and received in such a
short period of time that it is considered simultaneous. This is the case of radio frequency,
Wi-Fi, Bluetooth or similar technologies .

As stated previously, decentralized communication and coordination is one of the main
goals when using robotic swarms. It presents the advantage of robustness on individual
failures, flexibility and scalability on swarm size. However, direct communications may
rely on a central base for message coordination and may use fixed robot identifiers, which
contradicts the decentralization goal of robot swarms [5]. A failure on the base or even on
an individual robot might crash the entire communication system.

There have been research efforts to implement a direct and decentralized communica-
tion scheme for swarm robotics, for example, infra-red light messages between robots [13]
and the use of LEDs and cameras [14]. Those implementations were characterized by a
limited range and bandwidth of communication, a trade off versus the use of a central base.
Finally, there have been mixed implementations with messages from robot to base and
robot to robot [15].

2.3. Indirect Coordination and Communication “Stigmergy”

Indirect communication in robotics refers to coordination methodologies, in which
message creation and reception are performed at different times. In nature, this concept is
known as stigmergy. It is notorious in that usually the environment has to be modified to
achieve time separation for a message [16].

One of the most familiar representations of stigmergy on biological systems is the use
of pheromones by ant colonies to mark a trail. Ants deposit pheromones and other ants
detect them at another time. This is an example of positive feedback from the pheromone to
the system and an attractive behavior in ants. However, stigmergy might represent negative
feedback to the system, as in the case of danger pheromones and repulsive behaviors on
ants [4].

Pheromones in nature present some key characteristics that define them [5]:
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• Locality: Pheromones are attached to a static position in space. This is an indication of
how insects or swarm agents modify their space to transmit a message.

• Diffusion: Pheromone concentration presents a gradient function. An area in space
presents a maximum value and decays as the distance increases.

• Evaporation: Concentration levels of pheromones decay as a function of time. This
characteristic makes indirect communication non-permanent.

Swarm robotics research has embraced the concept of stigmergy since indirect commu-
nication may serve to implement decentralized communication schemes. Several research
groups have tried to replicate pheromones and their related colony behaviors. A variety of
pheromone approaches have taken place, ranging from simulated and virtual pheromones
to real substances.

2.4. Simulated Implementations of Pheromones

Simulation provides a valuable tool to validate swarm mathematical models before
implementation in real robotic systems. Swarm behavior models that use pheromones
have appeared in many research publications, in which simulations were used to tune
parameters and validate results.

An extension of ant foraging behavior by including pheromone principles was pro-
posed by Schroeder et al. [17]. The foraging model known as chemotaxis was adapted to
include pheromones with parameters such as diffusion, evaporation rate, and sensed noise
intensity. Simulations validated optimal values of pheromone parameters. Song et al. [18]
presented the implementation of pheromones by using neural networks (i.e., a dynamic
wave expansion neural network). Swarm foraging behavior was modeled by the proposed
methodology. Efficiency and coverage rate were evaluated against different algorithms by
using simulations. Results showed an improvement in efficiency of a foraging task.

An aggregation algorithm enhanced with pheromones were proposed by Arvin et al. [19].
They conducted experiments using the BEECLUST algorithm on real robots with no pheromones
and on simulated robots with pheromones. Diffusion and evaporation were used as
experiment variables. The presented results showed an improvement in aggregation times
by adding pheromones to the algorithm.

Calderón-Arce et al. [10] presented exploration algorithms with pheromones for robot
swarms. By using simulations, an improvement on directional random walk algorithm was
reported. The proposed new algorithm (directional pheromone walk) evaluates pheromone
intensity around an agent to decide a new movement. Pheromone intensity and evaporation
rate were used as possible variables.

A new pheromone model was proposed by Tinoco et al. [20], which uses decentralized
pheromone maps on each robot of the swarm. Deposition, evaporation and detection
values are stored and updated on local memory, and nearby robots share information on a
pheromone map. The proposed model was implemented and validated by using two types
of simulations.

When it is desired to move from simulation to reality, a different approach is needed
to implement pheromones with robots. A direct nature approach uses real substances that
mimic pheromones in nature and sensors that detect them. On the other hand, there exists
the possibility to represent pheromones with augmented reality or virtual representations.

2.5. Virtual Implementations of Pheromones

The possibility to implement pheromone characteristics in swarm experiments without
the actual use of physical substances, has proved to be a valid alternative in research
publications. Controlled environments have been used extensively on previous works with
swarm robotics and pheromones.

Smart environments have been implemented by using projectors on the ceiling [21] or
large screens on the floor [22–24] to simulate pheromones. Concentration and locality of
pheromones are represented by light intensity. Evaporation can also be represented and con-
trolled by the screen software. Swarm robots present light sensors to measure concentration.
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Augmented reality environments have been used to communicate each robot in a
swarm with information, such as location, individual state and state of nearby robots.
The state of a robot can be configured as a pheromone gradient. A centralized controller
tracks each robot and creates pheromone trail maps [25,26].

Finally, a controlled location planted with RFID tags has also been used to recreate
some pheromone characteristics. Robots read and write gradient values on tags. Even
evaporation may be represented by using time stamps [27,28].

As useful as this approach has been for research, it presents notorious limitations.
It relies on a heavily prepared and controlled space, usually inside a laboratory. Smart
environments are limited by screen sizes, which also limit robot and swarm sizes. Addi-
tionally, illumination should be carefully controlled to avoid altering measurements on
robots. Augmented reality relies on a centralized communication scheme which, as shown
in Section 2.1, is prone to failures and is not preferred in swarm robotics. Similarly, the use
of RFID tags needs to prepare an environment before experiments. Additionally, since the
locations of RFID tags are determined by humans and not swarm agents, it represents a
possible deviation in pheromone representation.

2.6. Real Implementations of Pheromones

Realistic implementations of stigmergy in robotic swarms are a challenge that is
considered largely unresolved. This paper focus on this type of implementation. There is a
large list of research teams that have contributed to the topic. Table 1 shows a timeline of
research on this specific problem.

Table 1. Timeline of publications and research groups related to real implementation of robot stigmergy.

Year • Monash U.,
Australia

Coimbra U.,
Portugal

Hachinohe
I.T., Japan

Málaga U.,
Spain

Others

1997 • [29] Heat as
pheromone

1999 • [30] Camphor
as pheromone

2000 •
2001 • [31] Odor lo-

calization
2002 •
2003 •
2004 • [32] Ink as

pheromone
2005 • [33] Alcohol

vapor as
pheromone in
a swarm

2006 •
2007 • [34] VOC as

pheromone in
swarm

2008 • [35] Camphor
as pheromone

[36] Alcohol
as pheromone
in swarm

2009 •
2010 • [37] Alcohol

vapor as bi-
directional
pheromone in
a swarm

[38] Odor lo-
calization

[39] UV light
as pheromone
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Table 1. Cont.

Year • Monash U.,
Australia

Coimbra U.,
Portugal

Hachinohe
I.T., Japan

Málaga U.,
Spain

Others

2011 • [40] Odor
localization
review

[41] E-nose for
mobile robots

2012 • [6]About
MOX chemi-
cal sensors

2013 • [42] Alcohol
as pheromone
in swarm

2014 • [5] Ethanol as
pheromone in
swarm

2015 •
2016 • [43] Odor clas-

sification
2017 • [44] Odor clas-

sification on a
mobile robot

2018 • [45] E-nose for
odor classifica-
tion

2019 • [46] Odor and
vision integra-
tion on mobile
robots

2020 • [47] UV
light as
pheromone [48]
VOC as
pheromone

Ink has been used as a simple pheromone to mark robot paths with successful ex-
periments [32]. However, even when ink has locality, its diffusion gradient is almost
binary (marked or not marked), and it lacks evaporation representation. Furthermore, this
approach requires a controlled surface for the robot swarm to work.

Additionally, there has been used a mix of specific actuators in robots and a special
surface. For example, robots with UV light and floor painted with UV sensitive material [39,47]
and also robots with a heat source and floor with good thermal conductivity [29]. These
approaches have achieved all three characteristics of pheromones; however, they are bounded
to a controlled environment with a specific surface.

Finally, pheromones have been represented by a direct bio-inspired approach with
the use of gases or volatile organic compounds (VOC). Notable efforts have been made
by the University of Monash [33,34,37], University of Coimbra [35], Hachinohe Institute
of Technology [5,36,42] and Malaga University [41]. This approach is considered the
most similar to pheromones in nature and achieves all of its characteristics. However, its
implementation has been limited by the noisy nature of gases in air and the current state of
chemical sensor technology.

Most of the chemical sensors used for alcohol and VOC detection are metal–oxide
(MOX) sensors. The current state of the art of this sensors provides compact, low-cost
and easily access devices. However, it is difficult to identify a proportionality between
resistance values versus concentration of particles in air by using MOX sensors. This
behavior represents a challenge when measuring concentration gradients for pheromone
substances. MOX sensors been very useful for the classification of substance in e-noses,
but not for substance quantification. Finally, MOX sensor technology needs recovery time
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after each measurement, which can vary from seconds to minutes. Consequently, these
sensors present low sample rates and limited dynamic characteristics [6,40,48].

Lastly, gases and odors in air present turbulent behavior. Sampling of concentrations
may present highly noisy trends since gas plumes alternate zones of high and low concen-
tration. A high sample rate is needed to characterize gases and odors as a gradient and
overcome that noisy behavior. However, as stated before, current MOX sensor technology
does not meet that requirement [49,50].

3. Problem Description

As mentioned in a previous section, the simulated and virtual representation of pheromones
is valuable as a research tool, but the gap from simulation to reality still remains. The present
work aims to address that gap by providing a new technology for real pheromone representation.

The state of the art on real pheromones for swarm robotics presents significant road-
blocks as a practical tool for experiments. It can be noted that many groups with different
timelines have faced the challenge of pheromone representation with real substances
(see Table 1). Many challenges were reported by the research teams, almost all of them
related to the limitations of current sensor technologies versus the nature of gases in
air [34,37,41,42,44].

On the other hand, using virtual environments is a useful tool for experiments but lim-
its swarm robotics research to heavily controlled environments. Applying swarm robots to
uncontrolled and outdoor environments is a new research area that needs new tools.

In this work, an artificial ferrofluid pheromone based on magnetic principles is de-
scribed. The first advantage of this technology consists of using the wide range of magnetic
sensors available nowadays, such as magnetometers. This type of sensor is considered to
be a mature and stable technology. Commercial magnetometers present low prices, high
sensibility and high sample rates. The second advantage represents the possibility to use
the pheromone outdoors and in uncontrolled environments. No external devices, special
surfaces or central communication are needed. Finally, no harmful materials are selected in
the design, which presents a bio-compatible approach for a pheromone substance.

4. Materials and Methods

In this section, the composition of the ferrofluid pheromone is detailed. Two ver-
sions were formulated: with and without evaporation representation. Both versions are
considered valuable for possible swarm robotics experiments. In order to magnetize the
pheromone, a deposition system design is also documented.

4.1. Composition of Ferrofluid Pheromone

The proposed substance to be used as an artificial pheromone consists of a ferrofluid
that is magnetized prior to deposition. A solution of magnetite (Fe3O4) and water was
used. Magnetite was obtained in its synthetic form, as a black iron oxide powder. It is an
inexpensive and accessible substance, since it is used as the raw material for paints and
printer toner. Water was used as the carrier material and no surfactant was used to keep
the solution as simple as possible.

In this paper, two variations of the pheromone formula is presented. On its simpler
composition, where the evaporation characteristic is not represented, the solution presents a
mixture of 75% (m/v) synthetic powdered magnetite (Fe3O4) in purified water. An example
of the substance can be seen in Figure 1.
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Figure 1. Example of two drops of the proposed ferrofluid pheromone substance after deposition.

The proposed ferrofluid solution is sensitive to an applied magnetic field, and as it
is shown in the Results section, it retains the desired magnetic field. That magnetization
effect on the ferrofluid and, therefore, the remaining magnetic field are proportional to
the concentration value of the solution. The revised literature presents concentrations
from 40% to 80% (m/v) for ferrofluids [51]. When using ferrofluids for a pheromone, high
concentrations, in hand with a strong magnetization process, are expected to cause stronger
magnetic fields.

In some experiments, it might be desired to decrease or lose that magnetic field
over time. This is useful, for example, for swarm experiments that use the evaporation
characteristic of pheromones. The net effect of the magnetic field acquired by the ferrofluid
does not vary, unless the substance suffers some sort of mechanical motion that breaks
the alignment of particles [8], for example, agitation or stirring. The approach used in this
research to accomplish that motion was the use of chemical reactions that cause agitation
in the material. Therefore, the substance is magnetized prior to deposition and then starts
a process of agitation. Several types of chemical reactions may be used on the substance.
In the present work, it was preferred a harmless and environmental friendly reaction. A
biological reaction was selected, adding yeast and sugar to the mixture. This reaction causes
a volume increase in the pheromone substance by the creation of bubbles. Additionally, it
presents a reaction process that last several minutes, which is consistent with pheromone
evaporation in previous works.

The mixture composition when evaporation is desired consists of the following solu-
tion: 20.00% (m/v) synthetic powdered magnetite (Fe3O4), 13.33% (m/v) dry yeast and
20.00% (m/v) white sugar, in purified water (Table 2). This complete solution was used in
the evaporation experiment described in the Results section.

Table 2. Details of ingredients and proportions to implement ferrofluid pheromone. Final volume of
solution indicated in parentheses.

Pheromone Type Material Quantity

Without evaporation Fe3O4 3 g
(4 mL) Water 4 mL

Fe3O4 3 g
With evaporation White sugar 3 g

(15 mL) Dry yeast 2 g
Water 6 mL

It is important to address the safety of the proposed substance, in order to be used in
natural environments and handled by humans. A material safety data sheet for synthetic
Fe3O4 specifies that no exposure limit is established, and according to OSHA, iron oxide is
not “extremely hazardous or toxic”. It is also not considered a hazardous waste, and it is
not expected to be hazardous to the environment. It is advised to prevent temperatures
above 80 °C with synthetic Fe3O4 in its powdered form; however, in the pheromone form,
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that may change since it is diluted in water. The rest of the proposed components of the
pheromone substance (water, sugar, and dry yeast) are food-grade ingredients. In summary,
this represent a pheromone substance that is safe to interact with humans and causes no
harm to the environment.

Some possible considerations about the pheromone substance are detailed. Since
Fe3O4 is used as a black pigment, it may cause stains and marks on the floor. Additionally,
the proposed evaporation methodology causes a reduction in the magnetic field intensity
but it does not mean a real evaporation of the substance. Since the proposed ferrofluid
pheromone is oriented for outdoors and there is no harmful effect for the environment,
those are considered minor issues. The substance is expected to be eventually degraded by
climate elements (e.g., rain or wind).

4.2. Detection of Ferrofluid Pheromone

The approach used in this research was to engineer a substance in order to use available
sensor technology. This is a diversion from the methodologies documented in the literature review,
where pheromones in nature were directly mimicked by using chemical substance and sensors.

Following this, the magnetic field strength was measured using a commercial magne-
tometer sensor. A magneto-resistive sensor, model QMC5883, was used. It was configured
in Continuous Measurement Mode, 200 Hz Output Data Rate, 2 Gauss Range and 64
Over Sampling Rate. Several other models of magnetometers may also be used, such
as LIS3MDL. Finally, the sensor was attached to an Adafruit Feather M0 Adalogger for
data collection.

4.3. Ferrofluid Pheromone Deposition System

Ferrofluids retain an applied magnetic field after removing the source of such field. There
are many possibilities to magnetize the proposed solution. Dropping the substance on the
floor and then approaching a magnet or electromagnet presents practical limitations for an
autonomous implementation on a mobile robot. For example, the distance from the magnet to
the solution could be variable depending on the floor characteristics, thus not giving consistent
results. In addition, the substance is attracted to the magnet, which may cause it to return and
stick to the robot. In order to minimize those limitations, a deposition system was developed.
The proposed design magnetizes the fluid prior to its deposition on the floor. The system consists
of a reservoir or vessel, a DC peristaltic pump, and two 10 × 5 mm neodymium magnets (with
2.7 kg of pull force). In Figure 2a, a diagram of the magnetization subsystem is presented.

(a) (b)

Figure 2. Visual description of the pheromone deposition system implemented. (a) Piping diagram
describing connections from reservoir vessel, peristaltic pump and magnetization point. (b) Detail
of the magnetization stage which used two neodymium magnets between steel plates. Pheromone
flows through tube.

Magnet positioning is key in the deposition system design (see Figure 2b). Magnets
were positioned such that lateral field lines were parallel to the movement of the substance.
Otherwise, the magnetic field would oppose the ferrofluid flow. Additionally, steel plates
were used above and under the magnets, creating a caged magnetization stage. The
magnetic field strength is significantly lower outside the steel plates. The design minimizes
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the effect of the upper and lower field lines of magnets. Additionally, it ensures that the
particle alignment in the ferrofluid remains and prevents return from the liquid.

5. Experiments and Results

The validation methodology in the present paper aims to test and validate the pro-
posed ferrofluid solution and deposition system as a viable pheromone for swarm robotics.
Experiments were oriented to validate each of the typical pheromone characteristics: lo-
cality, gradient and evaporation on different types of surfaces in uncontrolled conditions.
Additionally, an experiment was conducted to evaluate the interaction and response be-
tween pheromone and sensor in order to remark the advantages over chemical sensors.

5.1. Locality and Gradient Validation on Several Surfaces

The first experiment aimed to validate the ferrofluid pheromone on several surfaces
by identifying its locality and gradient characteristics. The substance version was without
evaporation. Selected surfaces were laminated acrylic, pine wood, unfinished concrete and
dry soil. Several drops of pheromone were laid in a line. The magnetic field intensity was
measured at a drop: at the center and at the border, and then 3 mm and 6 mm away from
the border of the drop. All measurements were performed with the magnetometer sensor
at 10 mm from the surface level.

In Figure 3b, the experiment results are shown. The measured magnetic field mean
was maximal at the center of a drop of pheromone, decreased at its border, lower at 3 mm
from the border, and measured to be minimal at 6 mm. This was true for all the measured
surfaces, with differences between substances in field intensity level at the border and
3 mm. This difference may suggest some interaction between the pheromone and surface
material, but it is not conclusive.

(a)

(b)

Figure 3. Locality and gradient validation on several surfaces at outdoor conditions. (a) Experimental
set up: magnetic field were measured on center of the drop, approximate border, 3 mm from border and
6 mm from border. The sensor was placed approximately 10 mm above ground. Several measurements
were carried out for each position. The reported environment temperature was 20 °C and 90% of
humidity. (b) Normalized magnetic field intensity results on z axis of magnetometer for different surfaces.
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It should be noted that the dependence of the magnetic field on the location of the
substance is analogous to the locality characteristic of pheromones. The intensity and
detection of pheromones is tied to a specific location in space. Additionally, the inversely
proportional relation of magnetic field intensity versus the distance from the center of the
pheromone drop is equivalent to the gradient characteristic. The presented data show a
clear magnetic gradient detected by the sensor when approaching the substance.

Figure 3b shows different variability values between positions and substances. There
was not a distinguishable relation of variability and a specific surface or position. It is
suggested that variability was caused by the outdoor nature of the experiment.

Finally, the presented pheromone substance offers the novelty of being able to represent
basic pheromone characteristics over a variety of surfaces in outdoor conditions. This is a
significant advantage over previous works that used a smart environment that needs screens,
projectors or a special surface in a laboratory setting, such as the ones described in [22–24,47].
Additionally, the ferrofluid pheromone technology shows clear gradient values, which is an
improvement over chemical pheromones. As stated in [49,50], it is difficult to represent gradients
with chemical sensors due to its limited bandwidth and turbulent nature of odors.

5.2. Evaporation Validation on Several Surfaces

In a second experiment, the pheromone characteristic of evaporation was validated
on several surfaces. Substance composition with a slow chemical reaction, specified on
previous section, was used. Again, the selected surfaces were laminated acrylic, pine wood,
unfinished concrete and dry soil. A single drop of pheromone of about 6 mm in diameter
was laid on the surface. In an initial step, the sensor was placed away from the drop and
quickly approached the substance. This was done in order to measure the base value of
the magnetic field intensity. Then, the magnetometer was located above the center of the
drop, and measurements were carried out for 80 min. Measurements on every surface were
made with the sensor at 10 mm above surface level.

Figure 4 shows the strength of the magnetic field over time. At the left side, a steep change
is noted, when the sensor was located next to the pheromone drop. On all measured surfaces,
the magnetic field intensity decreased over time, reaching about 47% of the initial value on soil,
44% on acrylic, 43% on concrete and 37% on wood. The data seem to indicate a possible relation
between surfaces and intensity decrease rate or final value, but it is not conclusive. The common
behavior observed between substances is the dependence of the magnetic field strength with
time, which is analogous to the evaporation characteristic of pheromones. Evaporation values
did not reach a zero value (normalized), but a decrease to 47–37% of the initial value is considered
useful, for example when using threshold levels for detection.

Figure 4. Normalized magnetic field intensity measured on z axis of magnetometer for several
surfaces as a function of time. Magnetic field were measured on center of the and 10 mm above
surface level. Reported environment temperature was 20 °C and 90% humidity.
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It is important to highlight, again, that the evaporation characteristic was represented
with the ferrofluid pheromone in an outdoor environment. This was done without external
equipment, such as special surfaces or screens, as in other representations [22,24,47]. Results
from previous experiment and this one, present the novelty of a new tool to perform swarm
robotics experiments with pheromones in outdoor conditions.

5.3. Time Response and Recovery Period of Sensor on Several Surfaces

The proposed pheromone substance takes advantage of the use of magnetometer
sensors, which presents high sample rates, fast response and recovery times. This is
considered an improvement over chemical sensors, which, as presented in previous sections,
suffers from response and recovery times of several minutes (see Section 3).

To validate the response of the sensor on the presence of a pheromone, an experiment
set up similar to the one performed by Monroy et al. [6] was used. One drop of pheromone
(about 6 mm in diameter) was laid on each surface. The sensor was moved at 0.05 m/s speed
and at 10 mm above the surface level, passing above the center of the drop. This was repeated
on several surfaces: laminated acrylic, pine wood, unfinished concrete and dry soil.

In Figure 5b, the results show an increase in the measured magnetic field intensity when
the sensor is passing above the pheromone. Additionally, after its detection, there is a decrease
with no residual measurement of the magnetic field. Graphs for all surfaces present a clear
gradient of magnetic field when the pheromone is passed. The wood graph presents a baseline
larger than other surfaces after passing the pheromone. It is attributed to the wood surface used,
which was not even. In addition, that baseline does not reach values greater than 30% of the
maximum final value; therefore, a possible threshold level should ignore it.

(a)

(b)

Figure 5. Magnetic field intensity measured on z axis of magnetometer while moving sensor and
passing over a drop of pheromone. (a) Experimental set up: Sensor was moved 100 mm at 0.05 m/s
speed and at 10 mm above surface level. Magnetic field was measured on the center of the drop.
Reported environment temperature was 20 °C and 90% humidity. (b) Normalized magnetic field
intensity results on z axis of magnetometer for different surfaces as a function of time.
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The presented magnetometer response contrasts with the chemical sensor behavior
presented in [6,48,52]. The reported response time of the chemical sensors takes several
seconds before a measurement can be made. Additionally, it is reported that the recovery
time of the chemical sensors takes even minutes before another measurement can be done.
The clear gradient form of the magnetometer sensor passing over the ferrofluid pheromone
presents no noticeable delay or response time. As mentioned before, it also does not
need recovery time to perform another measurement. This final validation provides
evidence of the novelty of using magnetometer sensors for pheromone detection instead of
chemical sensors.

6. Conclusions

The technology presented in this paper offers a novel alternative for real pheromone
implementations, with the added value of employing it for uncontrolled and outdoor
environments. The use of virtual pheromones involves centralized communication, special
surfaces, screens and projectors, which limits the application area to laboratories and
controlled environments. Chemical pheromones have been used in several research studies
on swarm robotics. They aim to mimic pheromones in nature, but chemical sensors suffer
from slow response time and large recovery periods. Research in areas such as swarm
robotics benefits from the possibility of using real pheromones for outdoor experiments.

In this paper, indirect communication (i.e., stigmergy) principles are achieved by using
magnetized ferrofluids and magnetometer sensors. In Section 4, a pheromone solution is
presented using magnetite and water. Then, if magnetization decay is desired, a solution of
magnetite, water, yeast and sugar is also detailed. Finally, the design of a deposition system
is presented, which is needed to magnetize the substance. The detection of pheromone is
performed using commercial magnetometer sensors.

The possible use of the ferrofluid substance as a pheromone is validated in Section 5
by identifying the pheromone characteristics of locality, diffusion and evaporation. The pro-
posed pheromone system presents a dependence of the magnetic field strength with the
position (locality). The measured strength decreases as the distance from the substance
to the sensor is increased (gradient). Additionally, the proposed system presents a depen-
dence of the magnetic intensity on time (evaporation). All validations were performed
in outdoor uncontrolled conditions and several types of surfaces. This represents a clear
advantage over virtual implementations of pheromones, which are limited by a controlled
indoor space.

Finally, the interaction of ferrofluid pheromone and magnetometer sensor is validated
on Section 5.3. The results did not show a significant response time nor recovery periods for
the sensor on several surfaces under uncontrolled outdoor conditions. Therefore, the use
of magnetometer sensor for ferrofluid pheromone detection represents an improvement
over chemical sensor use, due to its dynamic response. The possible use of the proposed
pheromone for swarm experiments is considered positive since it does not limit the robot
speed and total behavior time as a chemical sensor does.

Identified limitations of the present work against similar research may be on the
amount of information that can be codified. Chemical sensors still offer the possibility to
classify substances. With this pheromone, the capacity to represent and identify several
types of pheromones at the same time is not included. However, this feature may be ex-
plored by fusing magnetic intensity data with other sensors (such as those chemical sensors),
since substance classification requires lower bandwidths than substance quantification.

Future work will focus on implementing the pheromone system in several mobile robots
and testing basic collective behaviors. Additionally, further pheromone detection methods
(besides thresholds use) will be explored based on data from magnetometers. Finally, future
improvements may include further exploration on the mixture of pheromone components,
in order to control reaction time and, therefore, evaporation time representation.
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