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Abstract
Detection of chemical trails has multiple applications in industry and exploration, where prompt localization of danger-
ous substances encourages development of robust sensors, systems, and algorithms. Current chemical sensing robotics 
has focused on autonomous navigation, while transduction of chemical information to visual, tactile, or other types of 
sensory cues have not been thoroughly addressed. This work proposes the inclusion of a human operator in order to 
solve the robot navigation problem and proposes visual and haptic feedback arrangements that carry the information 
transmitted by the chemical sensors. A chemical source is placed in a simulated environment, which is navigated by a 
tracked robot controlled by human drivers. A multipoint haptic interface operates as the robot controller and provides 
force feedback according to the direction of the chemical gradient detected by the robot. Seven experiments test the 
tracking performance of three combinations of haptic and visual feedback under different air current configurations, 
which consistently prove the feasibility of a chemotaxis-based navigation system. Moreover, this work demonstrates 
with statistical significance that gradient information transmitted using haptic feedback minimizes the required time for 
reaching the chemical source. This enables the operator’s visual capability in other important tasks during navigation 
(i.e., obstacle avoidance).
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1  Introduction

Living organisms depend on chemical detection for their 
survival. Mammals in particular have highly developed 
chemoreceptors throughout their bodies. Various exam-
ples include the detection of hormones by various organs 
of the endocrine system [25], or the ability of the carotid 
body to measure CO2 levels in the blood. The most known 
chemical receptors are, however, the senses of gustation 
(taste) and olfaction (smell). Both senses have been the 
subject of ongoing research due to their complexity.

Similarly, replicating the sensitivity and selectivity of 
both senses, particularly the sense of smell, opens an enor-
mous potential in a wide set of applications by robotic sys-
tems in industrial environments (e.g., detection of chemi-
cal leaks and continuous air quality monitoring).

Chemoreceptor-based navigation is used by both uni-
cellular organisms [10] as well as their multicellular coun-
terparts. Specifically, chemotaxis refers to movement 
of organisms (-taxis) due to a chemical (chemo-). In the 
Mammalia class, the sense of smell of the Ursidae family 
(bears) is one of the most developed, being able to navi-
gate toward food that is several miles away [16]. Similarly, 
mechanoreceptor-based navigation is also widely used by 
organisms as diverse as bacteria provided with mechano-
sensitive channels [41] to star-nosed moles, which have 
highly sensitive snout appendages that use to navigate in 
light-deprived environments [12]. The above-mentioned 
mechanoreceptors work alongside propioceptors located 
throughout muscles that monitor the joints configuration 
in order to produce awareness of various environmental 
characteristics during locomotion. Note, however, that 
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the concept of chemotaxis can be extrapolated to other 
agents such as unmanned vehicles [50].

Both tactile and olfactory interactions have been 
studied separately in navigation-related research. Haptic 
devices can communicate by applying vibration or static 
forces to the skin [2] and have been used in assisted navi-
gation [3, 9, 58]. Examples include the search for enhanced 
usability in teleoperated robots [37, 63], the use of shape-
changing haptic interfaces to help pedestrians [59] or 
vibrotactile actuated belts for soldiers [20] and the visually 
impaired [29]. Training on simulations [6, 26, 51, 57] and 
controlled environments [15] represent popular applica-
tions of haptic technology. In an example of the latter, a 
joystick provided with force feedback is used to train phys-
ically impaired toddlers to navigate through an predefined 
trajectory [4], an actuator filled seat provides haptic feed-
back to a car driver [13], and a vibrotactile armband guides 
blindfolded subjects through crowded environments [8]. 
Furthermore, other researchers have focused on user inter-
face accessibility [7, 14], algorithm design in haptic devices 
[5, 30, 66], and their inclusion with other technologies such 
as virtual reality [21, 24].

Haptics has found a niche application in unmanned aer-
ial vehicles (UAVs) navigation, which has received attention 
in the last decade [33, 36], particularly quadcopters, which 
have reduced the costs and dangers involved in their use. 
Haptic-enhanced UAV navigation research focuses on the 
implementation of force feedback algorithms to enhance 
the capability to avoid obstacles [33, 53]. These tactation-
based navigation systems provide information to a human 
operator that has the final control over the device; how-
ever, this scheme has not been used in olfaction-based 
arrangements.

Olfaction-based algorithms have been implemented in 
different robotic platforms [22] and environments [47]; for 
example, odor sensors are used as instruments in terres-
trial autonomous vehicles [45, 46], which are programmed 
with different algorithms in order to reach a given odor 
source [40]. Chemical sensors have also been installed on 
aerial vehicles, e.g., Neumann et al. have operated an UAV 
through a predefined path to map the concentration of 
CO2 in a determined area around a CO2 source [49]. Note 
that this application estimates gas concentration in mul-
tiple points but uses a single sensor. Although a single 
reading detects the presence of a chemical, a system with 
multiple lectures enables the determination of odor gra-
dient, which is indispensable for the source localization 
[64]. Gradient awareness is possible with the use of mul-
tiple sensors placed in distinct parts of the robot, which 
detect subtle changes in odor concentration [39, 44, 60, 
61]. The effectiveness to discern the chemical direction is 
called directionality or directivity [60], which depends on 
the robot design [39, 42, 61]. Effective directivity could be 

used in various applications such as detecting toxic gases 
in mines or drugs and explosives in airports. Search and 
rescue operations benefit from this technology by locating 
individuals trapped in buildings during disaster situations, 
where time is critical [62]. These scenarios are particularly 
difficult for robotic exploration, since their environment is 
not controlled as in a laboratory; features such as chang-
ing wind patterns alter the distributions of the chemicals 
unpredictably.

The particular case of chemical plume tracking is thor-
oughly studied using autonomous vehicles, although 
has received less attention from the research community 
focused on teleoperated systems and human–machine 
interaction. Proposed methods that detect chemical 
sources in environments with air currents include single-
robot [11] and multiple-robot (swarm) systems [65]. Note 
that these approaches rely on algorithms for the robot 
navigation, which can be overwhelmed by the complex-
ity of certain situations (i.e., a momentaneous wind gust 
affecting the sensors); in contrast, a human operator can 
understand these types of changes and act accordingly. 
Therefore, this work utilizes force feedback to inform a 
driver about the perceived chemical gradient in the robot 
surroundings, while the operator is instructed to reach 
the chemical source by using the haptic information to 
navigate toward the origin. This approach does not use 
any type of novel sensor or actuator; however, note that 
even if olfaction and touch have been studied separately 
in multiple examples, applications that incorporate both 
senses have not been properly examined to the best of the 
authors knowledge.

Teleoperated robots can go to places dangerous or 
outright unsuitable to humans such as mines, disaster 
areas, toxic environments, radioactive zones, and outer 
space. Research has focused on hardware and algorithms 
to explore said places using without human intervention 
[48]. Missteps, however, are unavoidable. For example, on 
April 2015, an autonomous robot got trapped inside of 
a reactor in the inhospitable area of Fukushima [1], inci-
dent similar to another robot lost on October 2011 [31]. 
These incidents show a need of improvement in robotic 
maneuvering in such scenarios. On the other hand, a study 
realized on 2013 [52] mapped all the gas leaks found on 
the urban pipeline of city of Boston, where high concen-
trations of natural gas and methane where discovered at 
landfill sites, wetlands, and sewer systems which are dif-
ficult scenarios for humans to work. Instead, a robot can 
substitute them to fix the leaks.

The purpose of this work is to demonstrate that such 
capabilities facilitate odor source localization tasks, and 
it also encourages further research on multiple sensory-
assisted navigations, which has received little attention. 
The main contribution of this work is the analysis of the 
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performance reached by a human operator combining 
different arrangements of smell, vision, and touch capa-
bilities using haptic or visual information as feedback for 
odor directionality. It is observed that tactile information 
allows proper navigation; hence, the sense of sight can be 
used in other tasks such as controlling obstacle avoidance 
or finding other kind of targets.

The remainder of the article is organized as follows: The 
document analyzes the odor source localization problem 
and studies the equations governing fluids and the odor 
dispersion in such medium. The next section gives an over-
view of the systems used in this work and their interac-
tion with the user and between each other. The document 
continues with an analysis of the haptic device and the 
proposed transduction from olfactory information to force 
feedback behavior. The following section explains the 
elements of the simulated navigation experience, which 
include the chemical dispersion behavior, the robot and 
sensor simulation, and the visual human–machine inter-
face (HMI). The document then explains the performed 
experiments and discusses the obtained results. The docu-
ment ends with conclusions and suggestions for further 
work.

2 � Odor source localization task

Unmanned vehicles perceive and navigate their sur-
roundings using various sensors and actuators [28, 43]. 
An individual can manipulate such devices remotely, 
although autonomous operation is also possible with the 
use of proper algorithms. In either case, these devices set 
a distance between the operator and the environment, 
representing a valuable feature in remote or dangerous 
situations. Land navigation has received particular atten-
tion by the research community in the past decades. For 
instance, self-parking and self-driving cars caught the 
attention of the automotive industry; unmanned vehi-
cles, however, have found a niche in search and rescue 
applications. These environments change continuously 
and unpredictably; therefore, data gathering is critical for 
the proper control actions to be taken, which have to be 
quick, accurate, and safe for any human near the vehicle. 
Particular problems in search and rescue operations com-
prise leak detection (i.e., volatile or poisonous gases) and 
victim localization. Both tasks are currently performed by 
handheld devices and trained dogs, respectively; however, 
both approaches require the involvement of a human, lim-
iting the range in which such searches can be performed. 
Conversely, chemical-sensitive robotic devices could 
be deployed in environments that represent a threat to 
humans and dogs. The development of such devices need 

an exhaustive understanding of fluid behavior, particularly 
chemical dispersion.

Crank [17] describes diffusion as the process by which 
matter is transported in a medium due to random molec-
ular motion. This mechanism homogenizes the environ-
ment by transporting a chemical from high- to low-con-
centration regions. Diffusion is modeled by Fick’s first law 
(1) for a solute dispersing in a homogeneous medium or 
by the Maxwell–Stefan diffusion used in systems com-
prised by various components. This work assumes a homo-
geneous medium interacting with the measured chemi-
cal; therefore, Fick’s first law is used. This law describes 
the diffusion flux J, which is the amount of material that 
passes through a given area in a given amount of time. This 
model states that the diffusion flux J is proportional to the 
concentration gradient ��

�x
 . The direction of this flux, how-

ever, is opposite to the gradient, and therefore, a minus 
sign is inserted into the equation. This negatively signed 
gradient is multiplied by the diffusion coefficient of the 
medium, denoted by D, which is a proportionality con-
stant expressed in distance squared over time. Its exact 
value can be estimated using the Arrhenius, Stokes–Ein-
stein, or Boltzmann equations for solid, liquid, or gaseous 
mediums, respectively. In one spatial dimension, denoted 
as x, the law is expressed as:

where � is the amount of substance in a given volume (i.e., 
concentration) and x is the spatial displacement. Addition-
ally, Fick’s second law predicts how concentration changes 
with time t due to diffusion:

Furthermore, the general form for the diffusion–advec-
tion equation [17, 23, 38] presents two components: the 
diffusion flux per unit area per unit time and the advective 
flux per unit area per unit time. A three-dimensional Car-
tesian coordinate system is expressed as:

where ux , uy , and uz are the velocity components of the dif-
fusive medium in their three corresponding axes of spatial 
displacement, x, y, and z, respectively.

Smell sensors implemented in mobile robots started 
in 1984 with the use of chemical-sensitive robots in the 
nuclear industry [34]. There are many algorithms used 
to support and increase the efficiency of odor source 
localization. These are most commonly classified by the 
terms of chemotaxis and anemotaxis depending on the 
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environment and the capabilities of the odor sensors. 
Chemotaxis, as stated in Sect. 1, refers to the movement 
triggered by chemicals in the environment of a organism. 
Similarly, anemotaxis refers to the detection of flow and 
its direction as navigational compass [27, 32]. Both strate-
gies react to different environmental features, but assume 
favorable conditions such as the existence of continuous 
chemical flow and the absence of local maxima of the 
chemical of interest. Assumptions also made by the work 
presented in this document. The resulting environment is 
used to explore various forms of assisted navigation, par-
ticularly the transduction of chemical information to visual 
and tactile cues. Thus, assisted navigation represents an 
important contribution for odor source localization since 
a human operator can detect variations of the medium 
and act accordingly (i.e., change in wind pattern) and rely 
on other sensory information such as visual or tactile feed-
back. The following section provides an overview of the 
system proposed in this work and the general setup of the 
performed experiments.

3 � System architecture

This work examines and combines known forms of sen-
sory-assisted navigation, (i.e., the olfactory and tactile 
cues) in a novel arrangement in order to solve the problem 
of odor source localization. The vehicle designated to navi-
gate in the environment is based on currently available 
unmanned ground vehicles (UGVs). Although car-sized 
UGVs use Ackermann steering such as their manned coun-
terparts, smaller UGVs (i.e., less than 1 m in length) are con-
structed using differential steering. The proposed architec-
ture (see Fig. 1) can be divided in two main components.

Firstly, the haptic device developed in [55] is set up to 
function as the UGV controller, two mechanisms of the 
device handle the robot tracks independently, in a system 
that is analogous to the thrust levers found in old tanks 
and tractors (see Fig. 2a). Each lever in turn provides force 
feedback to the human operator. The force algorithm is 
based on the perceived odor direction and is thoroughly 
explained in the following section. The position of the 

Fig. 1   Schematic representa-
tion of the systems involved in 
the proposed model

Fig. 2   Effect of user input on the UGV movement as function of 
the position of the haptic interface levers (a). Three rotation sce-
narios (clockwise, counterclockwise, and no rotation) and three 
translational displacement (forward, backward, and no displace-
ment) yield nine possible movement combinations. Furthermore, 
force feedback as a function of the perceived direction of the odor 
source (b). Four possible actions are defined, if the odor is per-

ceived to be on the front (± 15°), and both levers of the controller 
are pushed forward by the algorithm, inducing the user to advance 
faster. Conversely, if the odor is estimated to proceed from the rear 
(between − 165° and 195°), both levers are inactivated. Odor per-
ceived from either side activates a single lever in order to steer the 
robot toward the source (i.e., odor coming from the left activates a 
force pushing the right lever forward)
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levers is estimated by accelerometers, whose functioning 
is described in [55]. It depends on both the force feed-
back and the user input force. This position determines 
the velocity of each of the robot tracks (see Fig. 2b). The 
second component of the system is the simulated environ-
ment, which comprises the chemical dispersion, the UGV, 
and its attached smell system. The robot velocity is calcu-
lated using the commands sent from the haptic device. 
The UGV position and the corresponding chemical signa-
tures in their sensors are used to estimate the orientation 
of the odor gradient. These data are used to calculate the 
haptic feedback sent to the user. Moreover, the simulated 
environment is programmed to mimic either idle or windy 
conditions in a designated area. The chemical simulation, 
robot position, and force feedback commands update 
at a rate of 10 ms to provide a seamless experience [35]. 
Human interacting interfaces used in this work include a 
force feedback device (Fig. 3) and a visual HMI (Fig. 4). The 
former is detailed in the following section, while the latter 
is explained as part of the simulation section.

3.1 � Haptic device

The kinematic multipoint haptic device used in this 
research (see Fig. 3) has been comprehensively analyzed 
in previous work [54, 56]. Furthermore, this device has 
been used to control an UAV by a human operator, where 
the implemented software for this application diverted 
the UAV trajectory in case of an impending obstacle 
collision [53]. Five seven-bar mechanisms comprise the 
apparatus, each with two degrees of freedom (DOFs) and 
the corresponding number of motors. For this applica-
tion, only a pair of mechanisms are used (see Fig. 3b). 
The motors can deliver up to 0.2 Nm when stalled at 
full voltage; the continuous use of the motor at this 

configuration, however, leads to damage of the device. 
Therefore, the system is controlled at 3 volts (V), draw-
ing 3 amperes (A), and producing a 0.05 Nm torque. This 
torque is transmitted to the upper bar using a toothed 
belt with a speed ratio of 2:1. Given the motor, belt trans-
mission, and the 40 mm bar, the estimated force applied 
to the user is of 2.5 N, which is sufficient to be perceived 
by the user [19] but less than the typical force that an 
individual can exert [18]. The angular displacement of 
the upper bar translates into the corresponding track 
velocity. Moreover, the angular displacement of the 
lower bar does not affect the signal and the user can 
accommodate this kinematic pair to maximize comfort 
(see Fig. 3). The haptic device design allows the user 
to rest their hands on top of the motor casing in order 
to grab the mechanism without inducing fatigue. Fur-
thermore, the experimental design limits the maximum 
time an individual can be operating the device up to 
thirty minutes. This protects both the individual and the 
experimental devices from any fatigue or overheating-
related damage, respectively. The angular displacement 
of the mechanism kinematic pairs is continually meas-
ured using accelerometers, which represent an improve-
ment over encoders that require additional mechanical 
components, cause undesired friction, and have moving 
parts that require maintenance after prolonged use. A 
10-bit analog-to-digital converter (ADC) and the above-
mentioned accelerometers allow sub-degree resolution, 
which detects the position of the mechanism end effec-
tor within fractions of a millimeter; this feature can be 
further enhanced with more precise ADCs (see [55]). 
The microcontroller ADC transduces and transmits the 
accelerometers analog signal to a PC where the driver 
interacts with the simulation and its corresponding HMI, 
which are thoroughly explained in the following section.

Fig. 3   Basic 2-DOF mechanism 
of the haptic device used in 
the experiments (a). Two of the 
five mechanism of the appara-
tus are used in this work; the 
authors encouraged but not 
forced the operators to adopt 
the shown hand posture (b)
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3.2 � Simulation

This work simulates a 20-cm-long UGV with independ-
ent track motion. The operators are capable to oper-
ate the device using the levers mentioned in the previ-
ous section, which control the UGV corresponding track 
independently. The UGV maximum speed is set to be 0.5 
m/s. The relative size of the map and the robot does not 
allow the latter to be properly seen; therefore, a dial is set 
right to the emap in order to show the robot orientation 
at any given time (see Fig. 4). Furthermore, the vehicle is 
equipped with odor sensors capable of detecting chemical 
gradients. Note that sensors found in the literature [39, 42] 
present limitations such as detectability thresholds highly 
dependent on the gradient angle relative to the vehicle. 
This work, however, supposes that the concentrations the 
vehicle encounters always fall within the sensor percep-
tion range. It is also assumed that the chemical detectors 
are omnidirectional and therefore present ideal directivity.

To thoroughly test the hypothesis that chemical infor-
mation can be transmitted to a human operator, a simula-
tion environment is designed using LabVIEW. The simula-
tion is bounded to a 100 m x 100 m area in which a point 
source of odor exists; this size discards the arrival to the 

odor source by chance. In a real environment, such chemi-
cal would disseminate by multiple, complex mechanisms 
such as conversion, pressure and temperature differentials, 
laminar and turbulent currents, eddies, wind vortices, and 
Brownian motion, all of which have been studied in the 
last decades. For the presented simulation, however, the 
dispersion mechanisms are simplified in two principal com-
ponents: firstly by diffusion considering it ideal and sec-
ondly by advection which corresponds to the effect of cur-
rents within the simulated environment, both thoroughly 
explained in this work ((3)). Four of the seven experiments 
presented to each operator include a current whose direc-
tion and magnitude vary as a function of position and set 
to be up to 2.5 m/s. In all performed experiments, diffu-
sion is present; in experiments 4, 5, and 7, however, wind 
dominates over diffusion by shaping a distinct distribution 
pattern (see Fig. 5d–f ), unlike experiments 1, 2, 3, and 6 
where diffusion solely determines the chemical distribution 
(see Fig. 5a–c). Note that the chemical dispersion evolves in 
time, but converges to a steady state for either quiescent 
or windy conditions as shown in Fig. 5c, f, respectively. The 
next section explains these experimental variations, their 
starting conditions, and the different types of feedback that 
the operators will encounter.

Fig. 4   Human–machine interface as seen by the user in experiment 
1 and denoted as A + in Table 1. The dotted line encloses the region 
available to the user in experiments 2 to 5 and depicted as A in the 

above-mentioned table. The gradient detector is a knob with a line 
that points to the gradient direction estimated by the sensors and 
referenced in respect of the front face of the UGV
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4 � Experimental work and results

Twenty-four users, aged between 23 and 35, partici-
pated in the experiments. Each experimental run is 

comprised by seven experiments that accrue into one 
hundred sixty-eight individual experiments. The tests 
occur in the simulated environment, where various 
parameters are modified, namely the wind currents, 

Table 1   Parameter disposition 
in the experiments

D deactivated, A activated. A + denotes the additional visual information provided to the user in experi-
ment 1

Experiment Wind Force Graphics Time Distance

μ (s) σ (s) KS test μ (m) σ (s) KS test

1 D A A + 65.85 7.093 0.6029 67.20 6.99 0.326
2 D D A 82.93 14.65 0.9577 66.46 4.41 0.785
3 D A A 64.21 7.97 0.4215 65.83 5.37 0.241
4 A D A 120.36 24.41 0.9872 92.98 9.28 0.899
5 A A A 100.76 17.94 0.3419 90.51 11.30 0.153
6 D A D 69.69 12.87 0.2977 70.45 12.47 0.214
7 A A D 112.48 26.39 0.5748 100.56 17.69 0.155
ALL – – – 88.04 27.46 – 79.14 17.30 –

Fig. 5   Evolution of odor dispersion in the 2D environment. Representative frames are captured at 10s, 40s, and 200s for idle a, b, and c and 
windy d, e, and f conditions
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the haptic feedback, and the amount of visual feedback 
available.

As an introductory test, novice operators are ini-
tially allowed to navigate in the simulated environment 
and interact with all available visual and tactile feed-
back. A proper explanation is given about the nature 
of the levers that control the robot, the force feedback 
experienced, and the instruments that the user can 
access through the HMI. The introductory simulation is 
restarted if the user abandons the map. This introductory 
part of the experiment lasts until the user expresses its 
confidence to continue into the timed trials. Once the 
introduction is complete, the user navigates the environ-
ment in seven distinct experiments, all of which start and 
finish at the coordinates (50,50) and (10,10), respectively. 
Furthermore, the robot orientation starts pointing on the 
positive X-axis. The experiments end when the user is 
at 5m or less of the target; this condition is informed 
to the driver either through the HMI as shown in Fig. 4 
or verbally in the experiments with no visual feedback. 
At this distance, a robot can easily find the odor source 
autonomously by means of different algorithms [62]. The 
sequence of experiments, specially the introductory test 
and the first experiment, was designed to habituate the 
operator to the device and feedback behavior. Further-
more, for a given set of visual or haptic feedback, the 
experiment with no air flow precedes the experiment 
with the current activated.

In the first experiment, which works as a control and 
further reinforces the operator learning process, the indi-
vidual navigates in an environment with no wind cur-
rents (see Fig. 5a–c). The user navigates using force feed-
back of the haptic device and visual feedback from the 
screen, from which it can see both the entire map and 
the estimated direction of the chemical trail as shown in 
Fig. 4 and denoted as A + in Table 1. The second experi-
ment also operates with no airflow, force feedback is 
turned off and the visual feedback is limited (see dashed 
line in Fig. 4) to the gradient detector (the line depart-
ing from the robot), the levers position, and the signal-
ing lights for the special conditions. These lights signal 
if the user reaches the target navigates out of the map 
boundaries or if an error occurs in the communication 
between the computer and the haptic device. The third 
experiment is a reiteration of the second, except for the 
force feedback feature, which is switched on. The time 
to reach the objective by the user can be compared with 
the previous experiment in order to assess the effect of 
the force feedback in the driver behavior.

For the fourth experiment, the force feedback is deac-
tivated and air currents are added to the simulation. The 
wind generates a chemical trail as depicted in Fig.  5f. 
Note that the wind speed and direction are not constant 

throughout the working area; however, its magnitude 
has been set to be lower than 2.5 m/s. Similarly to the 
third experiment, the fifth is a repetition of the previous 
trial with force feedback activated in the haptic device. 
The time necessary to reach the objective is expected to 
increase in the experiments where air currents exist, as the 
variable measured from the environment becomes more 
convoluted. The sixth experiment has the air currents and 
visual feedback deactivated, while the user relies only in 
haptic feedback to reach the objective, where the success 
of this test shows the ability of haptic feedback to provide 
meaningful information in navigation applications. Moreo-
ver, the time it takes to complete this experiment can be 
compared with previous trials in order to support or reject 
the idea that tactile feedback enhances the operators per-
formance over visual information. For the seventh and last 
experiment, force feedback remains as the only source of 
information and air currents are activated to increase the 
setup difficulty and assess the capability of force to ensure 
successful navigation toward the target. The seven experi-
ments and their corresponding characteristics are given in 
Table 1. Wind, visual feedback, and force feedback are the 
parameters altered in the mentioned experiments, they 
can be either activated or deactivated and these setups 
are encoded as A or D, respectively. The first experiment 
has additional visual feedback, marked as A+ in Table 1, 
where the operator is also shown the map overview as 
shown in Fig. 4. Table 1 also depicts statistical informa-
tion of the experiments, namely the mean time to reach 
the target μ and the corresponding standard deviation σ. 
Further statistical information is presented in the boxplot 
of Fig. 6. Note that Table 1 and the boxplot in Fig. 6 portray 
the mean and the median, respectively.

The resulting trajectories of the twenty-four runs of 
each experiment are depicted in Figs. 7 and 8. The results 
show a characteristic difference between trials with and 
without air currents. While the experiments without wind 
tend to follow a straight path from the start to the finish 
points, the experiments with activated air current exhibit 
two distinctive sections. The starting segment flows not 
to the finish point, but to the chemical trail. The second 
section slides through the chemical trail until the robot 
reaches the target. Note that the path through the chemi-
cal trail is not rectilinear, but wobbly as the perceived 
direction of the odor source changes with small displace-
ments. A control algorithm that mitigates this unsteady 
behavior should reduce the time to reach the target and 
prove useful in chemotaxis-based navigation applications.

Every run took between 54.1 and 176.74 s to reach the 
target, with an average � = 88.04 s and a standard devia-
tion � = 27.46 s. Experiments 1 and 3 that have visual and 
tactile feedback have resulted in the shortest finishing 
times ( �

1
= 65.85 s, and �

3
= 64.21 s), and experienced the 
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smallest standard deviations ( �
1
= 7.093 s, and �

3
= 7.973 

s). Conversely, experiments 4 and 7 retained the longest 
average times ( �

4
= 120.36 s, and �

7
= 112.48 s) and the 

highest standard deviations ( �
4
= 24.41 s, and �

7
= 26.39 

s); these experiments are characterized by having windy 
conditions and only a single source of information, either 
tactile or visual.

The following statistical analysis uses experimental 
pairs to draw conclusions based on the obtained distri-
butions. The Student’s t, Mann–Whitney U, and ANOVA 
tests were considered for statistical analysis. ANOVA is the 
preferred option for test several groups as long as nor-
mality and similar variance can be assumed. Note that the 
Mann–Whitney U test does not require the assumption 
of normality. Similarly, note that the Student’s t test can 
work with unequal variances. The resulting data present 
close to normal distributions and unequal variances (see 
Table 1). For this reason, the null hypothesis H

0
 that a given 

pair of experiments have the same distribution is rejected 
or retained using the Student’s t test. Furthermore, the 
Kolmogorov–Smirnov test (KS test) supports the assump-
tion of data normality required by the Student’s t test. The 
seven data sets yield values higher than the typical (p < 
0.05) that would reject the null hypothesis that the data 
sets follow a normal distribution (see Table 1).

The most significant difference between experiments 
arises by the existence of air currents, which vastly increase 

the time the user takes to reach the finish point. This can 
be observed in experimental pairs 2–4 (no haptic feedback 
and graphics partially activated) and 3–5 (haptic feedback 
activated and graphics partially activated), where the pres-
ence of wind delays the finishing with average times of 
37.43 and 36.55 s that have a strong statistical significance 
(p < 0.0001). Force feedback reduces the time to reach the 
objective if other parameters remain identical. For experi-
mental pairs 2–3 (no wind and graphics partially activated) 
and 4–5 (wind activated and graphics partially activated), 
the activation of force feedback reduces the average time 
to reach the target 18.72 and 19.60 s, respectively (p < 
0.001); this shows a favorable effect of transferring navi-
gational information through tactation even if the same 
instructions are transmitted using audio–visual means. 
Furthermore, solely haptic feedback yields better perfor-
mance than solely visual feedback as shown in experimen-
tal pair 2–6 (no wind) with an average reduction of 13.24 
s (p < 0.001).

5 � Discussion

A force feedback device has been successfully used in 
assisted navigation based on chemotaxis for odor source 
localization. A simulated environment was created to run 
seven experiments, three of which were designed with air 
currents and the rest in stagnant conditions. The 100 m × 
100 m simulated environment included a chemical source 
that is used as the destination; all experiments start at the 
center of the map. One hundred sixty-eight experiments, 
comprised by seven distinct scenarios, were performed by 
twenty-four users. Operators navigated in the simulated 
environment with the instruction to reach the odor source. 
Each individual repeated the setup in seven different con-
figurations. All operators arrived at the desired location in 
every experiment regardless of these changes in the envi-
ronment and the use of different sources of information, 
which include only tactile, only visual, or a combination. 
This work represents a natural extension from autono-
mous algorithms that are used in several applications, but 
lack the human natural ability to adapt to complex envi-
ronments. This ability is critical in the variations produced 
by wind currents, and further work regarding chemotaxis-
based autonomous navigation should focus on the algo-
rithm robustness under varying conditions.

The results show that wind currents affect signifi-
cantly the results, which should be taken into account 
in future research toward new devices and algorithms 
and their performance in field experimentation; if a 
given setup underperforms, it may have to do more with 
changes in wind patterns and less with the algorithm. The 

Fig. 6   Time distribution the seven experiments. Haptic feedback 
reduces arrival time if other features in the experiment remain 
equal as seen in experimental pairs 2–3 and 4–5. All experimental 
pairs with statistical significant differences mentioned in this work 
are depicted with one asterisk (*) or two crosses (++) for p < 0.001 
and p < 0.0001, respectively
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experiments confirm related work that haptic feedback 
can have an important role in assisted navigation applica-
tions. Moreover, haptic feedback enhances navigational 
performance in environments where the operator origi-
nally relied solely on visual information; this particular 
result has relevant repercussions in multiple navigation 
applications. If a person responds better to haptic cues, 
preventable errors in automotive accidents or flawed sur-
gical procedures could be avoided with additional haptic 
feedback.

Furthermore, the experiment compares situations 
where the user receives either only-touch or only-visual 
cues and demonstrates enhanced performance where 
haptic feedback replaces visual information. The setup 
simplicity enables users to use the system effectively 
with a expeditious learning process. This shows the nat-
ural human ability to navigate using tactile feedback 

with little or no training, representing a topic with 
potential for analysis in future work. Potential applica-
tions of this innate ability could be used in training and 
rehabilitation applications. This work uses one haptic 
device with one force feedback algorithm, and further 
work could perform similar experiment with different 
algorithms and devices to assess changes in effective-
ness and efficiency. A thorough study of various wind 
patterns can elucidate the limits in which chemotaxis 
allows successful navigation toward an odor source. 
Experimentation not presented in this document 
showed that alternating wind patterns increase the dif-
ficulty for drivers to reach an odor source. Therefore, 
the authors recommend that future work encompasses 
various wind velocities and alternating patterns of idle 
and windy conditions.
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