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Abstract This paper presents a control strategy for human–
robot interaction with physical contact, recognizing the
human intention to control themovement of a non-holonomic
mobile robot. The human intention is modeled by mechani-
cal impedance, sensing the human-desired force intensity and
the human-desired force direction to guide the robot through
unstructured environments. Robot dynamics is included to
improve the interaction performance. Stability analysis of the
proposed control system is proved by using Lyapunov the-
ory. Real experiments of the human–robot interaction show
the performance of the proposed controllers.
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1 Introduction

Research efforts have been focused on providing mobile
robots the ability to move and interact with a high degree of
autonomy in unstructured environments. In current robotic
applications, these environments not only involve objects and
other robots, but also raise awareness for the need to interact
with humans. This interaction with humans can be justified
by the following objectives: (1) the robot canmove safely and
independently in a human–robot environment to perform a
specific task or (2) the robot interactswith the human in a safe,
friendly way [1], without [2,3] or with physical contact. This
last approach has particular interest in this work, specifically
related to the interaction with physical contact. In this con-
text, the use of robots operating close to humans for service
tasks, assistance to disabled people [4], household tasks, car-
rying loads, etc., has been intensified in recent years and its
generalization is expected in the future. Thus, there is a great
need to develop robots for use in daily activities and real envi-
ronments based on physical interactionwith humans. Among
these applications, the partial replacement of nurses can be
mentioned for the fast-growing elderly population who suf-
fers deficiencies in motor functions and muscle weakness or
enhancing activities such as carrying loads through the phys-
ical interaction between a human and a robot. It should be
noted that, in the practical use of robots with physical inter-
action, the safety of users must be considered and, thus, tools
allowing a safe interaction with the robot must be developed.
Therefore, it is necessary to set up robots to help or enhance
the daily activities of people safely. In the event of an active
robot failure, analysis is required when control of an active
robot fails from the security perspective, i.e. when the robot
moves involuntarily, potentially endangering humans in the
area. Thus, [5] proposes a load-carrying system for passive
robots in cooperationwith a human including obstacle avoid-
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ance. Similarly, [6] shows a control for passive robots to
transport objects based on braking control for object avoid-
ance. In [7], a load-carrying system is proposed with a free
arm to reduce human force. Robots with contact in the area
of physical support and personal services have been devel-
oped in [8]. A walker based on passive robotics to assist the
elderly, handicapped people, and the blind was proposed in
[9]. The personal aid for the mobility and monitoring system
to provide mobility assistance was proposed in [10]. Robotic
system as personal service robots for the elderly and dis-
abled was developed [11]. Thus, studies such as [12] show
the cooperation in transporting objects using non-holonomic
mobile robots without considering human force. Most of the
works focus on solving these problems with passive robots
due to the security that they represent. However tasks such as
load transport, robot guidance along a pathwith slopes, or the
guiding of robots with large inertia may require greater phys-
ical effort. References [13,14] show the physical interaction
for the transporting objects betweenmobilemanipulators and
a human; however in these works, the human should apply a
large force during all interactions.

Another area of interest is the recognition of human
intention. It becomes relevant in rehabilitation areas where
walkers, guiding visually impaired people or carrying loads
by handicapped persons or the elderly are used. Reference
[15] shows a system that controls the movement of a pas-
sive robot, considering the human intention based on the
force applied in the direction of the movement. Similarly,
[16] presents a physical interaction to guide a robot through
a semi-structured environment by means of a force, whereas
[17] shows a robot–human physical interaction to guide a
robot which is capable of learning the desired path. A robot
that interacts with people and interprets human behavior
was proposed in [18]. Also, a foot support system which
contemplates the human intention is presented in [19]. A
manufacturing system that is controlled based on the human
intention was proposed in [20]. The motion control of omni-
directional robots based on human intention was proposed
in [21]. Also under this point of view, [22] proposed a con-
troller which considers the human intention, to mitigate the
negative effects produced by possible visual distractions of
the user when he drives a car-like robot. References [23,24]
show robotic systems for people guiding and fall prevention
based on the human intention. The dance partner robot,which
estimates the intention of the human dancer, was proposed
in [25,26].

This paper proposes to work with robots equipped with
servo motors to enhance the force generated by the human
on the robot in tasks such as object transportation or guid-
ing people with an easy and comfortable movement of the
robot along the environment. From the robot control system
standpoint, the human intention provides a reference trajec-
tory in real time for the robot motion controller such that

a good performance in the robot control can be obtained.
Therefore, in this work, a control strategy is developed for
bidirectional robot–human interaction with contact, based
on human intention for motion control of a non-holonomic
mobile robot. The authors aim to determine the velocity
induced by the human force, hereinafter called as uVIFH, to
control the robot. Specifically, this velocity is modeled using
the concept of mechanical impedance, with its inputs being
the forces (magnitude and orientation) applied by the human.
The objective behind developing these controllers is to allow
people to guide the robot through an unknown environment,
or assist a person with reduced strength, the elderly, or chil-
dren to carry heavy loads with minimal effort during the
entire interaction. Velocity uVIFH is modeled using mechan-
ical impedance; thus, the person feels the inertia generated
by the robot during the entire interaction, along with the vir-
tual force generated by an obstacle avoidance strategy for
collision prevention in congested environments. This allows
bidirectional interaction between the human and the robot.
The obstacle avoidance strategy enables the human to eas-
ily guide the robot through doors or narrow places without
colliding, which is particularly useful in tasks with visually
impaired people. The work not only includes the rigorous
mathematical formulation of the control laws with their sta-
bility proof, but also experimental results to illustrate the
good performance of the proposed control strategy.

The rest of this paper is organized as follows. Section 2
presents the structure of the robot and an approach to the
problem. In Sect. 3, the environment forces and the human
forces are modeled. Section 4 describes the control laws and
the stability analysis based on Lyapunov theory. Section 5
reports the experimental results. Finally, in Sect. 6 the con-
clusions of the research are presented.

2 Approach to the problem

As noted in Sect. 1, this robot has been developed to be used
in tasks such as load carrying, people guiding, or moving the
robot along any unstructured environment in an easily and
comfortably way. One of the most important robot tasks is to
correctly estimate the human intention during the interaction.
From the control system point of view, the human intention
provides a reference for the robot motion controller. The pro-
posed control strategy will allow a person with limited visual
or motor capabilities to guide the robot while carrying heavy
loads in a reliable and comfortable way by considering his
intention. To achieve these goals, a robotic structure is built as
shown in Fig. 1, which illustrates the diagram of the human–
robot interaction, implemented with a Pioneer 3AT robot and
a bar mounted on it. The bar will be maneuvered by a human
to indicate the motion intention to the robot control. The
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Fig. 1 System: a human–robot
interaction; b robotic system
developed

(a) Human-Robot interaction (b) Robotic system developed

Sensor 2
(Force)

Sensor 1 
(Force)

Sensor 3
(Angle)

Sensor 4
(Laser)

desired human orientation is detected by a sensor (sensor 3)
located at the base of the bar as shown in Fig. 1b.

The main goal is to maneuver the robot with minor effort
during all interactions; therefore, it is necessary to sense the
human force on the robot. Hence, two force sensors have
been incorporated to the bar (sensors 1 and 2 in Fig. 1b), one
for detecting the push force fHt and the other for the pull
force fHr to control the movement of the robot, forward or
backward, respectively, and the resultant force being fH =
fHt − fHr (Fig. 2). Additionally, the system includes a laser
range sensor (0◦–180◦) to detect and avoid obstacles during
the interaction.

3 Modeling of interaction forces

3.1 Modeling of the velocity induced by the human force
uVIFH

The human force is sensed to allow the person to maneuver
the robot in an easy and comfortable way through the envi-
ronment. Additionally, it is important that the person feels
some slight inertia of the system during the interaction. So,
the velocity inducedby the human force (uVIFH) in the human
desired direction is modeled using a mechanical impedance
reference Zh , with a mass Mh and damping Dh , as:

uVIFH = Zh
−1 fH cos θ̃ = 1

(Mhs + Dh)
fH cos θ̃ , (1)

where θ̃ is the angle error between the robot orientation and
the desired orientation defined by the human. Also, in Fig. 2,
uR is the robot linear velocity. Moreover, when the human
changes the orientation reference, an angular velocity ωB is
generated over the bar which must be estimated since it is
required by the robot controller.

As a graphic example of the model behavior, Fig. 3 shows
the evolution of uVIFH under changes on Mh and Dh for a
constant fH = 1 and θ̃ = 0. It can be noted that when Mh

decreases (being Dh = 1 for Fig. 3), the convergence time
of uVIFH also decreases. This behavior is because the system
is modeled with less mass and presents therefore less inertia
when there is a change in the reference force.

On the other hand, if Dh < 1, the effect of an augmented
force applied to uVIFH is produced, implying less effort to

Fig. 2 Human–robot interaction diagram

carry loads. Parameters Mh and Dh were determined experi-
mentally by taking into account both the human comfort and
the control errors.

In this work, human comfort is associated with the phys-
ical user’s ability of carrying loads. Therefore, for healthy
users without motor disorders, parameters setting can be
made by giving some priority to the navigation performance.
On the other hand, when the user is an elderly or handi-
capped person, the navigation performance should be relaxed
allowing the person to comfortably use the proposed robotic
device. This way, human comfort is determined by perform-
ing contextual interviews to the users, which are combined
with the observation of navigation performance to determine
the most appropriate parameter set for each user.

3.2 Modeling of the environment interaction force

Since the human–robot interaction can take place in unstruc-
tured environments, it is necessary to implement an obstacle
avoidance strategy. The proposed strategy generates a cir-
cular repulsion zone around the robot (as Fig. 4 shows)
regardless of the obstacle size or shape. This is a desired
situation, especially when the robot interacts in complex
environments with humans.

Then, aGaussian zone is createdwithin the repulsion zone,
giving greater importance to the obstacles placed directly in
front of the robot when compared with those obstacles found
on the sides. This new zone allows the user, for example, to
guide the robot through narrow or crowded corridors. When
obstacles are located within the repulsion zone (bounded by
the distance dL ), a normal fictitious force is generated in the
opposite direction with respect to the robot movement and a
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Fig. 3 Evolution of uVIFH for
different Mh and Dh values
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Fig. 4 Zones to detect obstacles

Fig. 5 Forces fN and fT for two different obstacles

fictitious tangential force is used to generate a new reference
orientationwhich aims to avoid the obstacles. Figure 5 shows
how fN and fT are larger when the obstacle is in front of the
robot than in the case when the obstacle is on its side.

Forces fN and fT are computed as:

fN = 1

fNmax

n=180∑

i=0

fo(i) sin(i) (2)

fT = 1

fTmax

n=180∑

i=0

fo(i) cos(i) (3)

uobj = DN
−1 fN (4)

ωobj = kψ tanh ( fT ) , (5)

whereωobj is the obstacle reference angular velocity and uobj
is the obstacle reference linear velocity, which are applied to
the robot to avoid the obstacle, kψ is a positive constant for
matching force units to angular velocity; DN is a positive
constant of damping to match uobj with input fN . Variable
fo is the environment force defined as:

fo(i) = yg(i) fm(i); 0◦ ≤ i ≤ 180◦, (6)

where fm(i) represents the fictitious force generated by the
environment, yg is a Gaussian function defined by:

yg(i) = e
−

(
x(i)−xm

σ

)2
, (7)

with xm being the medium laser line (in this case, 90◦), σ

is the standard deviation of the Gaussian distribution to cali-
brate the width of the Gaussian area, and x(i) is the laser line
of each angle (from 0◦ to 180◦). It is important to note that
σ is selected by considering the physical dimension of the
robotic device, and it is set as the smallest value that allows
the robot to pass through between two close obstacles safely.
Fictitious force fm(i) is calculated as follows [27]:

fm(i) = Zm x̃(i) =
(
Mm s2 + Dm s + Km

)
x̃(i), (8)

where x̃(i) = (dobj(i) − dL); Zm is mechanical impedance;
Mm , Dm, and Km are the parameters for mass, damping, and
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Fig. 6 System control variables

elasticity, respectively. The variable dobj(i) is the distance
between the objects and the robot for each laser line within
the repulsion zone. After modeling the forces, in the next
section the design of the controllers is presented .

4 Controllers

4.1 Kinematic controller

As previously mentioned, the control objective is to allow
the human to guide the robot at the desired velocity with the
desired orientation. The robot must also react accordingly to
the human intention in the presence of obstacles.

Figure 6 shows the bilateral interaction system with its
kinematics defined by:

ũ = uVIFH − uR − uobj (9)
˙̃
θ = ωB − ωR − ωobj, (10)

where ũ is the velocity error, ˙̃
θ is the time derivative of the

robot orientation error, uR and ωR are the linear and the
angular velocities of the robot, respectively, and uobj and
ωobj are the linear and the angular velocities generated to
avoid obstacles ((4) and (5), respectively). Now, as defined
in the previous Section, ũ is expressed as ũ = d ˙̃ρ/dt = ˙̃ρ,
with ρ̃ being an auxiliary variable. Then, the kinematics can
be rewritten as:

˙̃ρ = uVIFH − uR − uobj (11)
˙̃
θ = ωB − ωR − ωobj. (12)

The proposed kinematic control laws are:

uRC = uVIFH + qρ tanh

(
kρ ρ̃

qρ

)
− uobj (13)

ωRC = ωB + qω tanh

(
kω θ̃

qω

)
− ωobj, (14)

where kρ , kω, qρ, and qω are positive constants. Next, we
introduce a Lyapunov candidate function and its time deriv-
ative on the system trajectories to analyze the equilibrium
point’s stability:

V
(
θ̃ , ρ̃

)
= ρ̃2/2 + θ̃2/2, (15)

V̇ (θ̃ , ρ̃) = ρ̃ ˙̃ρ + θ̃
˙̃
θ,

V̇ (θ̃ , ρ̃) = ρ̃ (uVIFH − uR − uobj + θ̃ (ωB − ωR − ωobj).

(16)

Now, by replacing the control laws (13) and (14) under the
assumption of perfect velocity tracking (i.e., uR ≡ uRC and
ωR ≡ ωRC ), the time derivative V̇ is:

V̇ (θ̃ , ρ̃) = −ρ̃ qρ tanh

(
kρ ρ̃

qρ

)
− θ̃ qω tanh

(
kω θ̃

qω

)
. (17)

Note that the function tanh(x̃) is a bounded continuous satu-
ration function applied to the error, such that x̃ tanh(x̃) > 0.
Then V̇ < 0, thus concluding that ρ̃ → 0 and θ̃ → 0 asymp-
totically. Moreover, knowing that ũ = uVIFH−uR −uobj and
including the control action in (9): ũ = −qρ tanh(kρ ρ̃/qρ).
As was previously proved that ρ̃ → 0 with t → ∞, it imme-
diately follows that ũ → 0 asymptotically.

As mentioned, the above analysis is based on the perfect
velocity tracking assumption (v = vC for all t), with vC =
[uC ωC ]T and v = [uR ωR]T. However in a real situation,
the robot velocity is not identical to the kinematics controller
velocity and thus v − vC = δ, with the velocity error vector
being δ = [δρ δω]T.Considering now the linear and angular
velocity errors, the resulting closed-loop equations are:

˙̃ρ = −qρ tanh

(
kρ ρ̃

qρ

)
+ δρ (18)

˙̃
θ = −qω tanh

(
kω θ̃

qω

)
+ δω (19)

Considering the following Lyapunov candidate function and
its time derivative in the trajectories of the system:

V1 + V2 = ρ̃2

2
+ θ̃2

2
, (20)

V̇1 + V̇2 = ρ̃ ˙̃ρ + θ̃
˙̃
θ, (21)

V̇1 = −ρ̃ qρ tanh

(
kρ ρ̃

qρ

)
+ ρ̃ δρ, (22)

V̇2 = −θ̃ qω tanh

(
kω θ̃

qω

)
+ θ̃ δω, (23)
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it can be seen from (22) that a sufficient condition for V̇1 to
be negative definite is

∣∣∣∣

∣∣∣∣ρ̃ qρ tanh

(
kρρ̃

qρ

)∣∣∣∣

∣∣∣∣ >
∣∣∣∣ρ̃ δρ

∣∣∣∣ . (24)

Now, by making a similar analysis as in [28], for large values
of ρ̃, the condition (24) can be reinforced as:

∣∣∣∣ρ̃ qρL
∣∣∣∣ > ||ρ̃|| ∣∣∣∣δρ

∣∣∣∣ , (25)

where qρL < qρ , such that qρL = qρ tanh(kNρ) and kNρ

is a suitable positive constant (see Fig. 7). Then, V̇1 will be
negative definite if:

∣∣∣∣qρ

∣∣∣∣ >
||δρ ||

tanh(kNρ)
. (26)

Equation (26) defines a design condition to make the error ρ̃

decrease. Now, for small values of ρ̃, the condition (24) will
be fulfilled if (see Fig. 7)

∣∣∣∣

∣∣∣∣ρ̃
2 kρ tanh(kNρ)

/
kNρ

∣∣∣∣

∣∣∣∣ >
∣∣∣∣ρ̃ δρ

∣∣∣∣ . (27)

Therefore, a sufficient condition for V̇1 to be negative definite
is:

||ρ̃|| >
kNρ ||δρ ||

kρ tanh(kNρ)
. (28)

Then, the ρ̃ is ultimately bounded by:

||ρ̃|| ≤ kNρ ||δρ ||
ξ kρ tanh(kNρ)

; 0 < ξ < 1. (29)

Moreover, knowing that ũ = ˙̃ρ, then ũ = −qρ tanh(kρ ρ̃/qρ)

+ δρ . Therefore, ũ is ultimately bounded by:

||ũ|| ≤
∣∣∣∣∣

∣∣∣∣∣−qρ tanh

(
kNρ ||δρ ||

ξ qρ tanh
(
kNρ

)
)

+ δρ

∣∣∣∣∣

∣∣∣∣∣ . (30)

The diagram in Fig. 7 illustrates the saturation function and
its lower bound considered in the analysis.

Performing a similar analysis for V̇2, it is possible to con-
clude that a sufficient condition for V̇2 to be negative definite
is:

||θ̃ || >
kNω||δω||

kω tanh(kNω)
. (31)

Then, θ̃ is ultimately bounded by:

||θ̃ || ≤ kNωδω

ξ kω tanh (kNω)
; 0 < ξ < 1. (32)

Fig. 7 Diagram of the lower bound for the saturation function

KINEMATIC
CONTROLLER

DYNAMIC
CONTROLLER

ROBOT

ENVIRONMENTIMPEDANCE

MODELING OF
THE

ENVIRONMENT

Cv Dv

v

v~

x~TN ff ,TRANSFORMATION
TO VELOCITIES

HUMAN Hf
hZ

Fig. 8 Control system diagram

However, as previously proved: uR → uc andωR → ωcwith
t → ∞. Then, δρ(t) → 0 and δω(t) → 0 with t → ∞ and
it is finally concluded that ũ → 0 and θ̃ → 0 asymptotically.
Therefore, the control objective is attained.

4.2 Dynamic controller

As said in the previous section, kinematic control laws do
not allow to exactly match the robot velocity due to the
robot dynamics. A velocity error appears vC − v = ṽ, with
vC = [uC ωC ]T and v = [uR ωR]T. The goal of the
dynamic controller design is to compensate the robot dynam-
ics by introducing a cascadeblock to generate a new reference
velocity for the robot: vD = [uD ωD]T. Figure 8 shows the
complete control diagram, including the dynamic compen-
sation controller which is designed in the following.

The robot dynamic model is defined by

Mv̇ + η = vD, (33)

η =
[
0 0 −ωR

2 uR 0 0
0 0 0 0 uRωR ωR

]
φ, (34)

φ = [φ1 φ2 φ3 φ4 φ5 φ6]
T , (35)

M =
[

φ1 0
0 φ2

]
, (36)

whereφ1, φ2, φ3, φ4, φ5, andφ6 are the identified parameters
for the Pioneer 3AT robot (φ1 = 0.4072, φ2 = 0.2937, φ3 =
−0.0287, φ4 = 0.9979, φ5 = −0.0004, and φ6 = 0.9865)
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Fig. 9 Environment and
sequence of the experiment

[29]. The proposed dynamic control law is defined as:

vD = Mσ + η (37)

such that:

σ = v̇ + QD tanh(Q−1
D KD ṽ), (38)

where QD and KD are positive definite symmetric matri-
ces. The closed loop equation when replacing (37) in (33)
is ˙̃v + QD tanh(Q−1

D KD ṽ) = 0, with ˙̃v = v̇C − v̇. Next, a
Lyapunov candidate function with its time derivative is con-
sidered:

V (ṽ) = 1

2
ṽTṽ, (39)

V̇ (ṽ) = ṽT ˙̃v, (40)

V̇ (ṽ) = −ṽT
[
QD tanh(Q−1

D KD ṽ)
]
. (41)

Remembering thatQD andKD are positive definite symmet-
ric diagonal matrices, and the function tanh(ṽ) is a bounded
saturation continuous function applied to the velocity error,
such that ṽT tanh(ṽ) > 0, it can be concluded that V̇ < 0,
allowing to prove that ṽ → 0 asymptotically.

5 Experimental results

The proposed control algorithm was implemented in the
robotic system shown in Fig. 1. The force sensor range is
100N . The measured variables, force and θ̃ angle, are fil-

tered by an α-β-γ filter [30], obtaining the estimates of ˙̃
θ

used to calculate ωB (8). In the proposed experiment, the
person guides the robot along a corridor with two obstacles
before passing through a standard door. The first experimen-
tal results had presented oscillations and high control error;
so, parameters Mh and Dh were experimentally set to reduce

Fig. 10 Sequence of the experiment

oscillations and control errors, but also taking into account
the human comfort. In addition, an alpha–beta–gamma filter
was implemented to get the data from the sensors, thereby
significantly decreasing the oscillations.

The environment impedance parameters were defined as
Mm = 0.01, Dm = 0.1, and Km = 1. On the other
hand, formodeling of uVIFH, the impedance parameters were
selected as Mh = 0.1 and Dh = 1. The kinematic controller
parameters were set to: kρ = 0.5; qρ = 0.4; kω = 0.6;
qω = 1.5. The dynamic controller parameters were set to:
QD = [0.8 0; 0 0.8]; KD = [2.8 0; 0 1.8]. Figure 9
shows an images sequence of the experiment, which can be
related to the map in Fig. 10

Figure 11 shows the evolution of the forces fHt and fHr .
These forces represent the human intention so that the robot
moves forward or backward, respectively. They are also crit-
ical to facilitate humans to maneuver and translate the robot
through narrow areas.

Figure 12 shows the time evolution of uVIFH (solid line)
and fH (dashed line) normalized to the maximum robot
velocity. The difference between uVIFH and fH for a change
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Fig. 11 Evolution of thrust force fHt and return force fHr

of reference can be seen in the upper box in Fig. 12. Mh and
Dh can be calculated for greater human comfort, but at the
price of increasing the control error. Therefore, it is neces-
sary to look for a balance between human comfort and the
control error. Figure 13 shows the time evolution of uVIFH
(solid line), uR (dotted line), and normal force fN (dashed
line), with the latter normalized to themaximum robot veloc-
ity. When the human applies fH on the robot at t = 3s, a
transient difference appears between uR and uVIFH corre-
sponding to the robot inertia. Then, the robot reaches the
reference velocity uR → uVIFH. From t = 11s to t = 22 s, a
force fN appears due to the presence of the first obstacle. As
the human moves alongside the object, the fN generated is
small due to the features of the obstacle avoidance strategy
with the Gaussian zone. From t = 32 s to t = 38s when the
person deliberately tries to crash with the second obstacle
(for the system evaluation purposes only), a fictitious force
fN is observed, which opposes the robot movement. At this
moment, uR cannot converge to uVIFH as expected. The same
occurs when the person passes through the door at t = 50 s
to t = 54s.

Figure 14 shows the ũ error, whereas Fig. 15 shows the
θ̃ error. Notice that ũ increases when there is an obstacle or
when the reference force changes abruptly. In Fig. 15, the
increase in error θ̃ from t = 21s to t = 28s is due to the
appearance of a corner in the hallway (Fig. 9c).Also, the error
increases from t = 38s to t = 50 s while the person avoids
the second obstacle and passes through the door. From the
experiment, we can understand the good performance of the
proposed control algorithm, with the experimental control
errors remaining bounded within acceptable values.

Finally, the effect of the Gaussian zone of the obstacle
avoidance strategy is analyzed in the experiment. Figure 16
shows the evolution of the normal force fN with and with-
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out the Gaussian zone. A normal force appears at t = 7s
and up to t = 22 s without the Gaussian zone (dashed line).
This force is larger than the normal force with the Gaussian
zone (continuous line) at t = 11s up to t = 21s. The force
is generated due to the presence of the first obstacle in the
corridor as shown in Fig. 9b. This force opposes the robot
movement; however, the aim is that humans can overcome
the obstacle with the robotic system. Thus, the considera-
tion of the Gaussian zone is very important when the human
intends to go through a narrow area. The same occurs from
t = 48s to t = 60 s where the human intends to go through
the door (Fig. 9f). Starting at t = 32 s and up to t = 39s, the
human intends to crash with the second obstacle. In this case,
the force (with or without Gaussian zone) is large enough to
prevent this crash (Fig. 9d).

The same happens with the tangential force fT as shown
in Fig. 17. This force is generated due to the presence of
obstacles. The fT is larger without the Gaussian zone than
thatwithGaussian zone from t = 7s to t = 22 s and from t =
48s to t = 60 s. At t = 34s and up to t = 39s, the tangential
force fT prevents the robot from crashing with the obstacle.
This force becomes relevant as it helps the human to avoid
obstacles by adding a component to the human intention,
allowing the person to easily guide the robot through narrow
or crowded corridors.

6 Conclusions

In this work, an interactive human–robot system was devel-
oped to be applied in tasks such as carrying loads, guiding
persons, or moving the robot along any unstructured environ-
ment easily and comfortably. The authors studied the robot
motion control based on the human intention to guide the
robot. The main contribution of this work has been to present
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Fig. 16 Evolution of normal force fN with and without the Gaussian
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a control algorithm based on bilateral human–robot interac-
tion, designed to help a person with reduced strength and
elderly or children to carry heavy loadswithminimal effort in
unstructured environments. Additionally, the proposed sys-
temcanbe used for guiding visually impaired people to detect
and avoid obstacles. It includes a formal analysis of stability
of the control system based on Lyapunov theory. The good
performance of this control strategy has been shown through
real experimental results. Future work is expected to analyze
the robustness of the algorithmwith estimated errors, and the
design of adaptive controllers for significant charges in the
load carried by the robot.
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