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Abstract— Robots operating in unstructured environments

must be capable of safely handling unexpected collisions with
objects existing in the surrounding area, possibly without
stopping the task execution. This paper proposes a tactile
feedback control law allowing the robot to apply bounded
contact forces in reaction to physical collisions while performing
a task. As a use-case scenario, the problem of driving a robot
arm through obstacles to reach a known target position in the
space is considered.
Intensities and locations of multiple and simultaneous contacts
between the robot and the environment are detected using
large area tactile sensors covering the robot body. It will be
shown that the robot is capable of controlling the end-effector
position and of reacting to unexpected collisions by regulating
the interaction forces applied to the environment. The method
has been validated on a Baxter robot partially covered with
3495 distributed tactile elements, operating in an unknown
environment.

I. INTRODUCTION

Robots have always executed operations with high-
accuracy in well-constrained manufacturing environments.
However, when the environment is complex or cluttered, the
problem of performing autonomous tasks becomes harder.
This topic has been widely investigated for various classes
of robots including: mobile robots [1], robot manipulators
[2]-[4] and snake robots [5]. The majority of the proposed
approaches requires to know a model of the environment or
to build one (typically using vision) to avoid direct contact
with obstacles. Conversely, it has also been demonstrated
that, for snake robots locomotion [5], obstacles can, in some
cases, be exploited to accomplish the task. The availability
of a model of the environment allows to plan the robot
actions, but when it is not known a priori and vision cannot
be used, a strategy based on planning is not possible and
a collision would be hard to avoid. Therefore, robots must
be capable of safely reacting to unpredictable contact events
while performing tasks. Force/torque sensors feedback can
be used to retrieve contact forces between the robot and the
external world and to properly control the robot motions [6]—
[10]. However, when the robot gets in contact with multiple
obstacles, force/torque sensors could not fully capture the
complexities of the physical interaction. Indeed, information
about multiple contacts and internal forces would be lost. A
large area tactile system (i.e. robot skin) is more suitable in
this case. These systems are composed of a large number of

I are with the Oxford Robotics Institute (ORI), University of Oxford,
UK.

2 are with the Department of Informatics, Bioengineering, Robotics and
Systems Engineering (DIBRIS), University of Genoa, Italy.

Corresponding author e-mail: alessandro@robots.ox.ac.uk

2

Fig. 1. A robot is trying to reach a target position X, while controlling the
interaction forces applied on the environment. The vector e represents the
error at a given time instant between the target and the actual position of
the end-effector x;,. The RViz screenshots show the tactile sensors involved
in the contact and their normals as well as the robot hand and goal frames
from two different point of views.

pressure transducers (i.e. faxels) distributed over the robot
body [11]-[14]. Differently from force/torque sensors, they
allow to retrieve the position and the intensity of each single
force acting on the robot surface. Such information is es-
sential to properly control the robot in complex unstructured
scenarios.

The contribution of this paper is to present a tactile-based
closed-loop control law that allows the robot to react to
unexpected collisions and to apply safe contact forces while
performing a task with the end-effector. Multiple contacts,
sensed through the robot skin, are fed back to the robot
controller to compute suitable joint velocities minimizing the
squared sum of contact forces applied on the robot arm. With
respect to the current literature (see Section II), the proposed
approach is purely tactile-based and does not require: (i)
joint level or any other form of force/torque feedback; (ii)
the adoption of a joint level torque controller, since the
control law operates at kinematic level; (iii) an accurate
robot dynamic model describing the interactions with the
environment. The reference task consists of moving the robot
end-effector to a specific target position. Figure 1 shows a
test case scenario. What proposed in this paper is relevant
to address any task that can be seen as an extension or a
generalization of a reaching problem that must be performed
by the robot in highly unstructured environments. Indeed,
applications related to cooperative assembly, navigation, ex-
ploration, etc., require robots capable of reaching or follow-
ing a particular target without damaging humans or objects.



Example scenarios are related to assembling and inspection
processes in automotive and aircraft manufacturing (e.g.,
fixing a wire harness to the body of a car in automotive
plant or sealing), robotic surgery (e.g., robot arm accesses
internal organs, natural orifices and performs surgery) or
decommissioning in nuclear environments (e.g., the robot
needs to navigate into vessels and pipes).

The paper is organized as follows: Section II provides
an overview of the literature related to the design of robot
reactive control laws. Approaches based on joint level and/or
tactile sensing are reviewed and the differences and our
contribution with respect to the current literature is ex-
plained. Section III formally describes the problem and the
assumptions that have been made. In Section IV, the control
objectives are defined. The control law allowing the robot
to interact with the environment is described in Section V.
Section VI shows the experimental setup, while the results
are discussed in Section VII. Conclusion follows.

II. STATE OF THE ART

The problem of detecting collisions and regulating the

contact forces applied by the robot to the environment or
humans has been mainly addressed by exploiting joint level
measurements [6], [7], [15] or cameras [16]. In [7] and
[6], torque feedback is used to recognize impacts with an
obstacle or to discriminate between collisions with humans
and purposive interactions. Both approaches switched the
control law when the collision was correctly detected. In
particular, [7] focused on regulating the interaction forces
between the arm and the obstacle. The goal of [6] was
instead to provide a safe human-robot interaction. Rather
than switching the control action, different approaches dealt
with the problem of preserving a task execution during a
physical interaction [15], [16]. In these works, a redundant
robot is controlled to react when a collision is detected.
The remaining degrees of freedom are then used to execute
a different task. Such a method leverages the null space
projection to prioritize a robot safe behaviour and to execute
(if possible) a secondary control objective. In [15], impacts
are detected with joint torque sensors, whereas [16] uses
depth cameras. Differently from [15] and [16], the paper
presented in [17] considers more than two tasks and deals
with the problem of dynamically changing the task hierarchy
while the robot is in contact with the environment.
The work proposed in [18] presented a control architecture
for collision detection and reaction requiring motor currents
and joint positions feedback only. Furthermore, the robot is
controlled by commanding joint velocity reference signals,
making this approach particularly suitable for industrial
robots.

Although force/torque sensors or more in general joint
level measurements have been proved to be valid for a
wide range of applications related to safety or collision
reaction, they cannot be used to fully capture or describe
complex contact events. As previously mentioned, they have
two major limitations. Firstly, internal forces cannot be
detected. Secondly, they cannot be used to precisely estimate

the locations in multi-contact scenarios. In this respect, it
is worth mentioning that [19] showed the possibility of
estimating the positions of up to three simultaneous contact
forces in simulation using joint torque feedback. However,
the performance of the algorithm drops if noise is present or
if the model of robot dynamics is not accurate enough.

Researchers started taking advantage of tactile sensors

to sense the contact forces or to precisely retrieve their
locations, thus proving the importance of tactile feedback
when performing exploration tasks [20] or to design control
strategies for grasping and manipulation tasks [21], [22].
Differently from methods relying on proprioceptive sensing,
the literature based on the use of robot skin feedback to
design reactive or compliant control laws to address contacts
occuring on the whole robot body is not so wide. Indeed,
the majority of the works exploiting tactile sensors only
considers contacts at the end-effector. This is due to the
fact that robot skin technologies covering the entire robot
body are mostly prototypes and therefore their usage is
restricted to a small number of research groups in the world.
However, the few works exploiting such technology to deal
with physical contacts showed the advantages of using large-
area tactile feedback. In these works [23]-[28], robot skin is
used to retrieve contact information. Then, joint torques are
commanded to properly control the interaction at the contact
point or to make the robot compliant during a collision.
In [23], a contact force task is performed using the robot
forearm. The proposed experiments showed that the contact
location retrieved using robot skin is essential to improve the
performance while controlling forces. In the work proposed
in [24], the inverse dynamics of the iCub robot is learned by
correlating the raw tactile sensor readings with joint torques.
Then, a control torque is computed allowing the robot to
compensate for an accidental contact with an object while
following a trajectory with the end-effector. The parallel
force/position control has been exploited in [25] together
with robot skin. In particular, authors showed that using
tactile feedback it is possible to execute motion trajectories
at the contact point by precisely controlling both reference
velocities and force profiles during the physical interaction.
In [26], [27], authors proved that tactile and joint torque
sensing can be used together to move a robot in a cluttered
environment. They proposed a control architecture consisting
of a model predictive controller on top of an impedance
controller ensuring robot compliance when in contact with
obstacles. In [28], multi-contact interactions detected using
a multi-modal robot skin are translated into robot motions to
achieve a whole robot body compliance with an omnidirec-
tional mobile manipulator.

In addition to robot skin, the aforementioned techniques
require at least the availability of a very accurate model of
the robot dynamics and the access to the low-level torque
controller. These assumptions could not be always satisfied
[18] (e.g. for industrial robots). Torque sensing or torque
control capabilities can be hard to implement in already
existing robots. Nevertheless, tactile sensing technologies can
be integrated afterwards [29]. The method proposed in this



paper only relies on robot skin. Indeed, differently from
works where the robot is controlled to be compliant when a
contact occurs, the idea here is to use the tactile feedback to
compute a set of joint velocities that minimizes the squared
sum of forces acting on the robot links. Using this approach
there is no need to model the robot dynamics and, since
the robot joints are commanded at velocity level, the access
to the low-level torque controller is not strictly required.
Then, similarly to what proposed in [15], [16], the robot
redundancy is used to execute a secondary goal, which in
this context corresponds to the reaching task.

III. PROBLEM DESCRIPTION

The task considered in this paper consists of controlling
the motion of the robot end-effector to reach a target point.
The goal is located at a known position X, € %3 in a cluttered
region of the space surrounding the robot. The position Xg,
as well as all the vectors defined in the rest of the paper,
are expressed with respect to a common reference frame,
which is assumed to be the robot base. The robot does not
have any a priori knowledge of the position of the obstacles
in the scene and does not make use of visual information.
During the movement towards the target, it can get in contact
with the obstacles with any part of its body (see Figure 1).

It is assumed that the interaction forces can be controlled
by using tactile feedback provided by a distributed tactile
sensing system integrated all over the robot arm. Such a sys-
tem is composed of taxels which are spatially [30] and force
calibrated [31], allowing the robot to sense the intensities and
locations of contact forces acting on its body. Each taxel
provides a measurement describing a lumped force acting
on it. Within the context of this paper, it is assumed that the
robot surface in contact with the surrounding environment
has a negligible curvature. Then, by considering a connected
region of taxels involved in a contact (i.e. composed of a set
of adjacent taxels jointly stimulated), the equivalent force
applied on the region is computed as the resultant of the
forces sensed by each taxel and applied to the centroid of
the area. This operation can be performed with any robot
skin system based on discrete tactile sensing, including the
many technologies proposed in the literature (e.g. [11]—
[14]). Therefore, the proposed approach can be assumed to
be independent from the specific hardware implementation
described in Section VI. Similarly to what proposed in [26],
the following assumptions have been made: i) slow robot
movements have been considered in order to neglect inertial
effects; ii) friction effects are ignored; iii) the effects of a
force applied on the contact centroid x € R3 can be modeled
as:

f=—k(nnT)x ()

where x € R3 is the velocity of the contact centroid, n € R3
is the normal to the robot surface at the contact centroid
and k > 0 is the elastic constant. Equation (1) represents the
continuous time equivalent of the discrete time contact model
proposed in [26] and [27].

IV. CONTROL OBJECTIVES DEFINITION

The problem of reaching a known target point X, from a
generic position x; is usually tackled by applying a control
law that minimizes a Lyapunov function of the form:

1
Ve = EeTe 2

where e = x;, — X, is the position error.

Let us suppose the target is not moving and there are no
obstacles in contact with the robot arm. The minimization
of the previous Equation can be achieved by imposing the
following control law [32]:

X, = —%;€ 3)

with ¥, > 0. The Cartesian command can be transformed in
joint velocities for the robot with:

q=—7Jie 4)

where J;, is the Jacobian matrix associated to the point X,
and (-)* is the pseudo-inverse operation, possibly properly
regularized if the robot is close to singular configuration.
In this specific context, the robot links can get in contact
with the environment (see Figure 1). Then, beyond the
problem of controlling the motion of the point x,, the
interaction forces arising on the robot arm must also be
properly maintained within safety limits. Thus, it is proposed
to modify the control law in Equation (3) by adding the goal
of minimizing the interaction forces during the robot motion.
It is assumed that, at a given time instant, the robot arm
is in contact with the environment with one or more links.
For each connected region of tactile sensors involved in the
contact, the following quantities can be computed exploiting
the robot skin feedback: f; representing the j-th force acting
on the robot arm; n; the normal to the robot surface at the
contact centroid X;.
Then the minimization of the following function is consid-
ered:

1 M
Vi=> ) ff )
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where f; = n}f i € R represents the component of the j-th
force acting on the robot body, while M is the number of
contacts applied at a generic time instant. The minimization
of Equation (5) corresponds to the minimization of the
squared sum of forces acting on the robot arm.

Equations (5) and (2) define two tasks, to be (possibly)
executed concurrently. Robot redundancy can be used to
satisfy multiple control objectives. Furthermore, it has al-
ready shown to be effective when exploited for problems of
obstacle avoidance and collision reaction [15], [33].

The contents of the next Section describe how to generate
the joint level control signal that minimizes both Equations
(5) and (2).



End-Effector Control
in the Null Space

Fig. 2. Control scheme overview: robot skin data are processed to obtain a
vector f containing information about the contact forces between the robot
and the environment. The joint level command q is computed by summing:
(i) a term that minimizes the squared sum of forces; (ii) a term that moves the
robot end-effector towards the target location X,. In the control scheme, ¥,
and 7y are the gains associated to the position and the force tasks. The robot
task Jacobian is defined as J,, while H is the matrix defined in Equation
(11) and P is its null space projector.

V. CONTROL LAW DESIGN

This Section describes how to compute the joint level
control action achieving the control tasks previously defined.
First, the minimization of Equation (5) is addressed. Then,
the task of moving the robot end-effector is considered. An
overview of the control scheme is shown in Figure 2.

A. Contact Forces Minimization

Given a set of forces acting on the robot, to achieve the
minimization of Equation (5) the control action must impose
the following condition at each time instant:

M
Vi=Y fifi <0 (6)
j=1
The time derivative of f; can be computed as follows:
fi=njt; +nlf; (7

From Equation (1) it can be seen that ﬁ}f 7 =0, since the two
vectors are orthogonal. Equation (1), representing the contact
model, can be substituted in the expression of f;, obtaining:

fj = n}fj = —kjn} (nm}) Xj = —kjn})'(j (8)
That allows to write Vy as:
) M
Vi=—Y fikn]x; <0 ©)
j=1

The above expression can be written as a function of the
joint velocity q, by defining J; € R3*6 as the linear jacobian
of the contact point X;:

M
V==Y fikm}J;q<0 (10)
j=1
Finally, with the following definitions:
f=[fi fu]" € /M
kinlJy (i
H= c RM =<6
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Fig. 3. The angle between w and e is minimized, allowing the robot end-
effector to rotate around the obstacle.

it is possible to write Vy in a more compact form:

Vy = —fTHq <0 (12)

The vector q representing the joint velocities, can be intended
as the joint-level control action. In order to make V negative,
q can be chosen as:

q=yH'f (13)

where ¢ > 0 is a gain factor.

Equation (13) represents a force feedback closed loop control
law minimizing the squared sum of the forces applied on the
robot.

B. Motion Towards the Target

The control law in Equation (13) can be used to control
the interaction between the robot and the environment. The
minimization of Equation (2), representing the reaching
control objective, will be executed on the null space of the
force task. The expression of q becomes:

q=yHf+Pz (14)

where P = [I— H*H]. Since P is an orthogonal projector for
H, the minimization of Equation (5) will not be affected by
the vector z, allowing to arbitrarily choose it. Therefore z
can be exploited to drive the robot end-effector towards the
goal, while it is still in contact with the environment.

From Equation (3), we know that:

—Y%e=Jq. 5)

Equation (14) can be substituted in the expression above,
leading to:

—Yee =Y J H £+ J, Pz (16)
Thus z can be written as:
2= (1,P)* (—ye— v J,HTS) (17)

and then, since P (J,P)* = (J,P)" the final control law is the
following:

q=yH'f+ (J,P)" (—ye — v J,H) (18)



C. Exploiting the End-Effector Orientation

As previously described, the error term e, appearing in
Equation (2), is defined in terms of position only. However,
the orientation of the end-effector is a free parameter that
can be exploited to help the robot get through obstacles.
To this aim, let us define a vector w, passing through the
center of the robot end-effector (see Figure 3). An idea is
to minimize the angle 8 between w and e. In this way, w
is controlled to point towards X, rotating the end-effector
around the obstacle. Therefore, the vector e can be redefined
to consider the minimization of the angle 6:

:|:Xg_xh :| 69{6

(wxe)O (19

where (w x e) is a vector representing the rotation axis of
the end-effector.

Then Equation (18), representing the joint-level control ac-
tion can be rewritten as:

q=yHf+ (J,P)" (~Tye— y,J,HTf) (20)
where I, is a gain matrix:
1 =diag(y ¥ Y Ya Ya Ya) (21)

and 7 > 0 and 7y, > 0 are the gains associated to the linear
and the angular error respectively.

VI. EXPERIMENTAL SETUP
A. Robot Platform

The robot skin technology used to validate the approach
is formed by a mesh of interconnected triangular modules
[34]. The single module (see Figure 4(a)) is composed of
11 capacitive transducers with a diameter of 3.5 mm and a
pitch of 8 mm. Tactile readings are acquired using a 16-bits
(with approximately 2-bits of noise) capacitance to digital
converter (CDC) coupled with a microcontroller.

A robot skin mesh composed of 3495 taxels has been
integrated on three links of a Baxter robot arm. Figure 4(b)
shows the final platform with more detailed information
about distribution of the sensors. Taxels measurements are
acquired at 20 Hz while the robot controller runs at 100 Hz.

The raw response of the robot skin was calibrated using
a technique similar to the one presented in [35], therefore,
each taxel measurement can be converted into a normal
force value. Furthermore, since the robot skin is spatially
calibrated, the location of contact forces acting on the single
tactile element is known with respect to the robot body base
frame.

B. Environment Setup

The controller has been validated within the environment
showed in Figure 5. The robot is commanded to reach five
target locations with the end-effector. To clearly see the
positions of the goals in the images and in the attached video,
five switches have been placed on the target locations. Each
one of them is connected to a led strip, which will turn on
if the switch is pressed.

Pressure
Sensor

-
8mm

(a) Cyskin Module.

Number of taxels
WO0: 1558

W2: 675

[ |

W1: 1215

(b) Baxter robot used to validate the approach. W0, W1
and W2 are the robot link names.

Fig. 4. Image showing the robot skin technology and the robot platform.

Five obstacles have been placed between the robot and the
targets. The obstacles consist of aluminum extruded bars
wrapped with an internal layer of pluriball and covered by
an external layer of neoprene. Figure 5 shows a picture of
the experimental setup from two different points of view.
Locations of obstacles and targets are highlighted in Figures
5(a) and 5(b). There is no clear path between the robot
end-effector and the targets. This means that the robot will
collide with at least one obstacle during the motion. The
placement of targets and obstacles has been chosen to test
the approach on a set of representative contact configurations.
Forces can act on a single link (even in opposite directions)
or on different links, both on the same side of the robot arm
or in opposite directions.

Examples of possible contact configurations are summarized
in Figure 6, where it can also be clearly seen the size of the
robot arm compared with the distance among the obstacles.
For each target the robot can collide in the following ways:

o Target A: single contact with Oy or multiple contacts
between O, and O; (Figure 6(a)).

o Target B: multiple contacts with O and O; on different
links and on the same side of the robot arm (see Figure
6(b)).

o Target C: multiple contacts (both on the same or on
different links) on opposite sides with O, and O3 or
with O3 and Q4 (Figures 6(c) and 6(d)).

o Target D: single contact with Q4 or multiple opposite
contacts on different links with Qs and O4 (Figures 6(e)
and 6(f)).



(b) Front view of the experimental setup. Blue circles
highlight the position of the targets.

Fig. 5. Experimental setup. There are 5 obstacles and 5 goal positions.
Distances among adjacent obstacles: ||O; — O, | =30 cm, [|O; —O3]| =33
cm, |02 — 03] =23 cm, |02 — O4]| = 34 cm, ||O3 — O4]| =27.5 cm and
[|O4 — Os]| =23.5 cm. Diameters of the obstacles: O =5 cm, Oy = 5.5
cm, O3 =6 cm, Os =6.5 cm and Os =5.5 cm.

« Target E: single contact with Os or multiple opposite
contacts (both on the same or on different links) with
04 and Os (Figures 6(g) and 6(h)).

VII. RESULTS
A. Experiments Description

Since the proposed method is reactive, the posture of the
robot arm as well as the contact configuration at a specific
time instant depend on the initial robot arm configuration.
Therefore, the robot was commanded to reach each target
location 10 times. At the beginning of each experiment, the
robot arm configuration was changed. Thus, a total of 50
reaching attempts were conducted. A target is considered
successfully reached if an absolute position error of 5 mm is
achieved. Conversely, the controller was stopped if the end-
effector did not proceed further due to a local minimum (a
timeout of 5 seconds was set). Furthermore, it was considered
to stop the robot if the maximum force, among those applied
on the arm, was greater than a threshold F.s, of 15N. The
value of Fy.g, is selected to avoid damages to the robot or
to the experimental setup.

There is only one requirement in the selection of the initial
arm configuration: the robot must be able to physically reach
the target location. To motivate this assumption consider for
example that the initial position is the one in Figure 6(h) and
the target location is C (see Figure 5). Due to the structure

TABLE I
SUMMARY OF THE 10 TRIALS EXECUTED FOR EACH GOAL LOCATION
STARTING FROM DIFFERENT ROBOT CONFIGURATIONS.

Goal | Success Rate | F(N) | Fpn(N) | Fy(N)
A 10/ 10 2.92 1.20 5.42
10/ 10 3.82 2.46 4.84
8/10 5.95 1.70 10.53
9/10 2.53 0.83 4.30
10/ 10 342 1.06 5.06

moaQw

of our controller, the goal C cannot be physically reached
starting from that position of the end-effector. Indeed, the
controller will move the arm towards C sliding on Os.
However, the arm is not long enough to reach the target
position and the robot will get stuck in a local minimum.
To address this kind of local minima, there is the need of a
high level planner that pulls out the arm and plans a different
starting point for the end-effector. This problem is out of the
scope of this paper and represents an argument for a future
extension of the work. Here, only the reactive behaviour was
evaluated.

In the experiments, obstacles were assumed to have the
same stiffness. This is reasonable since they have been built
using the same materials. With this assumption, the stiffness
value can be extracted from the matrix H (see Equation (11)),
becoming part of the controller gain ¥, defined in Equation
(13). The gain was tuned by considering the following
aspects. A high value allows to rapidly minimize Equation
(5). However, this could lead to very fast and jerky robot
motions. On the contrary, a low value leads to smooth but
very slow movements, and the robot could not properly
react to contact events. The gain yy = 0.05 was selected to
find a trade-off between smoothness and speed of the robot
motions.

B. Results and Discussion

The results are shown in Table I. The success rate for
each target location, along with a summary of the forces
applied among the 10 trials, is provided. In Table I, F is
the average of the maximum force applied during each trial,
F,, is the smallest maximum force applied and Fy; is the
maximum force applied over the 10 trials. These statistics
are computed for the experiments where the target was
successfully reached. Then, an example showing the trends
of the position error and forces during a single experiment
is given in Figure 7.

Results show that, with the proposed controller, the robot
addresses the possible contact configurations described in
Section VI-B and it can reach the targets in almost all
the experiments performed. The safety threshold Fij.s, was
never violated and failed attempts occurred for local minima.
It must be noted that in these local minima the robot stops
its motion applying bounded contact forces. To clarify this
point, let us consider the minimization of Equation (2) alone
and the corresponding control law given by q = —ng#e. Lo-
cal minima of Equation (2) are due to the motion constraints
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Fig. 6.
possible contact configurations.
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Fig. 7. Trends of the position error and forces while reaching the target
B (see Figure 6(b)). The second plot shows the maximum force applied at
each time instant to each robot link. The robot link names are the same
defined in Figure 4(b). The vertical line represents the time instant where
the position error is <5 mm. After the initial impacts the controller manages
to regulate the contact forces and to accomplish the reaching task. In this
case the robot is still in contact with one of its links when the desired
accuracy is reached. The remaining part of the plot (after the vertical line)
shows that the control law brings the forces to zero and additional contacts
due to small robot motions are still managed while maintaining the desired
reaching accuracy.

imposed by the obstacles. Without taking into account the
minimization of Equation (5), the robot could end up in a
local minimum, pushing against the obstacles and applying
an equilibrium force related to ||y,e|| which is not explicitly
controllable and potentially dangerous. On the contrary, with
the proposed solution exploiting the null space projection,
contact forces are regulated by Equation (13), while Equation
(2) is minimized at best. As a consequence, although the
robot could end up on local minima where the reaching task
is not satisfied, the proposed method still allows to properly

(2 ()

The robot is moving with the goal of reaching several target positions represented by the blue circles in the images. This image shows a set of

control the interactions with the environment.

It can be seen from Table I that two of the failed attempts
occurred while trying to reach the target C, where forces
acted on opposite sides of the robot arm (see Figure 6).
There was also a failure while reaching the target D. In that
specific case, the robot could not proceed further since the
joint shoulder reached its limit.

In summary, the proposed technique allows the robot to
address different types of contacts. However, depending on
the force displacement and on the arm configuration, there
could be multi-contact scenarios that are hard to be addressed
by purely relying on a reactive control law. A solution would
be to design a planner on top of the proposed method that
computes strategies to address local minima.

VIII. CONCLUSION

In this paper, a low-level control law allowing a robot
manipulator to get through obstacles was presented. The
interaction forces between the robot and the environment
are controlled exploiting distributed tactile sensors placed
over the robot arm. No model of the environment or an
estimation of it is required. Furthermore, the method does
not require an accurate model of the manipulator dynamics
and not even joint torque sensing or the access to the robot
low-level torque controller. The proposed technique could be
useful in all the contexts where a purely reaction-based robot
behaviour is required to prevent damage to the environment
(or to the robot) or injuries to humans. The method was val-
idated on a real robot partially covered with tactile sensors.
In the experiments, the robot was commanded to perform
50 reaching attempts starting from different configurations
of the arm. The obtained results showed that the proposed
method allows to deal with complex contact conditions and
therefore it can be used to control the robot in unstructured



environments. Although there are still limitations related to
local minima that are hard to be completely addressed with
a purely reactive strategy, the proposed method allows to
end up on local minima configurations where contact forces
are properly controlled. The design of a high-level planning
algorithm to be built on top of the reactive level is currently
under development.
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