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Object grasping and manipulation in robotics has been largely approached using visual
feedback. Human studies on the other hand have demonstrated the importance of tactile
and force feedback to guide the interaction between the fingers and the objects. Inspired
by these observations we propose an approach that consists in guiding a robot’s actions
mainly by tactile feedback, with remote sensing such as vision, used only as a comple-
ment. Directly sensing the interaction forces between the object, the environment, and
the robot’s hand enables it to obtain information relevant to the task that can be used to
perform it more reliably. This approach (that we call Sensitive Manipulation) requires
important changes in the hardware and in the way the robot is programmed. At the
hardware level we exploit compliant actuators and novel sensors that allow to safely
interact and detect the environment. We developed strategies to perform manipulation
tasks that take advantage of these new sensing and actuation capabilities. In this paper
we demonstrate that using these strategies the humanoid robot Obrero can safely find,
reach and grab unknown objects that are neither held in place by a fixture nor placed in
a specific orientation. The robot can also make insertions by “feeling” the hole without
specialized mechanisms such as a remote center of compliance.

Keywords: Humanoid Robot; Robotic Manipulation; Tactile Sensing; Sensitive Manipu-
lation; Biomimetic Manipulation.

1. Introduction

Tactile sensing is essential in how humans interact with their environment and their
ability to operate. For instance, subjects had objects slip when their fingers were
anesthetized ! suggesting that sensing the interaction with the environment through
physical contact, using a large number of innervations, is key for humans to perform
dexterous manipulation tasks. In order to make use of this feedback humans first
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come in contact with the object to manipulate. The information obtained through
contact allow us to learn from an object using Exploratory Procedures (EP) 2 and
control our physical interaction with it 3. Examples that show how we use the tactile
feedback include: repositioning their hands and fingers around an object, grabbing
and lifting an object stably (without slippage), and placing an object on a surface.

Fig. 1. The robot Obrero. (A) The sensors were biomimetically inspired by the ridges and in-
nervations of the human skin. Al displays a cross-sectional cut of the silicone rubber sensor. A2

and A3 show the deformation from an applied force. The position of the sensor’s center is used to
estimate the force applied. (B) Obrero has a 2 degree of freedom (DOF) head, a 6 DOF arm, and
a 8 DOF hand. (C) The hand has two fingers and a thumb. The thumb and the middle finger can
rotate 90° as shown in (B). Each finger has two phalanges with miniature series elastic actuators
(D), which are coupled and driven by one motor. However, the motion of the phalanges can be
decoupled when the distal one is locked. There are 16 tactile sensors (each 15mm in diameter) in
the palm and 4 in each phalange.

Tactile feedback is considered important for robotics manipulation and a large
body of work has been dedicated to the many aspects related. One of the aspects
is the development of tactile sensors that has been addressed using a number of
different technologies 456789 A second aspect is the use of compliance elements
for soft contact 191112 and conformational grasping 31415 Another aspect is the
algorithms and strategies developed to perform tasks using tactile feedback and
compliance elements 16:17,18,19,20,21,22,23,24 'The jdea behind these approaches is that
directly sensing the interaction forces between the object, the environment, and the
hand enables the robot to obtain information relevant to the task. This contact
information can be can be used to perform manipulation tasks more reliably.

It is worth stressing that the study of exploratory and grasping strategies that
take advantage of tactile feedback may have beyond humanoid robotics. An exam-
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ple is the control of hand exoskeletons 25:26

tactile feedback could complement neural control and achieve skilled object manip-

, in which autonomous control driven by

ulation.

In this paper, we build on these concepts to perform a number of different
manipulation tasks based on tactile feedback. We called this approach Sensitive
Manipulation 27 and addresses the hardware and the software required. We show
its implementation in the robot Obrero 2%, allowing it to safely reach, grab and
replace objects that are delicate, whose properties are unknown, and that are not
held in place by a fixture. Obrero can also make insertions by feeling the hole
without a specialized mechanism, all of which are current limitations of traditional
approaches. The use of tactile feedback allows the robot to effectively interact with
objects to manipulate them. However, the general purpose manipulation requires
knowledge of the context of the task to perform. For example, a hand tool like a
hammer should be grabbed by its handle in order to use it effectively. The work
presented in this paper address how to grab the handle based on interaction but
does not address the context of the task.

2. Sensitive Manipulation

The main idea behind this approach is making contact with the object to manipulate
as soon as possible and use the contact feedback to explore the object and control
the physical interaction. This approach is inspired in human manipulation. Humans
use a set of strategies collectively called exploratory procedures (EP) 2 in their
perception of the world around them, such as tracing object, unsupported holding
or enclosure.

If the robot is capable of coming in contact with an object gently and detect the
interaction then the algorithm for manipulation can rely on tactile feedback. For
example, if the robot needs to grab and object from a table, the robot can make
the first contact to verify the object’s presence, move its hand around the object
to embrace the object with the robot’s fingers while maintaining contact, grasp the
object confirming that the fingers are making contact with the object, lift the object
while detecting the grasp is stable, placed on a surface confirming that the object
is supported.

The execution of these steps is reliable because if relies on contact feedback to
control the physical interaction. For example, if the robot reaches for an object and
it does not make contact it can take actions to search for the object or cancel the
operation. In order to make this approach possible the robot’s hardware needs to be
considered. The robot’s hand and arm needs to be capable of gently come in contact
and the tactile sensors need a number of characteristics that include high sensitiv-
ity, normal and lateral force detection, and conformation. These two considerations
are related because the robot need to be able to touch the object lightly to avoid
moving it and that contact need to be detected. Once the contact is made the sen-
sors should be able to detect the force vectors applied to the object while providing
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an adequate physical interface to interact with the object. Different aspects of the
platform and the strategy of Sensitive Manipulation have been explored by a num-
ber of researchers as we describe along this paper. Sensitive Manipulation enables
the integration of many of these components. We have implemented a platform
with similar characteristic to the ones of human limbs and developed manipulation
strategies using these characteristics. In the following sections we describe both the
characteristics of the hardware required and the manipulation strategies.

2.1. Strategy

We consider that most of the relevant information for the tasks is extracted by
interacting with the environment and reactively responding to it. We deliberately
avoid to rely on an exact configuration of the robot’s limb and a precise model of
the surroundings.Therefore, the strategy consists in generating the interaction by
executing explicit actions allowing the robot to deal with positioning error.

Two examples of this approach are: (1) a robot can confirm contact with the ob-
ject to manipulate and position its hand around the object by reactively responding
to the object’s geometry, therefore not having to rely only on a kinematic model;
(2) a robot can sense the physical interaction between its hand, the object held, and
its surroundings to place the object on a surface, execute an insertion, or perform
a stable grasp.

Implementing a task using this strategy increases, in general, the number of
steps (subtasks) needed while increasing robustness and reliability (See Algorithm
in Figure 9). Examples for specific tasks as described in the following sections.

2.1.1. Pre-grasping

In this strategy pre-grasping consists on making the first contact with the object to
manipulate and repositioning the hand for grasping using tactile feedback. This first
contact confirms the position of the hand with respect to the object so that errors
can be consequently corrected with this information 292324, This first contact needs
to be gentle to avoid knocking over the objects. In addition the sensors have to detect
the contact independently of the geometry of the object and orientation of the finger.
Conventional approaches attempt to grasp an object directly, without first coming
in contact with it. In these cases reaching for the object is performed by moving
the hand to a desired position and orientation with high precision and subsequently
closing the hand. It requires that the object be in an exact position, pose, and, in
many cases, a fixture. The grasp may fail due to noise or errors in the estimation
of the object position or if the latter moves due to unexpected contact. A number
of different remote sensors such as sonar, cameras, and laser scanners are used to
estimate the pose and position of the object. The output of processing the sensors’
feedback is a probability distribution of the pose and position. Using these estimates
an open-loop grasp can be performed 303!, However, there is no confirmation that
the object has been reached/touched and a fair amount of computation is needed. In
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some cases force sensing in the fingers’ joints (load cells) or the surface (rigid tactile
sensors) 1329 are used to remove uncertainty. In general, however, these sensors
do not have adequate characteristics since they are rigid and apply high forces to
the object, detecting normal but not shear forces, or are only responsive to certain
geometries. For instance, 2% reports that 25% of the contacts are not detected by
the robot’s sensor. New tactile sensing technologies are being developed %7° to give
tactile sensors some of these properties. Another potential problem arises if the
mechanical impedance of the finger is high and the latter moves the object upon
contact unless it is heavy or anchored (like a door handle 23:24), or the finger moves
slowly. Because of these issues, this first-contact phase is avoided even in approaches
based on tactile feedback 8. The hand only makes contact with the object when two
opposing fingers are carefully positioned 3. However, when active contact sensing
is used, even with high stiffness, it allows to adjust the position of the fingers for
grasping 7. In our approach we take advantage of the robot’s sensing capabilities
and moves the robotic arm until contact is detected (Active Sensing)32. The sensor’s
and hand’s characteristics required for this subtask are described in Section 2.2.
The contact confirms that the robot’s arm has reached the object independently
of the relative orientation of the hand and the part of the object touched. Coming
into contact is safe because the tactile sensors are compliant and reduce the forces
applied to the object. Contact detection is guaranteed since the sensors’ response
is independent of the local geometry of the object 3. Finally, the robot can deal
with uncertainty in the position of the hand or the object because on contact the
object’s position relative to the robot is known. The hand then can be reoriented
and repositioned by feeling its way around the object until the fingers enclose the
object. This method is independent of the object’s shape (within a given range)
and does not require a specific orientation of the hand.

2.1.2. Grabbing an object

In general, a hand configuration must be pre-determined for each object to grab
using a criterion, such as force closure, that guarantees that the object will not
fall. A open-loop grasp (i.e. without contact feedback) can be performed using this
configuration 3031, Usually, it is not confirmed with tactile feedback that the object
is enclosed by the fingers as a result of the planned moves. Moreover, the robot
is not responsive to changes in the position of the object due to external forces.
This can cause the grip to be lost or the object to be wrongly oriented for the
task. Compliant hands solves some of the problems when the pre-grasp position
is within an acceptable range 3. However, contact active sensing, using load cells,
improve grasping 7. In our approach we rely on compliance using low-compliance
actuators (Series Elastic Actuators 3*) and active force control 2%, In addition the
robot uses tactile feedback to feel the presence of the object and adapt the hand to
achieve a more reliable grasp. As a consequence we obtain the following behaviors
for grabbing objects.
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Maintaining contact The force exerted by the fingers, not their position, is con-
trolled, making them responsive to changes in position and allowing them to stay
in contact with the object.

Centering the object with respect to the hand Closing the fingers around an
object can cause the relative position between the fingers and the object to change.
These changes might leave them in a position less than ideal for grasping. Therefore,
a behavior that centers the fingers respect to the hand helps to maintain a better
grasp. This behavior uses the previous behavior (Maintaining contact) for centering
the object.

Reducing stress using conformable skin In general, the model of a punctual
force applied by a rigid fingertip is used to determine the grasp 3°. This punctual
force will produce a large stress in an object that could damage it. In practice, this
model is usually invalid because the rigid fingertip is covered by a soft material to
improve the grasp and avoid damaging the object 5. We use a conformable skin that
can estimate directly the force distribution applied avoiding the punctual contact
model. At the same time, the conformable interface distributes the forces applied,
reducing the stress, and thus allowing the manipulation of brittle objects.

Confirming the presence of the object Detecting contact with an object using
tactile sensors should be an straight forward tasks. Nevertheless, the tactile sensor
has to be designed so that the detection is independent of the objects local geometry.
In most cases tactile sensors can detect contact with sharp geometries but not with
flat smooth ones 33. It is also usual that the sensors are rigid and any motion will
change their reading because it will lose contact. This limitation on the sensors is
usually modeled as noise 2°. In this work, we consider sensors that do not have these
limitations (Section 3.1).

2.1.3. Placing and inserting an object

Usually, placing an object on a surface consist of positioning the object just above
the surface without contact, and then releasing it. There is no confirmation of the
object touching the surface. This approach works well when the object is held at
a specific predetermined point, the configuration of the arm is precisely achieved,
and the surface’s position is precisely known. Using this approach to perform inser-
tions sometimes requires special mechanisms such as Remote Center of Compliance
(RCC) 36 or strategies with compliant motion ' to compensate for position errors
and avoid jamming.

We build on compliant motion strategies 6 and rely on sensing of external forces
to safely and robustly handle an object. The robot can move the object in its grasp
towards the surface until it detects a change in the forces due to contact. This
makes the robot robust to uncertainties in the model of the object, the coordinates
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of the surface, and the position of the fingers relative to the object. Moreover, it
guarantees that the object is in contact with the surface before releasing it.

In the case of insertion, the change in the forces due to the contact between
the object and the edge of the hole is detected and inherently compensates for
positioning errors in a similar manner to a RCC mechanism or compliant motion
strategies 1°.

2.1.4. Stable lifting of objects

In general, it is assumed that the robot’s fingers are in a configuration that guaran-
tees a stable grasp. Therefore, no feedback is used during the lifting phase. We use
tactile feedback along the motion of the object is used to detect if there is instability
and compensate as needed.

2.2. Robotic hardware

To show the feasibility of our approach we developed (1) compliant tactile sensors
capable of reliably detecting the physical interaction while providing an adequate
physical interface to handle objects and (2) compliant arms and fingers capable of
gently interacting with the environment. These two changes allows to take advan-
tages of the wealth of work on manipulation using tactile feedback and compliant
motion.

2.2.1. Compliant Tactile Sensors

A number of different tactile sensing technologies have been developed ®. Sensors
have been created for spatial resolution °, normal force fidelity 37, shear force de-
3839 yibration 7, heat 7, compliance 7%, and texture detection %%°. Many
of these technology are still not mature to be employed on real robots (with some
41,19,42,43,44.45) 'We consider that effective tactile sensors for robotic ma-
nipulation need the following characteristics. The importance of these properties
for specific tasks will be covered in the following sections.

tection

exceptions

(1) Force detection. High sensitivity to normal and shear forces (a three dimensional
vector) to give a complete estimation of the contact forces.

(2) Geometry independence. Responsive to local features that can be both pointed
or flat.

(3) Compliance and saturation. Have low mechanical impedance to minimize the
force applied upon contact and be capable of operating in saturation to handle
forces that are out of range.

(4) Deformable. Conform to the object to reduce the stress applied.

(5) Compact. Easy to mount on actual robots in large quantities.

(6) Friction. Have a high friction coefficient with a number of materials to increase
contact shear forces.
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To meet all these requirements, we have invented a new tactile sensing tech-
nology 4633 developed specifically for Sensitive Manipulation and inspired by the

ridges and innervations of the human finger 7 (Figure 1).

2.2.2. Compliant arms and fingers

Industrial robot’s structure and its control are designed to minimize the deflection
that an external force can cause when applied to it. This feature, known as high
impedance (~ 600,000Nm/rad), makes it difficult to come in contact safely with
the environment because the high reactive forces can cause damages. In contrast,
the human arm has low stiffness in static (< 20Nm/rad) and dynamic cases (<
40Nm/rad) *®, which makes possible a safe interaction with its surroundings. In
robotics, compliant arms with force control capabilities have been developed for
research laboratories and industry !0:28:11:49.50 " Qeries Elastic Actuators (SEAs)
are a successful approach to implement these type of arms because they use passive
elements (i.e. springs) in the driving mechanism. SEAs have been tested in legs ®1+52,
10,2811 and fingers 28. Using SEA to drive each joint, we developed a fully
compliant arm and fingers used for our approach.

arms

3. Experimental Setup
3.1. Tactile Sensor

The sensor consists of a hollow hemi-spherical shape, made of silicone rubber, that
deforms when stress is applied at any point (Figure 1A). The estimation of the force
vector is achieved by detecting the position of the tip of the sensor using either optics
or magnets 4633, In Obrero’s sensors the position of a magnet embedded in the tip of
the structure is estimated using a 2 by 2 square array of Hall effect sensors in the base
of the structure. The normal force (Figure 1A2) is estimated by adding the outputs
of the Hall effect sensors and the main components of the shear forces (Figure 1A3)
by subtracting the outputs of the rows or columns respectively. The spherical shape
of the sensor makes it likely that the first contact with an object is at a point only.
The stress at that point will be high causing the deformation of the structure. This
makes the sensor response independent of the objects geometry and the incidence
angle. It also makes the sensor highly sensitive. The three components of a force
applied can estimate based on the structure deformation. The sensor also conforms
to an object to reduce stress, has a high friction coefficient because of its constituent
material, and can be saturated (flattened) without losing its functionality. It is
compact and easy to fabricate in large quantities using standard molding techniques.
Examples of the sensitivity of these sensors can be seen in movies S1, S2, S3, and
their conformation capability in movie S8. A detailed analysis of the sensor response
and its properties is in 33.
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Fig. 2. (A) The low impedance and compliant tactile sensors allow the hand to approach an object
from its side, without it being in a fixture, or knowing the angle of incidence with respect to the
sensors. The hand explores the space until the fingers touch the object. The approach is made by
the side with the arm sweeping first sideways and later downwards. This exploration continues
until contact with the fingers is achieved. If only the middle finger has made contact, the hand
moves downward until the index finger makes contact. The thumb then rotates to oppose the index
finger. The hand moves forward in the direction of the forearm and on contact with the palm,
the fingers and thumb close. If during the downwards arm motion the hand comes into contact
with the table, the motion is corrected S4. (B) The approach can also be performed from above.
The thumb bends forward to make contact with the object. This approach is particularly useful
when the mass of the object is low S5. (C) The contact detection with the table, or other surface,
can be done by reading the angular change of the middle finger that safely gives in upon contact
because of the series elastic actuator in its joint. The finger is positioned to increase its chance
of first contact. (D) When closing the thumb to grab an object as described in A and B, the
most expected outcome is that the fingers are not symmetrically distributed with respect to the
object. Therefore, the wrist moves to achieve alignment. The force applied by each finger, and
not its position, is controlled while the wrist moves. (E) Obrero approaching an object from its
side. (F) Objects used in the experiments: a plastic bottle, a porcelain cup, a plastic cup and a
rectangular plastic box. Some objects were partially filled to increase weight (all objects weighed
approximately 220-265 g)

3.2. The humanoid robot Obrero

For our experiments we developed the robot Obrero 28 (Figure 1), which has a torso,
head, arm, and hand. The robot’s arm has three degrees of freedom (DOF) on the
shoulder, one on the elbow, and one on the wrist. All DOFs are driven by series
elastic actuators (SEA) 3% making the arm compliant. The hand has two fingers
(index and middle) and a thumb each with two coupled DOFs (Figure 1C). The
thumb and middle finger can rotate with respect to the palm (Figure 1B). The
fingers and thumb have two levels of compliance, first from the miniaturized SEAs
on their joints, and second from the deformable tactile sensors (Figure 1D and 1A).
This compliance makes it possible to come in contact with the environment gently,
while not limiting the force that can be applied.
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3.3. Objects

We choose objects (Figure 2F) that are difficult to manipulate because they have a
high center of gravity, are slippery on the table, and have a small mass (220 —265g).
At the first contact with a robot hand, these objects will be knocked over or pushed.
Moreover, they represent a challenge for tactile sensors because of the following
factors. Their bodies have low curvature with reduces the stress and make difficult
to deform a sensor to allow detection. It is easier to detect the objects edges because
the stress on a sensor can be increased with a given force. Most technologies will not
detect the contact because the force applied by one finger on an object will move
the object losing the contact. Low mechanical impedance is needed on the sensors
and the fingers to detect interaction forces. Shear forces are not easy to detect in
these objects because of their lack of texture. However, these objects are easy to
manipulate for human and we chose them to demonstrate the capabilities of the
robot and our approach.

4. Methods and Results

Fig. 3. Grasping sequence from the robot’s point of view: an example. Frame 1: An object is waived
in front of the robot to attract its attention. Frame 2: The robot detects the motion and moves the
hand towards it. This is the only part of the sequence where visual information is actually used.
At this point the robot starts exploring the space around the area where motion was detected,
until the fingers and the palm touch the object (frames 3 to 6). Frames 7 to 8: the robot grasps
the object and lifts it. Frame 9: the robot releases the object.

Our approach was demonstrated in the following tasks.
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4.1. Pre-grasping steps to eliminate uncertainty with an unknown
object

The goal of this task is to leave the hand in a position ready to grasp. The pre-
grasping task is divided into 1) locating the object and 2) positioning the hand for
grasping using touch.

4.1.1. Locating an object using touch

After roughly estimating the position of the object using vision, the arm moves
until it touches the object. The contact, confirmed using tactile sensors, indicates
that the object has been located. This removes the uncertainty about the position
of the object relative to the robot.

If no contact is detected, the robot can explore the environment searching for
the object using touch. This drastically reduces the dependence on the precision
of the model of the environment, as in traditional methods, since the robot can
safely explore its environment. It is important to note that this strategy relies on
an effective detection of contact requiring tactile sensors that work independently
of the angle of incidence and the local geometry of the object. This requirement led
to the design of the sensors described previously in section 3.1.

This approach was implemented in Obrero (see movie S4). The robot is posi-
tioned in front of a table with its arm above the surface. When a person waves an
object on the table, Obrero moves its hand towards the object roughly estimating
its position using the motion detected, the kinematics from the head and the arm,
and the table’s height. The table’s height is previously estimated by coming in con-
tact with it (Figure 2D). The trajectory used for this experiment approaches the
object from the side with the hand configured as shown in Figure 2A. The thumb
is up to allow the inside of the hand to come into contact with the object, which is
convenient for grasping it.

No visual feedback is used during the approaching stage to show the effectiveness
of the strategy. If no contact is detected, an exploration around this position is
performed. The hand moves to the side and to the front parallel to the table. These
directions are computed using the kinematics of the arm. If contact is detected, the
exploration stops, because the object has been located with no position uncertainty.
The first contact behavior is also shown in Figure 4.

4.1.2. Positioning hand for grasping

After the first contact with the object, the hand is moved to a position and con-
figuration favorable for grasping. The position and configuration are specific to the
task. For instance the configuration for grabbing with fingertips is different from
the one with fingers and palm (power grasp). In traditional methods, this task is
not needed because it is assumed that the hand reaches precisely the ideal position
for grasping according to a given model.
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Fig. 4. First contact. (a) The hand moves to make the first contact. It is expected that the
object (cup) will not be knocked over because of the finger’s low mechanical impedance (high
compliance). The trajectory of the lowest fingertip, the center of the palm, and the base of the the
cup are tracked in the images. In this case the cup did not move when came in contact with the
hand. (b) Shows the positions of the index finger phalanges’ on the image. The phalanges’ position
are visually tracked as the hand moves down towards the object. After the lowest finger makes
contact with the object (event marked by point Pc) it can be observed that the angle between
phalanges changes because of the compliance.

For this example, we had Obrero’s hand approaching the objects from the side
to perform a power grasp (Figure 2A). If only the middle finger came into contact,
it retracts a small angle (5°). The hand moves to the side and then down until the
index finger comes in contact with the object. The thumb then rotates to the same
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plane as the index finger. If there is no contact with the palm, the hand moves in
the direction of the forearm until contact occurs. The hand is now ready to grasp
the object. The sequence can be observed in Figure 3 frames 1 to 6.

The strategy described above can use different approaching trajectories or ex-
ploration patterns. In general, the choice depends on factors such as the object’s
properties or task to be performed. For instance, the side trajectory is appropriate
to grab a cup of coffee, however, if the object is lighter or taller it is likely to knock
it over. In that case approaching the object from above, with the hand configured
as in Figure 2B, would be a better strategy. This is shown in movie S5.

Sensitive Manipulation takes advantage of the compliance of the robotic fingers,
their force control and the conformability of the tactile sensors. Therefore, once the
hand has been positioned (Figure 3 frame 6) the strategy is simply close the hand
of the robot using force control until additional contact with the object is detected.
The hand can be moved to improve the grasp or compensate for external forces
while maintaining contact.

4.1.3. Confirming the presence of the object

The contact with all the objects was detected independently of the local geometry of
the object. In some cases, parts of the objects touched areas not covered with tactile
sensors, like the joints, and these specific contacts were not detected. However, the
object also touched other parts of the fingers that allow to detect the presence of
the object.

4.2. Grasping an object without information about it.

After the robot has positioned the hand around the object and the following be-
haviors are used.

4.2.1. Maintaining contact

Obrero’s hand controls the force exerted by the fingers instead of their position.
Therefore, if the object or the hand moves, the fingers maintain contact with the
object, within some range, giving a better grip. This is shown in movie S6 and
Figure 5.

4.2.2. Centering the object with respect to the hand

When the fingers close, they may end up in an asymmetric position with respect
to the palm (Figure 2D). To achieve a symmetric position Obrero moves its wrist
while applying more force with the finger that is more open until the angles of
the proximal phalanges differs less than 5°. This centering behavior is shown in
movie S7.
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Fig. 5. Maintaining Contact behavior. As the football is moved the fingers react and maintain
contact using force control. (a) Original position of the football when grasped. (b) and (c) show
the changes of the fingers’ position with respect to (a) as the football moves.

4.2.3. Distributing stress

The compliance of the tactile sensors allows them to conform to the object’s surface
thus reducing the local stress and decreasing the chances of damaging the object.
This compliance is shown in movie S8 and in Figure 7. In Figure 7 a transparent
glass is used to easily observe how the sensors conform to the shape of the object.
This conformation reduces the stress on the surface enabling grasping objects as
brittle as the glass or an egg.

4.3. Stable lifting

Obrero is capable of detecting changes in the interaction force to estimate the
stability of the grasp, which contrasts with traditional methods that use a pre-
computed hand configuration that meets the criteria of form or force closure.

This strategy is inspired by human manipulation where the slippage is detected
by the Meissner’s corpuscles that pick up the oscillations generated when a moving
object “catches and releases” our skin.

Obrero’s four sensors per tip (compared to about 300 per square centimeter in
53) are not enough to measure the “catch and release” effect in time to
increase the force applied. Instead, Obrero measures the change of the lifting forces,
allows the object to rest again on the surface and then retries the lift applying
greater force.

The behavior of the forces measured by the tactile sensors are similar to the
ones obtained by direct measurement in tactile innervations in humans 3. This

humans

implementation can be observed in movie S11.

Obrero lifts a cylindrical bottle of unknown size and weight in two attempts. In
the first one, the bottle slips and in the second one the bottle is held steadily. The
dimension of the bottle are mass = 0.179 K g, diameter = 92 mm, height = 216 mm
but the robot has no knowledge of them. The robot approaches the bottle from
the side (as shown in figure 2A), on contact the thumb is rotated to oppose the
index finger. Next, the thumb and index finger are closed gently until contact with
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Fig. 6. Hand centering behavior. As the bottle is moved, the finger are moved and are not positioned
symmetrically respect to the wrist. Contact is maintained because of the force control. The wrist
moves to position the fingers symmetrically respect to the center of the wrist. The finger’s angle
is shown in the plot. The blue segments represent the data collected while the red line is a 4th
order polynomial fitted to the data.

the object is detected. Figure 8E shows the configuration of the hand, the angles
measured, and the shear (‘w and ‘fy;) and normal (*f,,) forces estimated by the
sensors. Figure 8F shows the force response during the lifting of the bottle. In the
first attempt the object slips (Fr goes to zero between T and T). Obrero releases
the object and on the second attempt applies more force and lifts the object (Fr
remains at the weight of the object between Ty and T7).

4.4. Placing objects on surfaces and performing insertions

Sensitive Manipulation can place an object on a surface with a more reliable and
flexible strategy by detecting the lateral and normal forces of the object being held
(Figures 8A and 8B). This strategy also applies to tasks such as handing an object
to a person.

To do this, Sensitive Manipulation moves the robotic arm towards the table
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Fig. 7. Close-up view of the hand holding a glass. The sensors conform to the object reducing the
stress. The compliance of the fingers, under force control, makes possible that the fingers remain
in contact with the glass when grasping

(Figure 8C) until the contact is determined by measuring the force applied to the
object by the table (F'¢). This compensates for imprecision in the table coordinates,
is independent of how the object is held, and confirms that the surface was touched
before releasing the object. This strategy is shown in movie S9where the robot
releases a bottle when a person places his hand under it.

Insertion is another task that is approached with a more flexible strategy by
detecting the interaction forces. Obrero starts by bringing the parts in contact and
then explores to detect the insertion location (Figure 8D). The robot first moves its
hand down to detect contact (Figure 8C). On contact, the hand moves across the
surface until a change of forces (F'r) occurs when the bottle fits in the hole. At this
point, the bottle is released. This example is shown in the movie S10.

4.5. Grasping Results

The steps previously described were integrated to evaluate the grasping as a sim-
ple behavior. In this experiment, we presented different objects to the robot and
counted the number of successful grasps. We chose objects of different sizes and
shapes: a round plastic bottle, a rectangular plastic box, a porcelain cup, and a
plastic cup (Figure 2F). Some of the objects were partially filled, so that the weight
was roughly uniform among all objects (220-265 grams). The robot had no prior
information about these objects. Each object was presented to the robot at least 20
times and randomly placed on the table. 87 of 94 trials (93%) were successful. InB
the unsuccessful cases, the exploration was aborted because there was no contact
with the object.
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Fig. 8. Normal and Shear Forces. (A) Detail of the i-th sensor response when an object is held by
the hand. The normal force *f, is applied by the finger against the object. The shear force ‘w is
exerted by the object’s weight. The shear force *fs1 is exerted by either the weight if the bottle
is not held vertical or by the local geometry of the object. In this case, we assume *fs; = 0. The
shear force ifezt is the response of the sensor i to the force Fegzt applied to the base of the bottle.
(B) To show that the robot can detect forces applied to an object that is being held, Fez¢ was
applied by tapping twice the base of the bottle. The plot shows the temporal difference of the
summation of shear forces of all the sensors on the Z-direction. AFezt = Fezt(t) — Fext(t — T);
where Fept = Zl i feaxt for all sensors. The values showed have been filtered using a moving average
filter of size 8 and the sampling period of 100ms. (C) To place the bottle on the table, the robot
moves the bottle until it comes in contact when it is released. The contact is detected by the
changes on the shear forces as in (B). (D) The insertion of the bottle is done by first moving the
bottle downwards to detect the contact with the table and later moving the bottle on the table
until the shear forces change because the bottle gets in the hole. (E) Angles and forces considered.
O;,, and Oy, are angles of the Index finger and Thumb. ¢ f,,,*w, and * fs1 are the force component
estimated by the sensor. The sensor responds to the local geometry of the object as well as external
forces. (F) The summation of all the sensors on the Z-direction, Fpr =3, ), is used to analyze
the lifting of the bottle. The response to the local geometry of the objects can be observed between
the times Tp and 737 . The hand starts moving upwards at T3, which is indicated by the increment
of Elbow Angle. Between T} and T2, we observe that Fr decreases because of the weight of the
bottle but later goes back to zero. This shows that the hand lost contact with the bottle because
it slipped. Consequently, the robot retries the lifting. The fingers are opened at T and the elbow
goes back at Ty. The fingers are closed more than previously at T5 because of the greater force
applied. Between T5 and Tg, we observe the response of the sensors due to the local geometry of
the object. Between Tg and T7, Fr reaches a stable value that closely correspond to the weight
of the bottle. This force changes at T7 when the fingers are opened. The temporal difference of
Fr (AFr = Fr(t) — Fr(t —T) ) is used to detect slippage. Between points 77 and T» there is a
large positive slope while the fingers are closed, which corresponds to the loss of contact with the
bottle. Between points Ts and T% there is a slight slip that stops and the grasp stabilizes.
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Algorithm to grab an object using tactile feedback

>/ *** Pre-grasping stage ***/
LocatingObject(); > Move hand until touch is detected
while ( ObjectIsNotInsideTheHand() ) »>/* Is the object touching the palm and fingers? */

PositioningHand(); >/* Move hand around object while making contact */

>/ *** Grabbing stage ***/
CloseHand(); >/* Close fingers in force control mode until force threshold is reached */
CenteringWrist(); >/* Center the object on the hand respect to the wrist */

>/ *** Lifting-and-Moving stage ***/
while ( IsLiftingStable() and >/* Do forces in the direction of motion change? */
not( MotionCompleted() ) ) >/* Completed motion? */
MoveArm(); >/* Continue moving towards the surface */
if not ( IsLiftingStable() ) Cancel(); >/* Was the motion stable? */

>/ *** Placing-Object-on-Surface stage ***/

while ( NoContactWithSurface() ) >/* Do forces in the direction of motion change? */
MoveArmTowardSurface(); >/* Continue moving towards the surface */

OpenHand(); >/* Open fingers until no contact is detected */

\

Fig. 9. Overall algorithm to grab, lift, move, a replace and object. An explanation of the procedures
can be found in Section 4.

5. Conclusions and Future work

In this paper we show an approach to robotic manipulation that relies on com-
pliance, tactile feedback and explorative behaviors. We showed that following this
approach allows the robot Obrero to perform a variety of different tasks in an un-
structured environment. The main idea is coming in contact with the environment
as soon as possible and exploit the information generated by the interaction to guide
the exploration and consequent actions. Thanks to a careful design of the hardware
and control strategies the robot can come in contact with the environment safely,
sense the interaction forces, and perform tasks using this information. One of the key
elements of our approach was the development of a new biomimetic tactile sensors
that extract information relevant for the tasks to perform and provide a compliant
surface interaction, similar to a human skin. We demonstrate our approach using
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methods (separated by labeled circles) correspond to ones described in Figure 9.
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the robot Obrero, showing that it can execute tasks without previous knowledge on
the position, size or weight of the object, the surface on which it rests, or the hole for
insertion. These tasks include: approaching an object, positioning the hand around
it, grabbing the object after centering the fingers around it, placing the object on
a table, lifting the object from the table, and performing insertions.

Given the size of the fingers we focused on object manipulation using full hand
grasp (i.e. power grasp). Although not demonstrated here our strategy can be ap-
plied to object parts and extended to cover more general cases (i.e. grasping an
object by the handle or a tool or small slippery parts °*). We hope that this paper
will stimulate more work in this direction.

This means that Sensitive Manipulation does not require a detailed model for
each object to be manipulated, is adaptive to the changes in the environment, and
will not damage the object with which it interacts.
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