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(a) (b)

Figure 6.2: (a) 3D printed mold and grid structure for building the SoftPad, (b) a scheme of the
complete process flow to develop a SoftPad.

with reduced distances. Also the total number of modules depends on the objects, which
should not cover the entire SoftPad. In this work, we selected size and number of modules
as the best compromise for the objects in the experimental set. The device that we built
was meant to be a prototype to validate the effectiveness of the devised grasping strategy
and thus was specifically suitable for the set of objects that we chose and exploited in
Section 6.3.

For developing the SoftPad, we followed similar guidelines as those described in
[144]. The process started by designing a mold consisting of a base and a grid both
realized in ABS material, as shown in Fig. 6.2a. The material used for the SoftPad was
the EcoFlex silicone (Smooth-On Inc., USA) with shore hardness of 00-301. The Ecoflex
silicone is a platinum-catalyzed silicone and is versatile and easy to use. It comes with
two parts defined as A and B. The optimal mixing ratio to achieve a smooth and well
cured elastomer is A/B = 1.

The molding process is shown in Fig. 6.2b. The first layer, that serves as a base for
the SoftPad, was cast with silicone as per the predefined height. Once the filling was
completed, the elastomer was left to cure for 4-5 hours. After the fully cured silicone
structure was achieved, the subsequent step was to divide the structure into a number of
small squares (which serve as soft modules) by using the grid part. To define a pneumatic
channel in each square, a 45×45 mm piece of acetate was placed on top of the first layer.
The purpose of acetate was to allow the silicone elastomer to flow around it without
adhering, establishing an inner channel. Lastly, the second layer of silicone was cast on

1https://www.smooth-on.com/tb/files/ECOFLEX_SERIES_TB.pdf
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top of the acetate and the mold was filled as per the required height, which was 1.5 mm in
our preliminary prototype. Again, the second layer had to cure for 4-5 hours. To avoid
bubble formation, the two parts had to be mixed and stirred very thoroughly for at least 3
minutes, and the curing phase had to occur in a heating chamber.

A height difference between the base and the upper layer of the SoftPad enables
the modules to be very soft on the top and considerably rigid on the other side, hence,
minimizing the downward inflation. In our prototype, to further reduce downward
inflation and enable a smooth upward inflation, a sheet of neoprene was embedded inside
the base layer.

High strength silicone tubes SPX-60 FB Versilon (Saint-Gobain Performance Plastics,
FR) were placed in each module by inserting them through a small hole made with pointed
end tweezers at the level of the acetate. Liquid silicone was put around the circumference
of the tubes to avoid air leaks. The tubing was connected to the Pneumaticbox, that
was used to control the inflation and deflation of the modules. The Pneumaticbox is
a control system developed to enable fast and real-time control of pneumatic systems.
It can provide up to eight independently controlled channels, each equipped with two
discrete valves for inflation and deflation, and a differential pressure sensor for reading
the channel air pressure. A separate pressure sensor was used to read the supply pressure
which was shared by all the channels. All pressure sensors and valves were connected to
a BeagleBone®Black (BeagleBoard.org, USA) embedded computer, which is the main
processing unit for the Pneumaticbox.

6.1.2 FEM simulation

To analyze the main structural properties of the SoftPad, a Finite Element Method (FEM)
simulation has been set up using Comsol Multiphysics® (Comsol Inc., USA) software.
For the sake of clarity, only one pneumatic module was considered. We acknowledge
that the uncertainties in the manufacturing process could lead to some variations among
different modules (slightly different thickness, dimensions, material heterogeneity, etc.).
However, the differences that we observed in the modules realized for our tests were not
significant with respect to the level of precision and sensitivity required by the system.

The geometrical model of the SoftPad consists of a mesh with 5106 thethraedral
elements. A surface pressure loading p is applied to the lower surface of the pneumatic
module, to simulate the inflating pressure, while its external boundaries are blocked with
a fixed constraint. We assumed an hyperelastic material, nearly incompressible with
quadratic volumetric strain energy [145].

Since data available in the literature about mechanical properties of the selected mate-
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was applied and the overall displacement in the center of the pneumatic module was
evaluated. Pressure values varying in the same range were applied to the real SoftPad
and the corresponding physical deformation was measured. The indicated minimum and
maximum pressure values were chosen by observing the SoftPad behavior, as explained
in Section 6.3. Results are shown in Fig. 6.3a. In the same figure, also simulated and
experimental results obtained by applying an external force in the center of the module,
with different force magnitude values, are reported. The used FEM model shows good
capabilities of predicting the module deformations, except from when it undergoes large
deformations due to high forces.

Other simulations were conducted to study how the sensitive area of a module changes
with respect to the inflating pressure. The sensitive area of a module can be obtained
by considering its inflatable area and the height to which it is inflated. In our case, it
approximately corresponds to the surface of a spherical cap with a square basis having
side l proportional to the inflating pressure. For the analyzed configuration, l varies from
≈ 20 mm for low pressures (0.5 kPa) to≈ 45 mm for higher pressures (2.8 kPa). Fig. 6.3b
shows the module deformation (in m) obtained for two different inflating pressures (p =1
and p =2.5 kPa) when simulating the application of an external normal force F = 0.5 N
in a central circular area with radius r = 5 mm. Note that the deformation around the
borders is limited.

A third set of simulations was carried out to estimate the mean equivalent stiffness in
the vertical direction of each pneumatic module. To this aim, a vertical force was applied
on a circular area with a radius r = 1 cm in the center of the module, with an equivalent
resulting magnitude F = {0.2, 0.5, 0.8} N. We measured the corresponding deformation
of the module for different inflating pressure values and compared the displacement in the
vertical direction of the module center, hload, with the value obtained without external
forces, hfree. We therefore evaluated the equivalent stiffness as k = F/(hfree − hload).
Obtained results are reported in Fig. 6.3c. When the pressure value is sufficiently high
or the applied force is sufficiently low, increasing the inflating pressure p we observe,
as expected, an increase in the equivalent stiffness k. In this cases, a decrease in the
equivalent stiffness as the applied force magnitude increases can be furthermore observed.
Instead, for high forces applied to modules at low pressure values, the overall module
deformation caused by the force application is such that the upper silicone layer contacts
the lower one and the corresponding stiffness is therefore higher. This effect is visible
when forces F = 0.5 N and F = 0.8 N are applied.

From the sensing point of view, varying the inflating pressure allows to change
measurement range and sensitivity of the device. For higher inflating pressures, for
example, modules are less sensitive to external deformations, because they are stiffer,
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and the same mass would generate a smaller deformation in the inflated module, thus,
lighter objects might not be detected. However, the more a module is inflated the larger
is the full scale of detectable weights. For higher inflating pressures, modules can resist
higher forces and thus detect heavy objects without collapsing (see the simulation results
in Fig. 6.3a: for high force magnitudes and low pressure values, the upper layer falls on
the lower layer and its height drops to zero). Similarly, a thicker upper layer corresponds
to a less sensitive module and a higher full scale.

We can express the sensitivity of our device as the minimum mass that can be detected
over a module. This depends on the sensitivity of the pressure sensors, but also on the
thickness of the modules upper layer and on the inflating pressure. In the prototype here
described, for example, with an inflating pressure of 1.1 kPa, which is the pressure value
used during the experimental evaluation, the minimum detectable mass experimentally
found is around 6 g. The corresponding generated deformation is not perceivable by eyes.

6.2 Grasping with the SoftPad

This section describes a grasping strategy that allows a rigid gripper to perform top-grasps
of objects placed over the SoftPad. Pressure readings coming from the SoftPad are used
i) in the grasp planning phase to estimate the pose and the center of mass of the object
to be grasped, and ii) during grasp execution to detect the contact between the robotic
gripper and the SoftPad. In both phases, the algorithm is based on the evaluation of the
pressure increments ∆Pi in each module i.

6.2.1 Grasp planning

When an object is placed on the SoftPad, we assume that the modules that are in contact
with the object are those in which an increment of pressure with respect to the initial
inflating value higher than a certain threshold to is detected. Note that, when a variation
of pressure occurs in a module, it is not possible to estimate the exact location of the
object over the module itself from the sole pressure measurement. In fact, the object
could be covering the whole module surface or a smaller portion of it: since the only
information we rely on is given by pressure measurements, we cannot distinguish these
two cases. Thus, the modules size should be chosen on the basis of the size of the objects
that have to be grasped in a certain application. If the objects are too small and cover just
one module, most of the benefits of using the SoftPad would be lost.

The outcomes of the grasp planning phase are the center and direction of grasp for a
rigid parallel-jaw gripper. To compute them, first all the modules are inflated to the same
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pressure, and then the center of mass of the object is computed.

6.2.1.1 Initial inflating procedure

Before starting to use the SoftPad, it should be inflated to a desired initial pressure. To
guarantee the proper functioning of the algorithm and the repeatability of the experiments,
it is important that each module is inflated at the same initial inner pressure. This ensures
that the heights of the six modules are the same, and thus the object is not tilted when
placed on the SoftPad. Moreover, since the algorithm is based on the evaluation of
the variations of pressure with respect to the inflating value, these variations would be
more complex to compare if computed starting from quite different inflating values. For
these reasons, if before the placement of the object the pressure in one or more modules
differs from the selected initial pressure of a value greater than a certain tolerance tadj ,
an automatic procedure will inflate/deflate the corresponding module(s) accordingly. The
tolerance tadj should be chosen as a compromise between accuracy and length of the
adjustment phase.

After the adjustment procedure is finished, the current pressure of each module is
measured and saved as a reference value. Then, an object can be placed over the SoftPad
and its center of mass can be evaluated starting from the new pressure readings, as
explained in the following.

6.2.1.2 Estimation of center of mass

We consider the object as a discrete system composed of as many masses as the number of
modules in contact with the object, each of them placed in the center of the corresponding
module (see Fig. 6.4a). The center of mass of the object is estimated by computing a
weighted average of the variations of pressure ∆Pi, i = 1, . . . , N , whereN is the number
of modules in contact with the object. The resulting point is called Pressure-based center
of mass, or PCOM, and is computed as:

xPCOM =

∑N
k=1(∆Pixi)∑N
k=1 ∆Pi

, yPCOM =

∑N
k=1(∆Piyi)∑N
k=1 ∆Pi

. (6.1)

Considering the reference frame shown in Fig. 6.4a, x and y range in a discrete set
of values: xi = {0.5, 1.5, 2.5} and yi = {0.5, 1.5}. Note that, from these assumptions,
the two objects in Fig. 6.4b have the same PCOM, even if they have different shapes.
In Fig. 6.4b-(3), module 1 is only partially covered by the object and this information
is taken into account thanks to the fact that most of the pressure variation is sensed in
module 4 (Fig. 6.4b-(1)), as the object is shifted towards it. In Fig. 6.4b-(4), the object is



6.2.GraspingwiththeSoftPad 81

x

y

0  1  2  3

2

1

x

y

0  1  2  3

2

1

0.5  1.5

1.5 

0.5 

1   2   3

4   5   6

1   2   3

4   5   6

1

2

1   2   3

4   5   6

1   2   3

4   5   6
x

y

0  1  2  3

2

1

x

y

0  1  2  3

2

1

+

+

+

1   2   3

4   5   6

x

y

0  1  2  3

2

1

x

y

0  1  2  3

2

1

1   2   3

4   5   6

1

2

3

4

(a)

x

y

0  1  2  3

2

1

0.5 

x

y

0  1  2  3

2

1

0.5  1.5

1.5

0.5

x

y

0  1  2  3

2

1

1.5

x

y

0  1  2  3

2

1

0.5

ϑ=0

ϑ=π/2

ϑ=π/4

ϑ=0

ϑ=0

2.5

1

2

3

4

(b)

x

y

0  1  2  3

2

1

0.5 

x

y

0  1  2  3

2

1

1.5

x

y

0  1  2  3

2

1

0.5

ϑ=π/2

ϑ=0

ϑ=π/2

x

y

0  1  2  3

2

1

ϑ=-π/4
x

y

0  1  2  3

2

1side 
modules

bisector

ϑ=π/4

corner
module

1 2 3 4 5

c =0.2s

1.5

safety 
shift

1.5

(c)

x

y

0  1  2  3

2

1

x

y

0  1  2  3

2

1

1

2

(d)

x

y

0  1  2  3

2

1

x

y

0  1  2  3

2

1

x

y

0  1  2  3

2

1

2

1

3
ϑ=π/2

ϑ=π/2

1.5

center of module

ΔP
mass

>

>

gripper

object

direction of graspϑ
PCOM

center of grasp

1.5

1.5

(e) (f)

Figure6.4:IllustrationoftheworkingprinciplesoftheSoftPadbasedgraspplanningstrategy,from

simplertomorecomplexcases.Notethatwhilein(a)and(b)differentshadesofpinkareusedto

denotedifferent∆PtolettheuserfamiliarizewiththePCOMcomputation,thisdetailisomitted

inotherfiguresforthesakeofclarity.

equallyplacedoverthetwomodules,buthasamassdistributionthatgeneratesahigher

pressurevariationinmodule4(Fig.6.4b-(2)).



6.2. Grasping with the SoftPad 82

6.2.1.3 Computation of center and direction of grasp

To identify the grasp, two parameters are required: a point on the object over which the
gripper’s center should be aligned (center of grasp or COG) and an angle θ identifying
the orientation of the gripper (direction of grasp). Angle θ ranges from −π/4 to π/2,
considering that it is equal to 0 when the direction of grasp is parallel to the x-axis of the
SoftPad.

As a first step, the planner counts the number N of modules touched by the object. If
the N modules are not adjacent (not even in diagonal), the algorithm assumes that there
are at least two objects on the SoftPad, since bridge-shaped objects are not taken into
account. In this case, the algorithm treats them separately, to grasp them in sequence.

Depending on the value of N , COG and θ are evaluated with different procedures.
The SoftPad that we designed has six modules, this is why in the following we describe
six different cases, depending on the number of modules touched by the object. However,
the described computations can easily be extended to more modules, as more complex
cases can be treated, with some adjustments, as simpler cases.
• N = 1. The COG corresponds to the center of the module, e.g., (0.5, 1.5) for

module 1. The direction of the grasp can be chosen by default, e.g., θ = 0. Note that the
1-module object is a limit case of our algorithm, because, as we wrote at the beginning of
this section, we cannot retrieve information about its shape.
• N = 2. The algorithm detects if the object is horizontal, vertical, or diagonal. As

shown in Fig. 6.4c, the COG corresponds to the PCOM computed from Eq. (6.1),
which is always on the major axis of the object (i.e., the axis linking the centers of the
two modules, depicted as a dashed red line). The direction of the grasp is perpendicular
to the major axis. For example, if the object is vertical, θ = 0 and the PCOM has the
same x of the center of the two modules, while the y depends on the weight distribution
of the object.
• N = 3. As shown in Fig. 6.4d-(1), if the object is horizontal, the COG corresponds

to the PCOM and the direction of the grasp is vertical (θ = π/2).
If the three modules are in a “corner-shaped” configuration as in Figs. 6.4d-(2)..(5),

the COG may not coincide with the PCOM . Since we are considering a discrete system
of masses, when they are not aligned, the PCOM can also fall outside of the involved
modules. The COG, instead, has to be on the axis of one module belonging to the object
to allow the gripper to grasp the object.

Considering Figs. 6.4d-(2)(3), let us call corner module the one in the middle, side
modules the other two, and bisector the line starting from the outer corner of the corner
module and dividing the object in two equal parts. Since the exact shape around the
corner is not known, it is safer to grasp along one of the two side modules rather than
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on the corner module. If the PCOM is in one of the side modules, it is projected on the
axis of the side module itself (Fig. 6.4d-(2)). If the PCOM falls on the corner module,
as in Fig. 6.4d-(3), the position of the COG is obtained by projecting the PCOM on
the closest axis of the corner module itself and then shifting it towards the nearest side
module. A safety margin cs is thus added either to the x (Fig. 6.4d-(3)) or to the y of the
PCOM . This safety shift allows the gripper to move from a potentially unsafe position
(i.e., the corner of the object). In our experiments we used cs = 0.2. The direction of the
grasp is the direction of the projection on the axis.

A similar reasoning applies for cases like those shown in Figs. 6.4d-(4)(5), where
it is difficult to do assumptions on the object shape along the diagonal parts. In these
cases the bisector is considered vertical and the direction of the grasp can be either
θ = π/2 or θ = ±π/4, depending on the direction of projection of the PCOM . In these
configurations, the PCOM can also fall outside of the object, as in Fig. 6.4d-(4). In
this case, it is projected on the axis of the nearest module (evaluated with respect to the
bisector). When the projection of the PCOM falls on the axis of the corner module, as in
Fig. 6.4d-(5), it is preferable to move the COG to the nearest corner of the side module.
In general, when dealing with corner-shaped objects, the use of shifts like the ones shown
in Figs. 6.4d-(3)(5) allows us to ensure a safer grasp moving the gripper away from a
potentially critical position.

To summarize, as for the 2-modules object case, in which the direction of the grasp is
perpendicular to its major axis, when the number of modules increases we applied the
same reasoning, considering as “major axis” the one passing through the center of grasp
(COG). Indeed, we consider as direction of the grasp the direction of the projection of
PCOM , as detailed in Fig. 6.4.
• N = 4. A limit case is the object occupying a square of 2×2 modules. This case,

similarly to the 1-module case, is treated choosing the direction of the grasp by default,
while theCOG is the center of the square. In all other cases, to simplify the algorithm and
make it as scalable as possible, we do not consider one of the modules at the extremities
and treat the object as it is 3-modules. The module which is not taken into account is
the one whose center is the farthest from the PCOM (see Fig. 6.4e), i.e., the one which
affects less the PCOM position. In this way, central modules (2 and 5 in Fig. 6.4a) are
never removed and the original shape is changed only far from the COG, so that a safe
grasp is always achieved. Taking Fig. 6.4e-(1) as example, after re-shaping the object
as it is 3-modules object it appears as a rectangle. If the gripper tried to grasp it from
module 1, it would hit the portion of object in module 4. However, since the removed
module is always far from the PCOM and thus from the COG, this will never happen.
• N = 5. The grasping strategy in this case depends on the position of the module
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that is not touched by the object. When modules are in a horseshoe, if the PCOM falls
in the central modules 2 or 5 (as in Fig. 6.4f-(1)) the safest grasp is obtained projecting
the PCOM (thus placing the COG) to the axis of the central module that is covered
by the object, because the weight of the object is well-balanced on the x-axis. If the
PCOM falls anywhere else, for the sake of simplicity and scalability all the cases can
be reduced to a 3-modules object case. If PCOM is on the left of the vertical bisector
(xPCOM < 1.5) modules 3 and 6 are removed (Fig. 6.4f-(2)), otherwise 1 and 4.

When modules occupy a 2 × 2 square plus a single module, if the PCOM falls
in the square, the direction of the grasp is vertical (θ = π/2), xCOG = xPCOM , and
yCOG = 1. Otherwise, the COG is obtained by the projection of the PCOM onto the
axis of the single module (Fig. 6.4f-(3)).
• N = 6. The COG corresponds to the projection of the PCOM on the major axis

of the SoftPad, and the direction of the grasp is vertical (θ = π/2).
In this work the number of modules is limited to 6, but the algorithm can be applied to

SoftPads characterized by a higher number of modules. The complexity of the algorithm
would increase with the number of modules, and thus appropriate arrangements are
needed to face the scalability issue. For N > 6, the idea is always to evaluate only the
area around the Pressure-based center of mass (PCOM ), leading back the problem to
simpler cases. As previously shown, when the number of involved modules increases,
the algorithm can be simplified i) ignoring one or more modules (e.g., from N = 4 we
obtain a N = 3 object), or ii) assuming that the object has an almost rectangular shape
(e.g., from N = 6 to N = 2). For N > 6, the same reasoning can be applied. If the
PCOM of the object falls in a “square-shaped region”, the algorithm will consider it as
it was a big N = 2 rectangle. If the PCOM of the object falls in a region with a more
complex shape, the algorithm will ignore some modules as in case N = 4-L-shaped or
N = 5-horseshoe. Fig. 6.5 summarizes the main steps of the grasp planning strategy.

The decision of increasing the number of modules of the SoftPad to obtain a higher
spatial resolution depends on the desired level of accuracy and is required with objects
with particularly complex shapes or when using very small grippers. According to the set
of objects and the available gripper, the best solution is to find a compromise between
resolution and simplicity of the device.

Note that the parameters (COG, cs) computed as in this section are expressed in a
reference frame where a unit corresponds to the side of a module (Fig. 6.4a). In this way,
all computations can be generalized to SoftPads with modules of any size.
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Figure 6.6: Experimental setup showing the Sawyer gripper grasping an object laying on the
SoftPad.

6.3 Experiments

The grasp planning strategy described in Section 6.2 was tested for 14 different ob-
jects, covering most of the cases that the algorithm can account for. To perform the
planned grasps, we used a Sawyer collaborative robot arm equipped with a parallel jaw
gripper with 9.5 cm long fingers, as shown in Fig. 6.6. Depending on the object to be
grasped, the gripper was mounted in three different ways, achieving a maximum width of
{10, 6, 4} cm respectively, and a corresponding minimum width of {4, 2, 0} cm. During
the experiments, the grasp execution was implemented as described in Section 6.2.2:
the gripper was automatically positioned and oriented over the object according to the
center and direction of grasp outputted by the grasp planner, then it went down towards
the object and automatically closed as soon as the pressure threshold tg was overcome,
meaning that a contact between the gripper and the SoftPad was detected. The SoftPad
inflation and reading, the robot controller, and the information exchange between the
SoftPad and the robot were implemented within the ROS framework [146] and can be
easily integrated within the main existing architectures.

At the beginning of each experimental session, the SoftPad was inflated to achieve
a pressure of 1.1 kPa in each module, corresponding to a height of 9 mm. We observed
that the range of possible inflating pressures goes from 0.5 to 2.8 kPa. For lower values,
the SoftPad is almost deflated and the evaluation of the variation of pressure in each
module is not feasible. For higher values, modules become too stiff and their shape is
such that the object cannot be stably placed over them. For the initial pressure we chose
an intermediate value in this range.

In the experiments, the threshold for the grasp planner was chosen so that it was
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possible to detect one Lego Duplo piece (12.6 g, 42×31×31 mm) and it is to = 0.05 kPa.
In general, this threshold should be selected based on the lightest item in the set of objects
that need to be manipulated. The threshold for the initial phase of pressure adjustment
was chosen as tadj = 0.03 kPa, whereas the threshold for the detection of the contact
between the gripper and the SoftPad was tg = 0.09 kPa. Note that tg must be chosen to
accurately avoid any false positive due to oscillations of measurements, which during
the contact detection would lead to close in advance the gripper. The value of tg can
be greater than to, because the impact of a rigid gripper moving towards the SoftPad is
easier to detect, as it produces larger pressure variations. Raw pressure measurements
from the Pneumaticbox were filtered using a running average filter of ten samples.

First, in a preliminary phase of the experimental evaluation all the possible combina-
tions considered by the algorithm were tested simulating by software different pressure
variations in the modules. Since the aim was only to verify the correctness of the algo-
rithm, each trial ended after the computation of the grasp parameters, without then using
the robot to grasp the objects.

In the following, two experiments are presented: one shows the detailed functioning of
the grasp planning strategy and the working principles of the SoftPad, the other illustrates
that the devised algorithm works for a variety of objects.

Experiment 1: Working principles of the grasping strategy

The functioning of the grasp planning strategy based on SoftPad readings is shown
considering an object composed of three Lego Duplo pieces. Fig. 6.7a illustrates the
planned grasp, whereas Fig. 6.8 reports pressure values for each module during the grasp
execution phases: the initial adjustment of the internal pressure of the modules, the
detection of the object, and the detection of the contact with the robot. As depicted in
Fig. 6.4b, there are cases in which the planned grasp is similar for two different objects (cf.
Section 6.2). Fig. 6.7b shows an example of this situation involving 2 adjacent modules.
An object shifted towards module 1 and another object with the base centered between
modules 1 and 2, but heavier in correspondence to module 1, are grasped similarly.

However, the SoftPad not only detects objects’ features, but was primarily built for
obtaining a safe gripper/environment interaction due to its intrinsic compliance. This
aspect can also help to robustly grasp objects that cannot be picked up when laying on a
rigid surface, as depicted in Fig. 6.9. This figure shows the outcome of an experimental
trial demonstrating that having a soft surface under the objects to be grasped not only
adds safety with respect to the robot/environment interaction, but also allows to perform
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(a) (b)

Figure6.7:(a)Simpleobject(weight=38g)layingontwoadjacentmodules:plannedgrasp

(COG=(0.5,0.96),θ=0).(b)Twoobjectsthathaveasimilarplan:theoneontheleftbecause

itisshiftedtowardsmodule1(COG=(0.5,1.18,0),θ=0),theoneontheright(54g)because

itisheavierincorrespondencetomodule1(COG=(0.5,1.21),θ=
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Figure 6.9: A soft environment allows to safely and robustly grasp objects with a rigid gripper. On
the left, a case in which it would be impossible for the gripper to grasp the object. On the right, the
SoftPad allows the gripper to safely grasp the same object.

grasps that would be impossible for a rigid gripper over a rigid surface due for example
to the particular shape of the objects, e.g., flat objects.

Experiment 2: SoftPad aided grasping of a variety of objects

We chose 11 different objects to show the potentialities of the grasp planning algorithm
based on the SoftPad pressure readings. During the experimental trials, the robot ap-
proached the object with a velocity of 0.05 m/s and each object was grasped and held
for 15 s. For each object, we performed five trials. The number of trials was considered
appropriate to evaluate the success rate of the experiment: since a rigid gripper, com-
manded with a velocity controller, is used, the grasp of the object is highly repeatable
once the right center and direction of grasp are computed. Thus, the success of the grasp
experiment is mostly related to the accuracy of the position and orientation references
sent to the robot and these parameters are the output of our grasp planner, which had been
also tested in the aforementioned preliminary experiment.

The planned center and direction of grasp obtained in one representative trial are
depicted in Fig. 6.10 and reported in Table 6.1, where also objects’ weights and success
rate in the five trials are listed. An overall success rate of 94.5% was obtained. Objects
1, 2, 3, and 6 are symmetric and with homogeneous weight, thus they were grasped
from the middle. For objects 4 and 5, and for the charger, the center of grasp is clearly
placed closer to the heaviest part of the object. The cylinder touches all the six modules,
so it is seen as a huge rectangle and the direction of grasp is perpendicular to the
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Figure 6.10: Objects used in Experiment 2. The black rectangles indicate the planned position of
the fingertips of the gripper.

horizontal axis of the whole SoftPad, i.e., it is π/2. The cylinder was filled with a heavy
small part in one side, that is why the grasp center is not placed exactly in the middle
of it. For the banana and the toy, the algorithm worked as in the case of 3-modules
objects (Fig. 6.4d-(5) and Fig. 6.4d-(4), respectively), while the limes were considered a
4-modules object (Fig. 6.4e-(2)). In particular, the banana can be considered in the case
depicted in Fig. 6.4d-(5) because it lays on modules 2, 3, and 4. Since the COG is in
(1, 1), the “major axis” we referred to in Section 6.2 is the one linking the centers of
modules 2 and 4, and the angle is −π/4.

In most of the cases (objects 1, 2, 3, 4, 6, banana, toy, and limes) the grasp was
successful five times out of five. Three failures were experienced. Two (object 5, charger)
were due to a missing contact detection, because the gripper touched the non-sensitive line
between modules. This depends on the size of the gripper tips, which is very small for the
chosen gripper. The cylinder was not successfully grasped in one case because the COG
was not successfully detected, even if the angle of grasp was correct. It was randomly
placed in the middle of the SoftPad similarly to Fig. 6.10 and pressure variations were
detected only in four modules. Unfortunately, the resulting COG was in (1, 1.5), which
was around 1 cm outside of the object. The chosen gripper (maximum width 6 cm and
minimum width 2 cm) could not grasp it. Using a gripper with a wider maximum width
and the same minimum width, this case would have been successful. We can conclude
that most of the issues could be easily overcome using a gripper with thicker tips and
larger maximum width.
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Table 6.1: Weight, representative planned grasp (center of grasp (COG) and direction of grasp (θ)),
and success rate for the objects in Fig. 6.10. The banana and the Lego Duplo pieces are taken from
the YCB Dataset [147].

Object Weight (g) Planned grasp Success rate

(xCOG, yCOG, θ)

object 1 23.8 (2.5, 1, 0) 5/5

object 2 25.3 (1.04, 0.96, π/4) 5/5

object 3 44.4 (1.5, 1.5, π/2) 5/5

object 4 52 (0.5, 1.2, 0) 5/5

object 5 64.9 (1.36, 1.5, π/2) 4/5

object 6 122 (1.55, 0.5, π/2) 5/5

banana 59.8 (1, 1,−π/4) 5/5

toy 131.6 (2, 1,−π/4) 5/5

limes 187 (1.5, 0.8, 0) 5/5

cylinder 88.9 (1.14, 1, π/2) 4/5

charger 312.3 (1.16, 1, π/2) 4/5

It is worth noticing that, when using rigid grippers, the inclination of the object may
represent an issue. Despite this, during the grasping experiments we carried out we did
not experience any failures due to the inclination of the objects. When the gripper closes,
its tips slide over the SoftPad and reorient the object. This is one of the advantages of
exploiting environmental constraints: the gripper can cope with object pose uncertainties.
Note that also the cylinder can be considered an “inclined” object as it is true that it is
placed in order and it can easily stand still over the SoftPad, but it touches all modules
from the side, generating small pressure variations that sometimes might not be detected.

6.4 Discussion

Even if during the experiments there was no compliance at the tip of the gripper, and
thus the interaction between the gripper and the object was still not completely safe,
experimental results demonstrated that the intrinsic compliance of the SoftPad can help
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in assuring the grasp and in improving safety. Note that in the performed experiments the
tips of the gripper were not equipped with soft parts, as for example in [148], because we
wanted to evaluate the advantages brought in by the compliance of the SoftPad. Indeed, it
is possible to add soft tips to the fingers, but it is a different approach that needs custom
design for the gripper and might change the behavior of the gripper itself.

Regarding the working principle of the algorithm, we are aware of the limitations
of making assumptions on the shape of the object. For example, it is not possible to
accurately trace the borders of the object. In other words, we cannot distinguish the two
cases reported in Fig. 6.4b. Most of the times, this does not affect the grasp success rate.
Even if the estimation of the center of grasp relies more on the weight distribution than
on the shape, objects are unlikely grasped near the extremities. Instead, if the estimation
of the angle of grasp is not precise, the soft environment helps in reorienting the object
while the gripper closes. However, the reliability of the estimation of center and angle
of grasp could be enhanced increasing the resolution of the SoftPad, i.e., using more
modules of smaller size.

Clearly there could be real-world applications where some limitations appear. For
example, it is not trivial to scale up the SoftPad algorithm for cases requiring a very high
number of modules. However, it is unlikely that in a certain task both a large surface to
be covered and a high resolution are needed at the same time. A high resolution may be
needed for very small objects, but in this case a large surface is rarely required, thus, a
limited number of small modules can be used. In most of real applications, the workspace
of the robot is proportional to the size of the objects to be grasped. On the contrary, large
surface and high resolution may be both required for big objects with a very strange
shape. Since most of the common objects do not fall in this category, a SoftPad with a
limited number of pads, whose size depends on the objects, can be used.

Visual information could solve some of the problems that might arise with the SoftPad.
Cameras are a widespread and validated solution adopted for object recognition, tracking,
and grasping [149]. The SoftPad, however, has two main features that a camera cannot
offer. First, it can be used to estimate the object center of mass, which is a fundamental
object property to take into account when planning grasps [150]. On the contrary, cameras
can only provide information pertaining the shape of the object: the weight distribution
within the object cannot be determined. Second, the SoftPad senses the interaction
between the gripper and the object/environment, which is usually performed by using
force/torque sensors at the wrist [127]. Therefore, using the SoftPad we can gather more
details useful to safely plan the grasp and we can define a grasping strategy exploitable
in cases where it is not possible to use cameras. Besides, with the SoftPad, there is no
need of taking into account occlusions, view changes, bad lightning conditions, which
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are problems that are commonly encountered with vision systems [151]. However, if
it is possible to use cameras, we can surely combine the SoftPad with a vision system
and merge the information gathered by the two systems, so to ensure more robust and
informative object detection through sensor fusion techniques and obtain a better grasping
plan.

6.5 Conclusions

In this chapter, we propose to exploit soft inclusions in the environment to perform
robust grasps with rigid grippers. This is achieved through a grasping strategy that uses
a sensorized soft layer, called SoftPad, to estimate object pose, shape, and center of
mass. To combine the precision of rigid hands with the adaptability of soft hands, we
propose to add compliance to the environment and not to the gripper. The main idea
behind the development of the SoftPad is that soft sensing modules can be added to the
environment to detect i) the contact between the gripper and the environment during grasp
approach, and ii) the approximate location and weight distribution of the object to be
grasped. Indeed, the great advantage of using the SoftPad as an object pose detector, with
respect to having a vision system, is the possibility to estimate the weight distribution.
Besides, the same device can be employed to sense the contact between the gripper and
the SoftPad, thus performing the role that is usually left to force sensors placed on the
hand fingertips or at the robot arm wrist.

The grasp plan computation is based on assumptions that might not be valid for
all objects, but, on the one hand, the possibility of sliding over the SoftPad solves
possible uncertainties on the object pose, and, on the other hand, the SoftPad parameters
(thresholds, inflating pressure) and physical characteristics (size, shape, material) can
be changed depending on the application, to be adapted to different sets of objects and
requirements. Moreover, parameters can initially be chosen in simulation and then fine
tuned with physical experiments.

The possibility of varying the compliance of the modules is considered an important
feature of the SoftPad. By changing the value of the inflating pressure it is possible
to change the compliance of the SoftPad according to the set of objects that must be
grasped. A highly compliant SoftPad detects lighter objects that generate variations of
pressure which would not be detected by more rigid modules. For heavy objects, modules
inflated at a low pressure would collapse, hence, it is preferable to use considerably
higher inflating pressures. In this work, we mainly focused on proving the effectiveness
of adding a sensorized soft layer to exploit environmental constraints and detect the
mass distribution of the object to be grasped. Thus, we selected an intermediate value
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of inflating pressure, which was suitable for all the objects in the set chosen for the
experiments. One of the objectives of future developments will be to exploit more the
adaptable compliance of the device.

The SoftPad concept is a first step towards the instrumentation of the environment
with soft inclusions for exploiting extrinsic, adaptable compliance during grasping and
manipulation tasks performed by rigid grippers. A similar device could be, for example,
integrated inside a conveyor belt in a factory, or even placed over more complex surfaces
thanks to its intrinsic compliance.



Chapter 7
Modeling soft sensorized surfaces: design aspects

Soft robots are spreading quickly and widely thanks to their adaptability, tolerance to
uncertainties, reliability, and intrinsic safety. To predict their behaviour, i.e., their final
configuration after the interaction with other objects, and to optimize their design, it
is fundamental to devise models that account for the fact that they are made of highly
non-linear materials and can be subjected to large, continuous deformations.

Well established modeling tools are available for robots composed of rigid links,
joints, and actuators: they have a well defined number of degrees of freedom, and
classical mechanics methods can be used to describe their dynamics and to properly
define their control systems. Soft robots, instead, have structures that can undergo
large, continuous deformations, and are made of materials having a non-linear behaviour.
Modeling tools for these kinds of devices are less exploited and more complex to manage.
Having efficient and accurate models for soft robots, however, is very important in the
mechanical design phase and to define proper planning and control strategies. When the
focus is on fast simulation and testing of planning and control strategies, it is useful to
have computationally efficient models. In [152], for example, a representation based on
Cosserat continuous beam theory was used to model compliant joints in underactuated
robotic fingers, whereas in [153] results from FEM simulations were employed to develop
equivalent lumped parameter models of soft hands with pneumatic actuation.

In this chapter, we focus on modeling the SoftPad, the pneumatically actuated soft
robotic device presented in Chapter 6 and developed to provide controllable compliance
and sensing capabilities to the environment during grasping tasks with rigid robotic
grippers. We concentrate on design aspects, relying on accurate Finite Element Analysis
(FEA).

7.1 Modeling the SoftPad

As detailed in Chapter 6, the SoftPad is a modular pneumatic surface made of silicone,
which, as well as most of the materials adopted in soft robotics, presents a non-linear,
viscoelastic behaviour. Following a procedure similar to [154, 155, 156], we tested differ-
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ent non-linear material models to understand which one is more suitable for describing
the functioning of the SoftPad. In particular, different models for non-linear materials in
FEM static simulations have been tested to evaluate which type of representation is more
convenient in terms of accuracy.

Here, we investigate how to model a single module of the SoftPad, but the achieved re-
sults could be easily applied to the simulation of the entire device, thanks to its modularity,
or to the simulation of pads with different shapes and dimensions.

7.1.1 Models

The most evident difference between linear elastic materials studied in classical structural
mechanics and soft materials is that for these ones all the measures, such as stresses and
strains, defined for infinitesimal deformations have to be redefined for large, or finite,
deformations. Considering a generic isotropic hyperelastic body, in the following, we
indicate with λ1, λ2, λ3 the principal stretch ratios, and with I1, I2, I3 the three stretch
invariants defined as

I1 = λ21 + λ22 + λ23 (7.1)

I2 = λ21λ
2
2 + λ22λ

2
3 + λ21λ

2
3 (7.2)

I3 = λ21λ
2
2λ

2
3. (7.3)

Hyperelastic or viscoelastic materials in numerical simulations are represented by
different non-linear material models. In general, the stress-strain relationship of non-
linear materials is represented by means of the strain energy potential W , that can be
either a function of the principal stretch ratios or a function of the strain invariants written
in Eq. (7.1), Eq. (7.2), and Eq. (7.3).

Non-linear models that can be applied to materials employed in soft robotics include
neo-Hookean [157], Mooney-Rivlin [158], Ogden [159], Varga [160], Yeoh [161], and
Gent [162]. Viscoelastic models include also time-dependent response due to relaxation or
creep phenomena in addition to the non-linear elastic response. Examples of viscoelastic
models are Maxwell and Voigt [163]. Here we focus on the steady state response of the
SoftPad and thus we do not consider viscoelastic phenomena.

In the following, the main features of the hyperelastic material models employed
in our numerical simulations (discussed in Section 7.2) are summarized. A SoftPad
made of EcoFlex 00-30 silicone (Smooth-On Inc., USA) was considered. The material
parameters’ values for each model are reported in Table 7.1. Since in [164] the results
obtained studying the mechanical responses of Ecoflex silicone rubber were similar for
Ogden and Gent, we chose to test only the first of the two models.
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Neo-Hookean model. The strain energy density function for an incompressible neo-
Hookean material in a three-dimensional description is defined as

W = Cnh(I1 − 3),

where the constant Cnh is related to the shear modulus µ so that Cnh = µ/2.

Mooney-Rivlin model. In the incompressible Mooney-Rivlin model, the strain energy
is defined as a function of the invariants I1 and I2:

W = C1mr(I1 − 3) + C2mr(I2 − 3).

C1mr and C2mr are constant values depending on material properties that we related to
the shear modulus, so that µ = 2(C1mr + C2mr). Their values have to be chosen on the
basis of experimental data.

Ogden model. In the Ogden formulation for incompressible materials, the strain energy
is expressed as a function of the principal stretch ratios, i.e.,

W =

3∑
i=1

µi
αi

(λ1
αi + λ2

αi + λ3
αi − 3) ,

where αi and µi are coefficients depending on material properties.

Varga model. Also in the Varga model for incompressible materials the strain energy
is defined as a function of principal stretch ratios:

W = C1v (λ1 + λ2 + λ3 − 3) + C2v (λ1λ2 + λ2λ3 + λ1λ3 − 3) .

In this work, the model coefficients were chosen as: C1v = 2µ and C2v = 0.

Yeoh model. Lastly, in the Yeoh model for incompressible materials, the strain energy
is defined as

W = C1y(I1 − 3) + C2y(I1 − 3)2 + C3y(I1 − 3)3,

where C1y , C2y and C3y are coefficients depending on material properties.
In this thesis, for the sake of accuracy we used the nearly incompressible versions

of these models. The strain energy density in this case is composed of two terms:
W = Wiso +Wvol [165]. Wiso represents the isochoric part and has the same expression
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Figure 7.1: Module deformation for neo-Hookean material at pressures {0.5, 1.5, 2.5} kPa.

of the strain energy density defined above for the incompressible case, but I1, I2, and λi
are substituted, respectively, with1

Ī1 = J
− 2

3

el I1, Ī2 = J
− 4

3

el I2, λ̄i = J
− 1

3

el λi,

where Jel is the elastic volume ratio. Wvol is the volumetric strain energy that is expressed
as: 1

2κ(Jel − 1)2, where κ is the initial bulk modulus. We chose κ = 105µ.

7.2 Simulations

After creating a FEM model of a single module of the SoftPad, a set of simulations
with different material models were conducted. Fig. 7.1 shows an example of obtained
deformations using the neo-Hookean model. As FE simulator we used COMSOL Multi-
physics 5.4 (Comsol Inc., USA). The Nonlinear Structural Materials Module of Comsol
provides several predefined material models together with an option to enter user defined
expressions for the strain energy density.

The simulated module was a 45×45×1.5 mm block. On the lateral faces, a fixed
constraint was applied, while a uniform pressure was applied to the lower surface. The co-
efficients for Ecoflex 00-30 silicone rubber models that were employed for the simulations
were derived from [166, 164, 167].

1Note that COMSOL considers the principal stretches of the elastic deformation, i.e., the principal elastic
stretches λeli, and not the principal stretches of the overall deformation considering also the inelastic part [165].
Here we omit the subscript for brevity.
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Table 7.1: Parameters depending on material properties for the models considered in the simulations,
relative to EcoFlex 00-30 silicone [166, 164, 167].

Model Parameters

Neo Hookean and Varga
Symbol Value

µ 42 kPa

Mooney-Rivlin

Symbol Value

C1mr 0.4375µ

C2mr 0.0625µ

Ogden [164]

i αi µi

1 1.3 22kPa

2 5 0.4kPa

3 -2 -2kPa

Ogden [166]

i αi µi

1 1.7138 24.3kPa

2 7.0679 0.0667kPa

3 3.3659 0.4538kPa

Yeoh

Symbol Value

C1y 17 kPa

C2y -0.2 kPa

C3y 0.023 kPa

In a first set of simulations, we compared the results obtained from FEM simulation
in terms of overall deformation of the pad with the mean of some experimental measures
that we took on three different modules (as shown in Fig. 7.2a and Fig. 7.2b). An
inflating pressure from 0 to 3 kPa was applied and the deformation was estimated as
the maximum height of the module, corresponding to its center. Results show that
the neo-Hookean model follows quite well the behaviour of the experimental data for
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(a) (b)

Figure 7.2: First set of experiments: comparison of different material models. (a) Measured
deformations of three different real modules as a function of the inflating pressure; (b) comparison
between the mean measured deformation and the deformations predicted with different material
models.

small deformations and almost overlaps it in the range [1.4, 1.8] kPa, while the Yeoh
model fits better for large deformations. We computed the root mean square error
between the mean of the real measurements and the simulated data and we obtained
RMSEnh = 1.1289 mm and RMSEy = 0.9259 mm for the neo-Hookean and the Yeoh
models, respectively. We also tested Mooney-Rivlin and Varga material models. The
obtained results had a similar trend to that of the neo-Hookean model, but presented a
higher RMSE (RMSEmr =1.2775 mm, RMSEv =1.2367 mm), thus we did not report
them in the diagram for the sake of clarity. The Ogden model largely overestimated the
overall deformation with two different sets of coefficients found in [164] for Ogden 1 and
in [166] for Ogden 2. Probably, in this case, an ad hoc parameter estimation should be
carried out in order to have a better fit.

In a second set of experiments we took the best two models (i.e., neo-Hookean
and Yeoh) and considered how the deformation of a module varies with respect to two
construction parameters: the height of the upper layer and the width of the module of the
SoftPad. During the simulations, the inflating pressure was set to 1 kPa. Fig. 7.3a shows
that the thicker is the layer, the lower is the produced deformation. The contrary happens
with respect to the module width (see Fig. 7.3b): the larger is the module, the more it
deforms, once the inflating pressure is fixed. As above, the Yeoh model shows a higher
deformation with respect to the neo-Hookean.
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(a) (b)

Figure 7.3: Second set of experiments: module maximum displacement (a) with respect to the
height of the upper layer and (b) with respect to the width of a module of the SoftPad. Data are
gathered simulating an inflating pressure of 1 kPa.

7.3 Conclusions

In this chapter, we addressed the problem of finding an accurate model of a pneumatic
module that we developed for the soft sensorized device called SoftPad. Different models
of non-linear materials available in the literature were compared in terms of accuracy
in reproducing the deformation of the module when an inflating pressure is applied to
it. By comparing the simulation results with measured deformations of three modules
with the same nominal dimensions, we observed that both the neo-Hookean and the Yeoh
models are able to describe the device behavior with a sufficiently good approximation.
In particular, Yeoh model fits better for large deformations.

A reliable simulation model of this type of components is useful in the design phase,
since it can be employed to predict the relationship between pressure and deformation as
a function of the main design parameters. In this thesis, we focused on a device with a
relatively simple geometrical shape, but we believe that the results of this study can be
extended to more complex structures, as for instance soft robotic hands made of silicone
rubber [125].



Conclusions and future work

This thesis presents my contribution to the field of robotics and haptics, collecting all the
work I have done from October 2017 to September 2020 toward my Ph.D. degree.

In these years, first, I tried to contribute to address the challenge of increasing safety
during surgical procedures, by measuring contact forces occurring during the interaction
between instruments and anatomical areas. Although haptic perception is of primary
importance while performing surgery, in robotic minimally invasive surgery the surgeon
can rely only on visual feedback and, besides, there could be also procedures in open
surgery in which a reduction of tactile perception may occur. For this reason, restoring
the sense of touch is an emerging need several researchers tried to address. To this aim,
in this thesis I focused on surgical instruments, proposing different novel pneumatic
methods to estimate contact forces both in robotic and open surgery. The collected results
paved the way towards the exploitation of novel pneumatic-based devices for contact
detection in more general scenarios. For example, a pneumatic device has been proposed
to create soft inclusions in the environment that can be used by rigid grippers to achieve
safer grasps.

The motivation which led to these works is clearly stated in Chapter 1, where also the
state of the art of force sensing in surgical frameworks is discussed. It is well-known that
haptic feedback can complement other sensory modalities and for instance counterbalance
the narrow camera view available in minimally invasive surgery. Among the several
applications present in the literature, robot-assisted palpation seems to be particularly
favored by the addition of haptic signals and without them excessive forces might be
applied by the surgeon causing complications.

Chapter 2 introduces the design of a novel pneumatic force sensor for robot-assisted
surgery, that takes advantage of measuring pressure variations inside a pneumatic balloon
to estimate the interaction force between surgical tools and patient’s tissues. This chapter
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is based on the work published as [168]. In this work, an elastic and sphere-shaped
membrane is placed in a tiny hollow inside the surgical instrument, very close to the
tip. By inflating this pneumatic balloon, it goes out from its cavity only when force
measurement is required. Once it comes into contact with the human tissue, a change
in the air pressure inside the balloon is registered by a pressure sensor: this value is
proportional to the norm of the contact force. In a first approach, the relationship between
contact force and pressure variation has been experimentally detected. The effectiveness
of the pressure based method has been confirmed by experimental results.

This innovative approach has been recalled in Chapter 3 with the aim of better
investigating the relationship between the norm of the contact force and the subsequent
variation of pressure inside the membrane. This chapter is a revised version of the work
published as [169] and presents a mathematical model relating the intensity of the contact
force to the variation of pressure, based on geometrical considerations combined with
an energetic approach. The mathematical model was validated through experiments
whose results showed agreement between model predicted data and ground-truth values
measured by a commercial force sensor. The promising results demonstrates the method
reliability despite its simple and intuitive technology.

The pneumatic approach is considered beneficial in several ways. Primarily, the use
of disposable materials already widespread in surgery, such as latex, polyurethane, or
silicone, avoids sterilization and biocompatibility issues. The location of the pneumatic
sensor represents an additional benefit: it is hidden inside the body of the instrument
when force measurement is not needed, so it does not limit the surgical workspace during
the standard medical procedures. Only after inflation, it comes out from its housing
in the proximity of the tip of the instrument, enabling the surgeon to palpate the tissue
of interest. Another fundamental aspect is cost reduction: since most of the surgical
tools in RMIS are disposable because of sterilizability reasons, the sensing system must
not represent a significant cost. Our device complies with this requirement because the
pressure sensor and the electronics can be located out of the operational workspace and
do not have to be replaced after every operation. Indeed, the only part that enters the
human body is the membrane and measurement information is transferred by means
of a gas to the sensitive components. Another advantage of the presented device is the
possibility to set the inflating pressure so as to have a sensor with different stiffnesses
depending on the anatomical area.

Although this pneumatic sensor has been developed for force evaluation during RMIS
procedures and thus its features (e.g., small size, lightweight, biocompatibility, etc.) have
been specifically designed to solve issues related to robotic surgery, the obtained results
may be suitable for any master-slave technology. For example, the sensing principle
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of the pneumatic device and its beneficial features (e.g., the possibility of tuning the
stiffness) can be advantageously used to estimate contact forces occurring in several
remote manipulation tasks, integrating one or more pneumatic balloons in a robotic hand.

The initial prototype size is still far from the surgery application requirements, but
it was suitable for a preliminary method validation with promising results. Further
developments will be focused on the miniaturization of the sensing device, possible due
to its simple structure, and on the actual integration with surgical tools. Surgeons’ opinion
on how to improve device ergonomics will be asked and feasibility in practical usage will
be explored. After miniaturization, the sensor will be properly characterized evaluating
its force range and resolution at different pressure values. Also a different set of elastic
biocompatible materials will be tested to understand which one might be the best for
different specific surgical tasks. In future works, also the stiffness measurement carried
out by a pair of pneumatic balloons and the force estimation method based on vision
will be extensively investigated. Among the different application scenarios that will be
explored, the integration of pneumatic balloons in a robotic hand will demand particular
attention.

Regarding the mathematical model, future development will also consider using other
techniques, for example based on vision, to estimate the initial radius of the membrane.

In Chapter 4, a novel pneumatic device to estimate contact forces between hand-held
surgical drills and bones has been presented. This chapter is an extended version of
the work published as [170]. With respect to the previous works, this device has been
specifically developed for surgical drills used in open surgery. It consists in a cover
equipped with soft silicone pipes representing the sensing element. The contact forces are
estimated by means of the variation of pressure which occurs inside one or more pipes,
depending on the direction of the force. In addition to the innovative working principle,
another novelty of this work is that the device has been not only validated in comparison
with a commercial force sensor, but also tested in combination with a haptic display for
force feedback in a preliminary experimental campaign. Also in this case, the use of
a gas as a means to estimate interaction forces represents a major advantage in terms
of delocalization of the electronics, size, cost, and biocompatibility. The development
of a more ergonomic cover is planned for next works, together with a more accurate
haptic display, and the investigation on the best location and type of feedback. Additional
metrics, such as tissue discrimination, will be considered to evaluate the accuracy of the
device and of the type of feedback. Several tests with tissues of different consistencies
will be conducted. Learning curves in performing the task with and without feedback will
be evaluated in a more careful future study, involving a larger sample. Further studies
will be conducted considering also the participants emotional state and the cognitive load
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during the performance with and without haptic feedback.
The results presented in the first chapters of this thesis paved the way for a new

interesting research line focused on pneumatic-based methods exploited not only for
force sensing in surgery, but also for a more general contact detection in a wide range of
applications. This research direction has been further explored in Chapter 5, Chapter 6,
and Chapter 7. Chapter 5 makes an introduction on soft robotics and presents the concept
of a soft modular pneumatic surface, called the SoftPad. In Chapter 6 an exhaustive
explanation of the SoftPad features is provided. These chapters are based on a revised
version of the work published as [171].

The SoftPad has been developed to add compliance to the environment during grasping
tasks, thus improving the grasp performance in terms of robustness to uncertainties, and
to detect object features and contact events. It consists of a matrix of silicone pneumatic
modules, whose number, geometrical properties, and arrangement can be adapted to the
specific context. Each module is connected to a pressure sensor and the contact between
the SoftPad and an object placed over it can be detected by reading pressure variations
in the modules. Thanks to the grasp planning algorithm that was devised in this work,
the SoftPad can be used to plan grasps in situations where cameras are not available,
or where object mass distribution estimation is paramount and cannot be done a priori,
supporting or even substituting other types of sensors typically needed in grasping, like
vision systems.

With respect to the pneumatic devices presented in the previous chapters, here a
similar reasoning has been exploited, but the variation of pressure sensed in the modules
of the SoftPad has been used to detect events related to the grasping task. Depending on
the entity of the variation and on the involved modules, object pose, approximate shape,
and center of mass can be estimated. This information can be used as an input for the
grasp planner of a robot equipped with a rigid gripper. As well as the pneumatic balloon,
the SoftPad brings in the advantages of soft robots, and in particular the possibility
of having a device that has sensing capabilities and at the same time ensures a safe
interaction between the robot and the environment.

The use of pressure sensors allows to delocalize the electronics, ensuring a high-
temperature resistant and washable device in the work-space, and to change the compli-
ance of the modules according to the objects to grasp. One of the objectives of future
developments will be to exploit more the adaptable compliance of the device. The possi-
bility of varying the inflating pressure may be exploited also to adapt the compliance of
the SoftPad to the approaching velocity of the robot, to ensure a safe and stable impact
even in case of high robot velocities.

The SoftPad can be used to grasp objects with sizes, weights and shapes varying in
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quite wide ranges, by easily adapting the design. In future work we target to improve the
grasping algorithm in terms of scalability to make it capable of working with potentially
any number of soft modules. We will also advance the simulation framework, to achieve
a platform for iterative design of the SoftPad based on gripper and objects properties. The
possibility of accurately modeling the behavior of the SoftPad will allow us to evaluate
the interplay between different parameters (size, material, inflating pressure, etc.) in
simulation before actually building the prototype, thus leading to an efficient process of
iterative design.

Regarding the last point, in Chapter 7 the behavior of the SoftPad has been studied
through Finite Element Analysis (FEA) and several material models have been tested to
understand which one is most suitable for describing the functioning of a single module.
Results shows that both the neo-Hookean and the Yeoh models describe the behavior of a
SoftPad module with a sufficiently good approximation. Future research on this topic
will include a deeper analysis of material properties, the evaluation of other structural
properties of the modules, and the contact and interaction problem between the compliant
surface of the module and a rigid object. Chapter 7 is a revised version of the work
published as [172].
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