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Introduction

Industrial robots are traditionally located in controlled environments. Most of them are
equipped with one or many grippers, each adapted to a single task. Future factories are
moving towards more generic robotic manipulators with abilities to manipulate a variety of
objects. Meanwhile, robots are emerging in demotics, restauration and entertainment which
require them to perform more human like manipulation tasks. This means that the need for a
more generic and dexterous manipulators is increasing.

To achieve dexterous manipulation of objects, robots need to "feel" the touch of the object
in order to determine the adequate way to hold and grasp it. This ability is called artificial
tactile sensing. It consists in measuring a given property, such as force or temperature, through
contact with an object, then deducing certain parameters such as direction and position of the
force, torques, texture, hardness, sliding, object shape, etc. This allows the robot to adapt its
action parameters in order to optimize the way it holds the object and reduce the probability
of destroying it.

Most of the robotic systems created for dexterous manipulation of objects are inspired from
the human body. However, developing a robotic system that mimics the human body is highly
complex. No system created by men has the capabilities of the central nervous system, nor
the thousands of receptors placed on the muscles and skin. Therefore, the different manip-
ulation systems are adapted to a specific manipulation context, with several hypothesis and
mathematical models created for different tasks.

Studies like [LN99|, [YBA11] and [Dah+10] have focused on the characteristics of tactile
systems needed to achieve robotic dexterous manipulation of objects derived from human touch
sense characteristics. Others, like [Mur+94], based their studies on the mathematical models
using mechanical analysis.

To achieve robustness of the control adapted to a dexterous manipulation task, there are two
main essential elements to satisfy in the tactile system:

e The knowledge of the contact information (the contact area, the contact center position,
as well as the force and torque vectors applied through the contact).

e The detection of slippage.

The first element allows a higher efficiency in the gripping process essentially when dealing
with fragile objects. The second element allows monitoring the safety and effective quality of
the grip.

The CEA-LIST has designed a fully modular and anthropomorphic hand, which exactly
replicates the kinematics of the human hand, adding up to 24 degrees of mobility and 20
degrees of freedom, which is a design challenge if a high level of dexterity must be guaranteed.
A thorough mechanical design assures backdrivability through the whole mechanism, including
actuators and transmission of movement to the joints [MG14] [GMP15]. This feature greatly
improves the sensory capabilities of the hand: every surface becomes sensitive as every part
of the hand is driven by a backdrivable actuator. However, such an anthropomorphic gripper
suffers from a lack of knowledge about the contact point localization on the one hand, and the
quantitative estimation of all the distal force-torque components on the other hand.
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Therefore, a suitable tactile system should be added to the robotic gripper in order to meet
most of the requirements of dexterous manipulation. In this field, the most used systems are
based on the Biotac [Syn| and the Ati Nano 17 [Ati| sensors. Both tactile systems have been
widely implemented, such as in [Cio+13| and [Bat+16]. Each system has its advantages and
disadvantages. The main disadvantage of the Biotac is that the system cannot measure the
applied torques. It can measure just one-force component. In the other hand, the Ati Nano 17
cannot measure the distribution of pressure.

Meanwhile, the CEA-Leti developed a 3-axis force sensor based on Micro Electro-Mechanical
system (MEMS) technology. This sensor has been used in different applications such as texture
detection [Db10] and human skin analysis [CPD11]| with promising experimental results. This
sensor could differentiate texture on a printed page, i.e., the difference between the surfaces
covered with ink and the blank paper. This doctoral work is intended to explore the possibility
of creating a suitable tactile sensing system for robotic dexterous manipulation purposes based
on the 3-axis force sensor developed by CEA-Leti. The developed system should meet as many
requirements as possible by combining one or several sensors. The objective is to create a
system that can benefit from the small size and high integrality of the 3-axis force sensor in
order to provide the following contact information: the contact area (given sufficient information
about the manipulated object nature and the manipulator characteristics), the contact center
position, as well as the force and torque vectors applied through the contact.

In other perspective, one of the most important aspect in dexterous manipulation of objects
is the detection of slippage. Force torque sensors such as the Ati Nano 17 are able to predict
slippage by applying different theories. For example, slip theory of friction cone by applying
the coulombs law or an elliptical approximation of the relation force of friction and applied
torque as presented in [Mel00|. In the case of the commercial sensor Biotac, the slippage
cannot be predicted because there is no measurement of the tangential forces or normal torque.
Therefore, the slippage should be estimated by the vibrations as presented in [Rei+14], or by
the thermal micro fluxes as presented in [FAG13|. Additionally, the system can be implemented
with machine learning to prevent slippage. However, as presented in [Rei+14|, the system is
unable to detect when the object slips by an applied torque. Therefore, an analysis of slippage
should be done with the tactile system based on the 3-axis force sensors.

This work is mainly divided in three chapters. Given the variety of subjects, each chapter
has a section dedicated to the state of the art.

The 3-axis force sensor developed by the CEA presents interesting characteristics, such as high
resolution, small size and linearity. However, the range of forces of the sensor should be enlarged
to meet the requirements of dexterous manipulation of objects. Therefore, chapter 1 is dedicated
to the protection of the 3-axis force sensor. The chapter is mainly divided into 6 sections: the
first section describes the state of the art related to the protection of multi-axis force MEMs
sensors. The second section shows the operation principle and the theoretical characteristics
of the 3-axis sensor. The third section is dedicated to the experimental characterization of
the sensor. In order to protect the sensor and increase its sensitivity range, the fourth section
deals with sensor protection using different coating techniques. The fifth section deals with
the characterization and analysis of the coated sensors. A coating technique is selected based
on the desired sensor characteristics. Finally, some of the coated sensors are tested to validate
their resistance to high-applied forces.

The next stage consists in finding the best manner to implement the 3-axis force sensor as
a tactile system. Two main ideas can be applied; the first idea is to implement one or many
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sensors side by side. However, it would only measure the three axes of forces and the spatial
resolution would be inappropriate. In the other hand, an array of 3-axis force sensors fixed to a
rigid surface can produce an equivalent to the force-torque sensor Ati Nano 17. Those systems
are called intrinsic tactile systems. Chapter 2 presents the development of two different intrinsic
tactile systems. It is divided into three sections. The first section is the state of the art on
tactile sensing systems. The goal of this section is to guide the research around the best way to
implement the 3-axis force sensor of chapter 1 in a tactile sensing system. With the conclusion
and the system proposal of the first section, the second section is intended to prove and test
the capabilities of the proposed tactile system. The last section discusses the creation of the
proposed system for a robotic gripper and the integration into a soft contact approach.

Finally, the detection of slippage using an intrinsic tactile system is presented in chapter
3. This chapter is divided into five sections: The first section describes the friction limit
theory named limit surface. The second section, reviews the viscoelastic contact model that
is necessary to implement the limit surface theory on an intrinsic tactile sensing system. The
third part shows the construction and characterization of soft fingers based on the viscoelastic
model of contact. The fourth section reports the implementation of limit surface theory for
early slippage detection on an intrinsic tactile system. Finally, the results are analyzed and
conclusions are made.






CHAPTER 1

Adaptation of MEMS based three-axis
force sensor to dexterous manipulation

requirements
Contents
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1.2.3 Processing the sensor signal . . . . . . . .. ... L L. 13
1.3 3-axis force sensor characterization . . . . . ... .. ... ... ..., 14
1.3.1 Sensor conditioning . . . . . . . ... 15
1.3.2 Characterization methodology . . . . . . . ... ... 16
1.3.3 Characterization results . . . . . . . .. .. . L o o 17
1.3.4 Analysisof theresults . . . . . .. . . ... .. 19
1.4 Coating of the 3-axis forcesensor . . . . . . ... .. ... ... ... 20
1.4.1 Coating process . . . . . . . o e 21
1.4.2 Coated sensor characterization . . . . . .. .. .. ... ... .. ..... 22
1.4.3 Characterization results of the coated sensors . . . . . . .. ... ... .. 22
1.4.4 Result analysis and conclusions . . . . . .. .. ... ... L. 22
1.5 Resistance to high forcestest . ... ... ... ... ..., 26
1.6 Conclusion. . . . . . . o i i i i i ittt e e e e e e e e e 27

Context and motivations

The CEA-Leti has developed a 3-axis MEMs force sensor that exhibits interesting characteristics
such as linear behaviour, low hysteresis, and good accuracy (for more details refer to [DB-+09]
and section 1.2.2). Together with CEA-List, CEA-Leti foresee the possibility of implementing
the sensor as a tactile sensing system for a robotic anthropomorphic gripper.
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The sensor, as is, has few defaults : it has a small sensitive aria and low maximum supported
force (the maximum tangential force supported by the sensor is 1N). Therefore, a suitable
coating should be applied to the sensor in order to meet the necessary measuring force range
for dexterous manipulation of objects.

Chapter objective

The main objective of this chapter is the study of the protection for multi-axis force sensors
based on the technology Micro Electro-Mechanical Systems (MEMs).

Outline of the chapter

This chapter is mainly divided into 6 sections: the first section describes the state of the art
related to the protection of multi-axis force MEMs sensors. The second section shows the
operation principle and the theoretical characteristics of the 3-axis sensor. The third section is
dedicated to the experimental characterization of the sensor. In order to protect the sensor and
increase its sensitivity range, the fourth section deals with the sensor protection using different
coating techniques. The fifth section deals with the characterization and analysis of the coated
sensors. A coating technique is selected based on the desired sensor characteristics. Finally,
some of the coated sensors are tested to validate their resistance to high applied forces.

1.1 State of the art

This section reviews the state of the art related to the protection of multi-axis force MEMs
sensors. The main goal is to understand what has been made to the protection for this type
of sensor. Additionally, conclude what is the following step to protect the 3-axis force sensor
created by the CEA.

1.1.1 MEMS based 3-axis force Sensors

Micro Electro-Mechanical Systems (MEMS) development helped creating miniaturized and
accurate sensors, such as accelerometers and gyroscopes [Reb04]. It has allowed massive pro-
duction of inexpensive and small sensors present nowadays in nearly all new smart-phones.

To create force MEMS sensors, different technologies have been developed such as bulk micro-
machining and surface micromachining. These technologies are used to create silicon structures
inside a silicon wafer. Microelectronic silicon structures, transducers and interconnections are
used to create sensitive systems. In the case of force measurement, transducers measure the
mechanical deformation. Most commonly, they change their resistance or its capacitance when
they exhibit a deformation.

In tactile sensing field, force/torque MEMs based sensors such as presented in Table 1.1 have
allowed a highly integrated touch sensing systems.

This type of sensors has interesting characteristics such as linear behavior, low hysteresis,
and high accuracy. However, because of their size and fragility, they can’t resist to high applied
forces (as shown in table 1.1, the maximal normal force that the listed sensors can support
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Reference Characteristics

Year Author Ref. Force range |N] Sensitive area
Normal  Shear

3-axis force sensors arrays

2011 - 2013 Candelier, Alcheikh [CPD11] [Alc+13] 0t0 0.08 0to 0.03 0.7mm @

2010 Choi [Chol0] 0to0.08 0to0.08 1.5mm &

2009 Sohgawa [Soh-+09] 0t00.13 0t00.03 1mmxlmm
2008 Lee [Lee+08] 0to 0.01 0to0.01 1.3mmx1.3mm
2007 Vésarhelyi [Vao7| 0 to 0.01 nodata  0.25mmx0.25mm
2006 Kim [Kim+06] 0 to 2 0 to 2 1.2mmx1.2 mm
3-axis force sensors

2001 - 2011 Dao, Ho [Dao+01],[Ho+11] nodata 0tol 1.7mmx1.7 mm
2010 Boissieu [Db10] 0 to 2 0tol 2mm o

2009 Noda [Nod+09] 0.05to 3 0.05to3 20mmx20mm
2009 Wang [WB00] 0to 0.4 0to04 10mmx10mm
2005 - 2008 Beccai [Bec+05] [Bec+08] 0 to 3 0to 0.5 2mm &

2006 Noda [Nod+06] 0to4 0to4d 20 mm x 20 mm

Table 1.1: 3-axis force MEMs sensors

without protection is about 4 N). For most tactile applications, such as object manipulation
in robotics manipulation tasks, the range of forces that the sensor should support must be at
least 10N [YBA11] (further explanation is presented in section 2.1).

1.1.2 MEMS sensors protection

To solve the problem of measurement range, a solution consists in making bigger silicon based
sensors with bigger supports. However, due to technology considerations, the size of the sensor
can not be big enough to cover a large surface which doesn’t solve the small sensitive area
problem. In addition, using more silicon would significantly increase the sensor cost. Another
possible solution consists in protecting the sensor with an elastic coating layer, this solution was
applied in most of the listed research papers such as [CPD11], [Db10|, [Ho+11], [Nod+06] and
[V407]. This solution distributes the forces between the sensitive part of the sensor and the solid
area around it which increases the sensor dynamic range. This solution provides protection to
the sensor, increases the sensitive surface area and enables the sensor to be interfaced with an
external frame for intrinsic tactile sensing such as presented in chapter 2.

Coating the sensor can have many drawbacks such as the introduction of non linearity and
hysteresis. Depending on the used elastic material, a relaxation phenomenon may appear and
significantly change the sensor response to external load. The coating increases the dynamic
measurement range by distributing the force between the sensor and the surface around which
reduces the sensor resolution. Finally, the analysis of the forces applied on any point of the
surface is complex.

In [CPD11] and [V407], the authors made an extended analysis of the behavior of an array of 3-
axis force sensors covered by different types of elastic covers as shown in Figure 1.1. In [CPD11],
they mold a sphere section to cover a line of ten 3-axis force sensors with PolyDiMethylSiloxane
(PDMS) to investigate the mechanism of tactile transduction during active exploration. In
[VA40T7] the author creates a 3-axis force sensor and proposes different elastic covers, the first



Chapter 1. Adaptation of MEMS based three-axis force sensor to dexterous
8 manipulation requirements

one a plane parallel to the base of the sensors, and a second one of hemispheres in each sensor of
the array as show in Figure 1.1b. The analysis of those arrays is based on the characterization
of the behavior of the covered sensors with respect to the position and direction of the applied
forces.

ntilever: i
Cantileve: Si Substrate Microforce sensor
. : S S
> 4 —

Elastomer

(a) Tactile system proposed by [CPD11]

(b) Tactile system proposed by|Va07|

Figure 1.1: Coated 3-axis force sensors arrays

In [Bec+08], the authors protect a 3-axis force sensor with a polyurethane coating as shown
in Figure 1.2. This system is used to detect slippage. The maximum supported force is 15N
for normal force and 11 N in tangential force. The system assume a constant force distribution
in the surface.

__-Top layer-_

-
ty _[\ ,\( sili
\ = - __4-- oilicon
|I [ LHJ = :7 sensor -
~_
t, '.’l \'\\ -~ Flexible
o) & | circuit =TT =
K N
P1 P3 " Bottorn

layer ~ 7

Figure 1.2: Protected 3-axis force sensor of [Bec+08|

In [Ho+11], the authors create a hemispherical soft fingertip, the system consists of a 6-axis
force torque sensor embedded in a polyurethane rubber as shown in Figure 1.3. The system
could estimate the forces applied during the contact with an external object. They also propose
a model to find the position and direction of the applied forces.

In |Db10], the authors tests different types of coating for a 3-axis force sensor, between the
ones shown in Figure 1.4. The goal of their research is the discrimination of textures using a
normal force of 0.5 N. Therefore no maximal force was estimated, and no comparison between
the coatings was made.
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............ Transmission pillar

.......... MFMS chip

Epoxy.

Sensor

< Plastic cup
Pencil tip
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Figure 1.4: Protected 3-axis force sensor of [Db10]

1.1.3 Conclusion

The published articles related to the protection of MEMs force sensors such as [Db10],[Ho+11],
[Bec+08| or [CPD11] do not give any comparison between the coatings. They did not discuss
the effect of the specific coating shape, size and material. One goal of this chapter is to provide
guidelines for the design and construction of the coating for MEMs force sensors supported
with experimental results and comparison between various predefined coatings. The objective
is to identify the coating shape, size and material that provides the lowest alteration to the
sensor characteristics while increasing its dynamic range and providing protection against high
forces.

1.2 Existing 3-axis force sensor

This section briefly describes the 3-axis force sensor developed by the CEA-Leti. This sensor
is used in this chapter as the target MEMs sensor to protect.

1.2.1 Operation principle

The force sensor operates on the principle presented in [Yao+87|. This consists of eight strains
of sensitive elements that are attached to a stem. All these elements are made of the same
silicon crystal and have a geometry shown in the figure 1.5.

In this case the sensor is made of a monocrystalline silicon element, where the sensitive
elements are eight piezoresistors, i.e. their resistance value varies according to their deformation.
They are created by doping the underside of the silicon membrane. The piezoresistors are placed



Chapter 1. Adaptation of MEMS based three-axis force sensor to dexterous
10 manipulation requirements

Piezoresistive gauges
o

Stem
Membrane

Monocristal element

¢ S Membrane
(a) Photo of the sensor (b)  Piezoresis-
tors

Figure 1.5: Sensor structure

in the xy plane. This plane is tangential to the membrane as shown in figure 1.5b. When the
membrane is deformed, the piezoresistors are either compressed or stretched, depending on their
position in the membrane. The resistance changes according to the equation of proportionality
1.1.

A
fR ok, (1.1)

Where o is the stress applied to the material, k, = 138 x 10~ Pa~! is the constant of the
p-doped material [KDR94|, R is the resistance of the piezoresistance, and AR is the change in
resistance caused by the deformation of the membrane.

The eight piezoresistive elements have a similar resistance value R; at rest, and are placed
so that they are constrained symmetrically upon application of a force along an axis x, y or z.
The figure 1.6 shows schematically the deformation of the membrane during the application of
a normal force F, or tangential forces F,, F, in the plane of the membrane. The stress o; to
which each piezoresistor is subjected during deformation of the membrane can be decomposed
into the sum of three different constraints or,, or,, or,, respectively proportional to the values
of the three components Fx, Fy and F'z of the force applied to the sensor. Therefore, AR can
also be decomposed in the sum of Rz, Ry, Rz and it is respectively proportional to the forces
F,, F, and F,.

F 3|
= n =
(a) Tangencial force (b) Normal force

Figure 1.6: Transversal view of the sensor

The piezoresistors are associated to each other in a Wheatstone bridge arrangement, according
to x and y axis, as shown in Figure 1.7. In the first instance, all resistors are considered to
be of equal value, so R; = R. When no force is applied, the voltage V4, Vg, Vo and Vp is
a fixed value close to Vj,/2 where V;, is the supply voltage of the bridges. Once a force is
applied to the stem, the membrane is warped. This causes the compression or the stretching
of the piezoresistors along the x and y axis, leading to a change in their resistance values. The
resistance variation affects the potentials V4, Vg, Vo and Vp. By a different set of midpoints,
the three components F, I, and F, of applied force can be found.
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Figure 1.7: Configuration and distribution of the piezoresistors

Consider the case of a tangential force F) applied to the stem in the direction of the x axis,
as shown in Figure 1.6a. The piezoresistors R, and R3 are stretched taking the resistance value
R+ AR,, while R, and R4 are compressed taking the R— AR, value. Respectively, the voltages
V4 and Vp are obtained:

Va_ Ry R-— AR, (1.2)
Vin Ri+ R 2R :
In the same way:
Vs Ry R+AR,
Vi. Rs+R; 2R

(1.3)

Defining U, according to equation 1.4 gives a voltage proportional to the force F, applied
along the x axis.

AR,
Uy = (Vg — Vi) = Vi =

1.4
- (14)

In the same way, the voltage U, can be defined proportional to the force F; applied along the
y axis.

AR
Uy=Ve—Vp)= Vén—Ry (1.5)
Now consider the case of a normal force F, applied to the stem (see Figure 1.6b). Here the

piezoresistors R and R, are compressed while Ry and Rs3 are stretched. Similarly, R5 and Ry
are compressed and g and Ry are stretched. Thus, for the voltages V4 g c p we obtain:

Va Vs R+ AR,
= = 1.
Ve V. 2R (1.6)
and
Ve Vb R-AR,

Vin Vi 2R

Defining U, as a voltage proportional to the force F,
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2AR,
U:= (Ve +Va) = (Ve + Vp) = Vin—p— (1.8)

It may be noted that for a zero force f., U, = 0V, whatever the applied tangential force f,,,.
Similarly, for a zero tangential force, u, = u, = 0V whatever the normal force f, applied. In the
ideal case, given that the x, y and z axis are orthogonal, u,, u, and u, measure independently

the components f,, f, (tangential forces) and f, (normal force) of force f:

F=1rl=10 5 0]y (1.9)

where S;, Sy, and S, are the sensitivities and f;, f, and f., the forces. By symmetry, it is
considered that the sensitivities along the axes x and y are identical, so S; = S, = Sy.

1.2.2 Dimensions and characteristics of the sensor

The sensor, originally developed for other applications, was made in different sizes for different
sensitivities. The sensitivities S;, and S, are mainly defined by the ratio between the radius
of the membrane, the radius of the stem, and by the thickness of the membrane. The smaller
the ratio between the membrane radius and the stem radius, the more sensitive the sensor will
be. Besides, if the membrane is thin, the sensor is more sensitive and fragile.

The different variants of the sensor were characterized in normal and tangential forces as
described in [Db10]. With the monocrystalline nature of the sensor and the elasticity of silicon,
the sensor has a linear behaviour with respect to normal and tangential forces. Among all
the sensors produced at LETI, we used an available variant of the sensor with the following
characteristics:

e Membrane radius: 1000 pm

e Membrane thickness: 100 pm

e Stem radius: 575 pm

e S, Sensitivity : (8.5+0.3)mV/V/N

e S, Sensitivity: (3.0 £ 0.5) mV/V /bar

e P, max pressure. before deteriorating: 15 bar
o [, max strength. before deteriorating: 1N

e Maximum voltage variation before the deteriorating in tangential forces: AU, , 42.5mV
with a supply voltage of 5V

e Maximum voltage variation before the deteriorating in normal forces: AU, 225 mV with a
supply voltage of 5V

e The sensor is 5mm long, 3.5 mm wide, and 0.8 mm high regardless of the stem.



1.2. Existing 3-axis force sensor 13

These variants were developed for very specific applications that didn’t need a high force
sensitivity range. The robustness of such sensors is very low and not adapted for robotic
manipulation tasks. To adapt the sensor for robotic manipulation, the maximum supported
force (before breaking), as well as the maximum measurable force should be increased.

1.2.3 Processing the sensor signal

The sensor is connected to an analogue circuit which amplifies the signal and performs the
operations described by the equations 1.4, 1.5 and 1.8, as shown in the diagram in Figure 1.8.

Vin

Va
Vi
Ve
Vi

= GND = GND

Figure 1.8: Analogue electronic

The input voltage is defined as V;,, = 5V. The tensions u,, u, and u, have a centered value

of 2.5V at rest (F' = 0). These tensions are respectively amplified by the factors a,, a, and
a,. The equations describing this system are as follow:

Vin

Uz = (V= Va) + 5 (1.10)
Vin
uy = ay(Vo = Vp) + (1.11)
Vin
u, = o, (Vg +Va) — (Ve + Vb)) + (1.12)

2

Amplification values can be changed depending on the application. Taking into account the
maximum variations given in section 1.2.2, to use the entire range of the sensor (assuming
Vin = 5V) the values would be a,, = 50 and «, = 10.

All these calculations are performed with an identical value of the resistors R;. In reality,
however, the resistance values are not identical. A difference in the resistance would create an
offset, i.e. as the voltage difference is not zero - for example if V4 — Vg # 0 at rest - in the
equation 1.10 this difference would be amplified. The voltage difference caused by the difference
in resistance can be calculated as shown in the following equations:

OZVC—VD-FZ); (1.14)

0=(Va+Va)— (Vo +Vp)+1, (1.15)
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where the values b’ are the calculated offset values when no force is applied to the system.
So the electronic analogue output can be written as:

Uy — by = (Vg — Vy) (1.16)
u, — by, = a, (Ve — Vp) (1.17)
u, — b, = az((VB + VA) — (VC + VD)) (1.18)

where b, = bl o, + Vé‘”, by, = b;ay + VQ", and b, = V.o, + VQ" Then the equation to calculate

the forces 1.9 can be rewritten as:

F=1rl=10 8, 0ol |u —b, (1.19)
fz 0 0 Sz Uz—bz

Knowing that the axes of the sensor have a crosstalk, and that there is a linear relationship
between the measured voltage and the forces (shown in [Dbl0]), then the equation 1.19 is
rewritten as:

fy| = [Sye Sy Syz| |ty — by (1.20)
fz Szx Szy Szz Uy — bz

or compact form

f=s (ﬁ— 5) (1.21)

where the vector u are the proportional tensions to the applied forces f, S is a sensitivity
matrix and the vector b is the offset signal.

The sensor exhibits several imperfections. For example, due to their nature, the piezoresistors
found in the sensor can change their behaviour according to their temperature. In order to
solve this problem, a temperature sensing resistance is incorporated inside the sensor. The
second spotted problem is that, under certain circumstances, the piezoresistors behave like
polarized resistances. This problem needs to be detected before assembling the sensor. The
work presented in this document do not dive into temperature compensation. All experiments
are conducted in a controlled environment, so the effects of temperature are negligible. As for
the polarized resistance, only sensors who do not present polarized resistance symptoms have
been used.

1.3 3-axis force sensor characterization

The characterization presented in section 1.2.2 was performed using sensor ideal conditions.
But as shown in [Db10], this sensor does not have this behavior in practical use conditions.
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For this reason, this section deals with characterization of the sensor in real conditions. The
characterization of this sensor consists in finding the values of sensitivity matrix S, and offset
b of the equation 1.21. For this experiment the same test system developed by [Db10] is used.
The reference system for the characterization is presented in Appendix A.1.1. This system
has only two measurements of force f,.of and f,.r. To characterize a three-axis sensor several
measures must be performed considering different sensor orientations to get enough information
on its behavior in each axis.

1.3.1 Sensor conditioning

To exert forces on the sensor with the system presented in the appendix A.1.1, it is necessary
to condition the sensor. First, the sensor is mounted on a PCB (Printed Circuit Board). It
should be stuck to the PCB with two different glues. Then the sensor is connected to the PCB
via a wire bonding process as shown in figure 1.9. This process is well explained in [Db10].
Depending on the application, different types of PCB were created, mainly round and square.
In this section, a square type of PCB is used.

Three axis force sensor

PCB—:v![ \ — l\

\
Glue

Wire bonding

Figure 1.9: Sensor connection with the PCB

The difference in height between the stem and height of the sensor is very small. Thus, it
was decided to extend the height of the stem as shows the figure 1.10.

Figure 1.10: Conditioned sensor

A drop of epoxy polymer is placed on top of the stem. This makes it easier to apply forces
on the sensor. Three sensors of this type are subject to the same procedure as shown in figure
1.11.

Three sensors are used to test whether the results can be extrapolated, or if each sensor has
its own sensitivity matrix. To attach the sensor to the system shown in Appendix A.1.1, the
tested sensor is placed in a support made using a 3D printer as shown in Figure 1.12. The
support is fixed with screws at the end effector of the test system.

This support is designed to be able to put the tested sensor in two positions:

e In the first position, the axes of the sensor aligned with the test system.

e In the second position, the sensor is rotated 90 degrees so that the y axis of the sensor is
aligned with the x axis of the system.
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(a) CI12  (b) D12

Figure 1.11: Conditioned sensors

|

Figure 1.12: Sensor placed on support

1.3.2 Characterization methodology

The test system is only capable of measuring the force components f,..r and f..of applied on
the sensor. Thus, it is essential to do two measurement sets, in order to calibrate the sensor.
The two positions provided by the support are used to perform those two sets of measurements.
For the two sets of measurement, the following measurement methodology is performed:

e [ix the sensor to be characterized in its support;

e Without applying any force, start to acquire the sensor voltages u. This part of the
measures is used to calculate the offset b;

e Bring sensor and the rigid surface into contact by the precision screw, until a force of
(0.8 +£0.2) N is exerted, and is varied manually without exceeding 1 N force;

e Move two linear motors along a predefined path, to exert tangential forces on the sensor

e When the movement is done, the contact is automatically removed by a pneumatic actu-
ator;

e After 30 seconds, stop the acquisition system.

The defined trajectory is designed to exert a wide rage of forces in the different axes, i.e.
explore both the positive and negative forces in the x and y axes without breaking the sensor.
Unfortunately, the contact between the 3-axis force sensor and the rigid surface has a small
fiction coefficient, which does not allow to exert tangential forces through all the measurable
force range. The trajectory is shown in Figure 1.13. Such a square trajectory permits to
investigate the crosstalk between the axes when the forces do not change in the axis x and y.

Since two sets of measurements with different reference components (f;, f. and f,, f.) are
made, the rows of the sensitivity matrix are calculated separately using the corresponding
measurements. The different rows can be estimated using a least squares as follows :
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2.50mm

Omm

v
N
start

Figure 1.13: Trajectory for the sensor characterization

n Ugy — by
[S;x S;y S;z} = argmin Z faret; — [Sm Szy SM} Uy, — by (1.22)
[Sx:p Sacy sz] i=1 Uzi — bz
. R . n Ugq — bw ?
[Sye Sy, Sy:) = argmin Y | fuet; = [Sye Sy Sys) |y — by (1.23)
{Sy-r Syy SyZ] =1 Uz, — b,
n Uz — ba: ’
[S;m S;y S;Z} = argmin Z fovet; — [S’m Sy Szz} Uy, — by (1.24)
[Szac Szy Szz] =1 Uzj — b.

where furefi, fyrefis forefi are the reference measurement of forces (fyrer; is the measurement
taken with the sensor turned 90°), at sampling time ¢, and n the number of samples.

1.3.3 Characterization results

As presented in the previous section, at least two sets of measurements for each axis of each of
the three mentioned sensors were made. This is shown in Appendix A.2.1. Half the measure-
ments were used to calculate the sensitivity matrix, and the other half is used to validate the
matrix. Figure 1.14, shows the results of the experiments. The left side of the figure presents
the results for the measurement set used to calibrate the sensor. The right side of the figure
presents the results for the measurement set used to validate the calibration. This figure shows
the acquired data to the point where the contact was removed (the last 30s with no contact
was removed). In fact, when the contact is released using the pneumatic actuator, the trans-
ducers begin to vibrate as shown in section A.1.1.1, so the last part of the acquired data of the
measures was not used to calibrate the sensor since the reference is not correct.

Table 1.2 presents the error statistics between the reference system and the three axis force
Sensors.

Figure 1.15 shows the graphics of the relation between reference forces and the calculated
forces, in order to show the characteristics of linearity and hysteresis.

As said before, the reference system vibrates when the contact is removed using the pneumatic
actuator which makes its measurement unusable. So, to characterize the dynamic behavior of
the sensor in the z axis, the reference data at the instant when the contact is released is replaced
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Figure 1.14: Results of the sensor characterization
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Figure 1.15: Graph of linearity

by a step function in the system input. Since no speed or acceleration of the actuator is known.
The system transfer function is calculated using these signals based on the characteristic transfer
function of a second order over-damped system as follows.

-(p) K, (L.25)

fzreal(p) (1 + Tplp)(l + szp)

The values K, Tp, and Tp, are found for each sensor. These values can be calculated in
different ways. For example, by the method of Harriot for over-damped second order systems,
or by minimizing the error between the input and output. We used the System Identification
toolbox of MATLAB in order to easily determine these values. The computed values are :
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Measure | Mean error | Max error | Standard
deviation
fa —3.12mN | 23.20mN | 6.27mN
Sl 6.89mN | 26.82mN | 5.37mN
f- —5.67mN | 15.70mN | 4.31 mN
N f 4.83 mN 22.23mN | 5.89mN
= Iy 3.19mN 24.16 mN | 4.74mN
f- —331.06 pN | 16.24mN | 4.03mN
fa 2.29mN 28.47mN | 5.66mN
Sl 325mN | 17.42mN | 4.24mN
I —9.30mN | 22.72mN | 5.88mN
Table 1.2: Error statistics sensor
C12 D12 HO02
Kp=1 Kp=1 K,=1

Tp, = 0.001936 Tp, = 0.001965 Tp; = 0.0018377
Tp, = 0.001985 Tpy, = 0.002019 Tp, = 0.0018376

The acquired signals of force and the calculated model are shown in Figure 1.16

C12 sensor dynamic response D12 sensor dynamic response HO02 sensor dynamic response
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Figure 1.16: Dynamic response of the sensor when the exerted forces are released

1.3.4 Analysis of the results

Figure 1.14 and table 1.2 shows a high matching of the estimated forces in respect to the
reference ones, with a maximum measured error of 28.47 mN with standard deviation about
~ HmN. The reference system maximum error is 24.85 mN. Its standard deviation is 6.07 mN.
Thus, it is possible to admit that the proposed sensor itself doesn’t have a higher error than
the reference system. A more precise reference could be used in order to get a more precise
idea about the sensor precision.

The Figure 1.15 shows a linear behavior and a low hysteresis of the sensor. Unfortunately,
the tangential forces exerted in this experiment are small since the surface of the epoxy added
to the sensor is smooth and no enough friction was generated during the movement.
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Bode diagram computed from the second-order systems presented in Figure 1.16, are shown

in Figure 1.17
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Figure 1.17: Frequency response and phase of the force sensors

The modeled behavior of the sensors shows a cut-off frequency about 55 Hz. The modeled

performance of the sensors to

0.8

Z 064

oree|

= 044

a step signal is shown in Figure 1.18

Behaviour of the sensors to a step input

0

Figure 1.18:

The modeled settling time
10 ms.

The three sensors showed

0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
Time[s

Behaviour of the force sensors to a step input
for the three different systems for a step input of 1 N newton is

very similar characteristics. This leads to the conclusion that

the sensor manufacturing process is well controlled, the sensor is reliable and its behavior is

repeatable.

1.4 Coating of the 3-axis force sensor

This section deals with the protection and of the 3-axis force sensor. Additionally, the protected

system is characterized.

This section is divided in four subsections: First subsection describes the five different pro-
tections of the sensor made by coating is order to be compared. Second section describes the
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method use to characterize the protected sensors. The third subsection shows the characteri-
zation of the protected systems. Finally the results of the characterization are shown and the
conclusions are made.

1.4.1 Coating process

In order to protect the sensor and increase its sensitivity range, it is decided to protect the
sensor in a similar way as shown in [Db10]. The protection is made by deposing an elastic
material over the sensor so that the forces exerted on the material will be distributed between
the sensor and its surrounding area leading to an increase in the maximum supported force
at the price of decreasing the sensor resolution. But since the resolution of the bare sensor is
already high, a good compromise can be made and the resulting sensor can still have a good
resolution while resisting to greater forces.

The chosen elastic material is the polyurethane. This choice is entirely based on previous
works results in determining the proper type of protection [Db10]. Following the same PCB
mounting procedure shown in section 1.3.1, several protections were tested. In this document,

5 protections are considered as shown in figure 1.19
1‘.‘._
(d) rD

)

-

L6

gt

— Dttt

(a) rA (b) 1B (o) 1C () F02

Figure 1.19: Conditioned coated sensors
These sensors were chosen to be tested in order to determine the following points:

e Which material should be used?
The sensors are protected with two different polyurethane resins. The difference between
the two tested materials is essentially in the hardness :

— the black polyurethane has a hardness of Shore 80
— the beige polyurethane has a hardness of Shore 40

The sensors rC, rD and F02 are protected with black polyurethane, rA with beige
polyurethane, and the sensor rB is composed of half of each.

e What is the influence of coating height?
Sensors rC and rD have the same shape, the same material but different height in order
to establish a relationship between the coating height and the response of the sensor.

e What is the influence of the shape?
Differences in behavior between the forms of protection.

e What is the best way to create the coating?
Sensors rA, rB, rC and rD are made from a mold, and the protection F02 by pouring the
material above the sensor
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To easily manipulate the sensor, the support presented in the section 1.3.1 is used. Another
support has also been created in order to handle round shaped PCB as shown in Figure 1.20.

Figure 1.20: Sensor placed on support

1.4.2 Coated sensor characterization

The same characterization used in section 1.3 has been applied to the coated sensors. Neglecting
the non-linearity effects due to the coating, the equation f’ =S (u— l;) describes the behavior
of sensor. Here, the vector b (in V) is the bias. The matrix S (in N/V) is the sensitivity
matrix. It transforms the voltage of the sensor « into force f’ while taking into consideration

the coupling effect caused mainly by the coating of the sensor.

1.4.3 Characterization results of the coated sensors

The force exerted during characterization of the coated sensors is about 1.3N. At least two
measures of each axis for each of the five mentioned sensors were made at a frequency of 1000 Hz,
the acquisition system is shown in Appendix A.2.1. As in the previous section, half measures
is used to calculate the sensitivity matrix, and the other is used to validate the calibration.

In figure 1.21 the results of the experiments are shown in the same format as in section 1.3.

The table 1.3 presents the error statistics between the reference system and the three axis
force sensors.

The graphics of the relation between the reference forces against the calculated forces are
shown in figure 1.22. Here, the characteristics of linearity and hysteresis of the coated sensor
are presented.

The system response have been studied exactly as presented in section 1.3.3. The signals and
the modeled system response are shown in Figure 1.23.

As can be deduced from Figure 1.23, sensors rA and rB have a transfer function that fits
with a second order transfer function 1.25. The other three sensors have a well pronounced
relaxation phenomenon. The behavior of these sensors can be modeled by the function 1.26.

f(5)  ais+ap

— 1.26
foreal(s)  s2+aszs+ay ( )

1.4.4 Result analysis and conclusions

From Figure 1.21 and table 1.3, it is clear that sensors rA, rB and rD have a similar behavior
and good matching of the estimated forces in respect to the reference ones. However, sensors
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Figure 1.21: Results of the coated sensor characterization

rC and F02 have errors that are almost double compared to the others. Comparing tables 1.2
and 1.3, it is obvious that, in all cases, the coating has increased the error statistics compared
to the unprotected sensors.

Figure 1.22 shows that sensors rA, rB and rD preserve the linear behavior between measure-
ments.

Figure 1.23 shows that the sensors rC, rD and F02 have a non-negligible relaxation phe-
nomenon.
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Measure | Mean error | Max error | Standard
deviation
fa —3.36 mN | 46.31mN | 11.82mN
< 1y —8.44mN | 65.00mN | 15.67mN
f- 13.89mN | 52.78 mN | 11.98 mN
f —2.09mN | 64.19mN | 12.78 mN
A Iy 9.29mN 70.34 mN | 16.56 mN
f- 3.90 mN 33.42mN | 7.79mN
fa —19.85mN | 133.14mN | 40.70 mN
¢ Iy —24.37mN | 144.11mN | 35.92mN
f- 5.82mN 37.65mN | 8.19mN
fa —3.77TmN | 54.34mN | 18.17mN
- fy —2.87mN | 51.63mN | 11.92mN
f- —1.52mN | 31.25mN | 11.56 mN
fao 72.81mN | 190.33mN | 63.86 mN
S f, | -1053mN | 69.15mN | 16.67mN
f- 28.94mN | 135.17mN | 40.19 mN

Table 1.3: Error statistics coated sensor
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Figure 1.22: Graph of linearity of the coated sensors

Bode plot, calculated from systems presented in Figure 1.23, are shown in Figure 1.24.

The modeled cutoff-frequency of the sensors vary between about 30 Hz for the F02 and about
50 Hz for the rB. The theoretical performance of the sensors to a step signal is shown in Figure

1.25.
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Figure 1.23: Dynamic response of the coated sensor when the exerted forces are released
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Figure 1.24: Frequency response and phase of the coated force sensors

Behaviour of the coated sensors to a step input
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Figure 1.25: Behaviour of the coated force sensors to a step input
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1.5 Resistance to high forces test

In this section the protected sensors are tested to measure the dynamic range. The goal of this
test is to verify whether the coating preserves its characteristics for the range needed for object
manipulation (about 10 N).

The coated sensors that present the best characteristics (rA and rD) are selected for the high
force test. The test consists of repeating the same experiment presented in the previous section
by applying a higher force range. The test bench system does not allow more than 9N. In this
test, at least 8 N was applied to the sensor. The results are shown in Figure 1.26.
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Figure 1.26: Results of the selected coated sensors

The figure shows that the sensors preserve their characteristics such as the linearity for the
whole range of tested forces. The two systems resisted about 9N without breaking. Clearly,
they could go beyond this range without any problems. After the experiment, no hysteresis
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was noticed nor was there a change in their sensitivity. A more robust test bench tool could be
used to determine the maximum supported force.

1.6 Conclusion

This chapter presents an experimental procedure for designing a suitable coating for MEMS
based 3-axis force sensors. Five different coatings with different shapes, sizes and materials were
calibrated, tested and characterized in order to show the effect of the coating. The analyzed
characteristics were the statistics of error in time, the linearity of the response as well as the
impulse response of the system and the final sensitivity of the sensor.

The two sensors with the best characteristics are tested in a larger range showing that this
type of coating is desirable for the protection of MEMs force sensors.

Regarding the set-points evoked in section 1.4, the following analyses are provided:

Coating Material : polyurethane Shore 40

For the beige polyurethane with hardness of Shore 40, the relaxation phenomenon isn’t con-
siderable as is shown in Figure 1.21. Sensors coated directly with this material have a better
dynamic behavior (rA and rB). When two materials are combined as for the sensor rB, the
problem is that the forces are not distributed evenly in all directions (as shown in the linearity
analysis figures).

Influence of height: A higher coating leads to lower sensor sensitivity to tangent
forces

Sensors rC and rD have the same shape and the same material. However they have very different
behaviours. The bigger coating height in sensor rC reduces its sensitivity to tangential forces.

Influence of the shape: The shape must be symmetrical, and centered with respect
the center of the sensitive area, the tip of the protection must be pointy to assure
the that the forces are applied in this zone

Three different basic shapes were tested. The coating used in rA and rD has the same best
linearity. Those shapes gave the best results. The shapes of sensors F02 and rC have a
wide base. This significantly decreases their sensitivity in the shear axes. One of the biggest
problems of the coating shape used for the F02 is that the point where the forces are applied
is not centered with the sensor.

Manufacturing type of protection: The coating should be created by molding

The point of application of forces in the sensor must be well defined. The F02 sensor does not
sutify this condition. In fact, during the hardening process of the polyurethane, any disturbance
in the angle affects the central point position.

The proposed guidelines can be used to create new coatings, with different range of forces and
sensitivities. Consequently the force MEMs sensors can be applied in a larger set of applications.
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Context and motivations

In chapter 1, the coating of the 3-axis MEMs force sensor developed by the CEA-Leti was
studied. An optimal coating has been chosen. At this point, the sensor is ready to be inte-
grated in a robotic dexterous manipulation system. This chapter is dedicated to the design,
characterization and test of a fully integrated tactile system based on the coated sensor.

29
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Chapter objective

The study of the integration of the 3-axis force sensor presented in chapter 1 in a robotic gripper
intended for dexterous manipulation of objects.

Outline of the chapter

This chapter is divided into three sections. The first section is the state of the art about tactile
sensing systems. This section has the goal of guiding the research about to the best way to
implement the 3-axis force sensor of chapter 1 in a tactile sensing system. With the conclusion
and the system proposal of the first section, the second section is intended to prove and test
the capabilities of the proposed tactile system. The last section is the creation of the proposed
system for a robotic hand and the integration into a soft contact approach.

2.1 State of the art

This section gives an overview of tactile systems. It starts by a definition of tactile sensing.
Followed by an explanation of the human tactile sensing system and its capabilities. Then, a
short review of the history of artificial tactile sensing is given. Next, a classification of these
systems is presented. Next, a specific focus on the intrinsic tactile sensing systems and the
theory lying behind is made. The last subsection is a review of the existing sensors that could
be used to create intrinsic sensing systems.

2.1.1 Tactile sensing

Frequently presented as a single sense, the human touch sense is, in fact, a combination of differ-
ent senses. The human skin contains different sensing systems for measuring different physical
properties. It is mainly divided into three groups: thermoception used to feel temperature
of the object, mecanoception allows pressure sensing, and nociception which is responsible for
pain sensing.

By definition, tactile sensing is a "system that can measure a given property of an object
or contact event through physical contact between the sensor and the object". All properties
that can be measured through contact, including the shape of an object, texture, temperature,
hardness, moisture content, etc.”|LN99| are considered.

2.1.2 Human tactile sensing

The human hand sensing capabilities were studied in robotic tactile sensing. The main object
to learn the needed requirements for objects manipulation. In 1980 Harmon [Har80] proposed
that the goal of tactile sensors is to achieve the same capabilities as humans. Dahiya affirms
in his publication [Dah-+10]|, that there is an "absence of any rigorous robotic tactile-sensing
theory". Many surveys and papers about robotic tactile sensing as [How93| [YBA11| compares
the systems with the human system characteristics. The human tactile sensing consists of
three different senses, each of them have a different group of receptors distributed in the body
in variable concentrations.
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2.1.2.1 Mechanoception (Mechanoreceptors)

The mechanoreceptors are nerve cells that respond to mechanical interactions (pressure, vibra-
tion, deformation, etc.). There are four main types of mechanoreceptors in the human skin:
Pacinian corpuscles, Meissner’s corpuscles, Merkel’s discs, and Ruffini endings, as shown in the
figure 2.1. Each receptor has its own functionality. In [Dah+10] and [DN04|, the authors present
the capabilities of the human hand mechanoreceptors. Table 2.1 summarizes the characteristics
of each mechanoreceptors.

&
Meissner (FAD)~ B |Epidermis
Merkel (SAD———2¢/ \
.r,"“
Ruffini (SA2)—- Dermis
Sweat gland——_ 1
Pacinian (FA2) = |
:Subcutis

Figure 2.1: Cross section of the skin in the human hand [Wol06]

Receptor Pacinian cor- | Ruffini Cor- Merkel Cells Meissner’s Cor-
puscle puscle puscle

Type FA II SA II SAT FA'I
A —

daptation Fast Slow Slow Fast
rate
Location Dermis Dermis Epidermis Epidermis
Stimuli
frequency 50Hz — 1000Hz | OHz — 15 Hz 0Hz — 30 Hz 10 Hz — 60 Hz
(Hz)
Fiel

.1ed 3mm — 4 mm > 10 mm 3mm — 4mm > 20 mm
diameter
Response
threshold 0.54mN 0.58 mN 1.3mN 7.5mN

Sustained down- | Spatial  deforma-
. Temporal . .

Effective ) ward  pressure; | tion; Sustained | Temporal changes
. changes in the . . . .
Stimuli . . lateral skin | pressure;  Curva- | in skin deformation

skin deformation -
stretch; skin slip | ture, edge, corners.
L f i-
High frequency | Finger position; | Pattern/form  de- OW. Fedueney .Vl
. . . bration and motion
Sensory vibration detec- | Stable grasp; | tection; texture . )
) . ) ) . . detection; grip con-
function tion;  dynamic | tangential force; | perception; tactile .
) . . trol; Tactile flow
texture; tool use | Motion direction | flow .
perception

Table 2.1: Mechanoreceptors, adapted from [Dah+10| and [DNO04]
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2.1.2.2 Thermoception (Thermoreceptors)

Thermoceptors are sensory receptors that provide the information about changes in skin temper-
ature. There are two types of thermoreceptors: warmth fibers and cold fibers. The distribution
of cold and warms fibers varies across the body surface. In 1997, Caldwell published an article
|[CTWO7| describing the following characteristics:

e Thermal fibers detect rate of change of temperature rather than the absolute temperature.

e The surface of the finger is at about 32 °C under 'normal’ conditions but can vary over a
large range.

e The reaction time for cold sensations for a temperature drop of greater than 0.1°Cs™1,
is 0.3s — 0.5s.

e The reaction time for hot sensations with a temperature rise of greater than 0.1°Cs~! is
0.5s —=0.9s.

e Thermoreceptors can sense rates of change of temperature as small as 0.01°Cs™!
(0.6°Cmin~'), i.e. relative temperature sensing is accurately measured. The rate of
change required to elicit sensation is smaller if the skin temperature at the time of stim-
ulation is close to 20°C or 40°C.

e For small areas of the skin, the temperature range that can be adapted is from 20 °C—40°C
i.e. most of the absolute range is adapted. Never the less, it cannot be accurately gauged.

Changes are most noticeable above 30 °C and below 25°C.

e Below 20 °C, there is a constant cold sensation (full adaption does not occur) which gives
way to cold pain below 3°C.

e Above 40°C, there is a constant hot sensation that gives way to burning sensation pain
above 48 °C.

e Thermal cold pain is produced at a threshold of 3 although some researchers have put
the cold pain threshold as high as 15°C.

e The spatial threshold for the cold stimuli is lower than that for warmth. Cutaneous

sensation provides local information necessary for good task performance such as surface
texture, slip detection, thermal conductivity safety and local stiffness.

2.1.2.3 Nociception (Nociceptors)

There are sensory receptors that transmit information about noxious stimulation that causes
damage or potential damage to skin. There are two groups of nociceptors:

e A-delta fibers: Intermediate-sized, myelinated sensory nerve fibers (faster);

e C fibers: Narrow-diameter, unmyelinated sensory nerve fibers (slower).
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2.1.3 Artificial tactile sensing
2.1.3.1 History

Tactile sensing in robotics emerged in the 1970s as a result to the appearance of new applications
that require the measurement of physical quantities related to the contact of two or more
objects. In the beginning, researchers tried to find the different transduction methods for the
tactile sensors and started to create prototypes, for which, the main application was robotics.

The first researcher to review the robotic tactile sensing, was Harmon [Har80], in the early
eighties. He proposed a definition for this term as "the continuous-varying sensing of forces in
an array'.

As this technology began to develop, several authors suggested that the robotic tactile sensors
has to match the capabilities of the human sense of touch [DDR85|. The targeted application
was multi-fingered robotic hands. Consequently the researchers proposed new methodologies
for the development of tactile sensors, as well as new signal processing techniques|Jac-+88§].

Around 2000, new different types of touch sensors emerged and tactile sensing was redefined
by [LN99] as "tactile sensor is a device or system that can measure a given property of an object
or contact event through physical contact between the sensor and the object. We consider any
property that can be measured through contact, including the shape of an object, texture,
temperature, hardness, moisture content, etc".

Some authors proposed using tactile sensors in areas like medicine or agriculture. Some
researchers created special sensors for minimal access surgery (or minimal invasive surgery)
[DN04]. One great success of tactile sensing was tactile screens present today in all tablets and
most smart phones.

The new miniaturization and packaging technologies of force sensors allowed producing sen-
sors with better characteristics and smaller sizes.

A lot of research have been conducted on this subject producing hundreds of publications.
Among them, several surveys and reviews such as [Dah+10] and [YBA11] were dedicated to
reporting the history of tactile sensing as well as classifications of different types of sensors.

2.1.3.2 Tactile sensors : Design guidelines

Human hand is the main tool to manipulate objects. Therefore, most of works in the field of
robotic tactile sensing systems did focus on the characteristics of the sense of touch in human
hand. Articles like [YBA11] and [Dah+10] have studied the characteristics of tactile sensors
needed to achieve robotic dexterous manipulation of objects.

The general design criteria for tactile systems adapted from [Dah+10], [YBA11| and [Lee00|
is presented as follows:

e Parameters to be measured: the pressure, the tangential force, torque, temperature, the
distribution of forces, the point of contact, slip, texture, etc.

e Sensing surface: it can be a small area like fingerprinting, or a large surface as the palm
of the hand.

e Spatial resolution: the minimum distance at which the sensor can differentiate some
property (e.g. the distance between an applied force and other).
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e Sensitivity range: the range in which the sensor can measure the physical quantity (e.g.

1N — 10N).

e Dynamic range (the ratio between the largest and smallest possible values of a changeable
quantity): (e.g. 1000 measures for 1N or 1000 : 1N).

e The resolution (the smallest change that can be detected in the measured entity): 1 mN.

e Response profile (the response of the sensor has to be identified): it can be of various

types, linear or not, with or without hysteresis, stable, accurate, etc.

e Time response or frequency (how often the sensor measures) : typical frequency is around

1KHz.

e Stability (the degree to which sensor characteristics remain constant over time).

e Repeatability (the variation in measurements of the sensor, measuring the same quantity

of a physical quality).

e Area of suitable use is the area or surface in one object that will interact with other

objects.

e Integration and fabrication (the cost and production parameters of the sensor).

e Robustness.

2.1.3.3 Required characteristics of tactile sensors for dexterous manipulation

Based on the human hand characteristics, authors have found the required characteristics of the
tactile sensing system to be adapted for dexterous manipulation. Table 2.2 present a summary

of these characteristics.

Table 2.2:

Summary of needed tactile sensor characteristics for dexterous manipulation

(Adapted from |Dah+10], [YBA11], |Lee00|)

Parameter

Guidelines

Parameters to be measured

three components of force, three components of torque, the
distribution of forces, the point of contact, multi-touch, slip
and texture

Sensing surface

all the hand with special attention to the fingerprints

Spatial resolution

1mm—2mm in the fingerprint, and 5 mm in palm of the hand

Sensitivity range

0.0IN—-10N

Dynamic range

100 : IN (0.01N

Response profile

Linear, stable, low hysteresis, large bandwidth, accurate.

Repeatability

Good

Area of suitable use

Fingerprints and exterior of a multifingered robotic manipu-
lator (depends in the robotic task)

Integration and fabrication

Soft surface, simple mechanical integration, low power, low
cost

Robustness

Withstand application, electronic and magnetic shielding
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2.1.4 Tactile sensing classification

Tactile sensing systems can be classified in many ways : according to the measured parameters,
the resolution, the sensitive area size, type of transduction technology... In this work, tactile
sensing systems are classified into extrinsic, intrinsic and hybrid tactile systems.

2.1.4.1 Extrinsic tactile sensing

The human skin is an example of extrinsic tactile systems. Such systems measure directly the
force applied on their surface. Many artificial extrinsic tactile systems have been developed in
the last thirty years. Commercial products ranging from the simplest pressure sensor placed on
the surface of the system to the much more complicated arrays of touch sensors are available.
This type of sensors have been developed with great success. There are companies like [Pre]
and [Wei| that have a large offer of this type of systems as shown in figure 2.2. However, those
systems do not measure tangential forces, nor do they measure the torque.

(a) Finguer TPS [Pre| (b) Foot Pressure [Pre| (c) Tire tread (d) ARMAR Hand [Wei]
pressure [Pre]

Figure 2.2: Motor and sensory homunculus

Some systems like [Lee+08] and [CPD11] are still in experimental status and do allow tan-
gential forces measurement as presented chapter 1. Those systems are based on 3-axis force
sensor arrays. This kind of system is able to measure all the parameters proposed in subsection
2.1.3.3. However, as shown in chapter 1, those systems have to be protected to assure the
measure range. Besides, in order to respect the required spatial resolution, each sensor of the
array must have a size of at most 2mm by 2mm. Given the size of human finger, the number
of sensors may be large, which raises issues linked to the management of information stream
and makes this system very difficult and expensive to implement.

Using the 3-axis array force sensor CEA-Leti: It should be noted that the sensor array
used by [CPD11| and calibrated by [Alc+13| was also developed by the CEA-leti. This device,
as presented in [Alc+13] has a maximum normal force of 80mN, 25 times smaller than the
3-axis force sensor presented in chapter 1 without protection. As seen in figure 2.3, the signal
management for a robotic finger with this array can be difficult. For those reasons, this system
was not used as the transducer in this work.

CEA-Leti 3-axis force sensor as extrinsic system: The 3-axis force sensor presented in
chapter 1 is not suitable for extrinsic applications, the single sensor is too big to respond to
the 2mm spatial resolution and creating a dense array of this sensor suffers from the signal
management problem.
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Figure 2.3: Array of 3-axis force sensor of [Alc+13]

2.1.4.2 Intrinsic tactile sensing

In intrinsic tactile sensing systems, the sensor is not placed directly on the touch surface. The
tactile system estimates the position of the resultant forces and torques applied on a given
surface from the measurements of force and torque in the supports of this surface.

In the late sixties, a tactile system able to calculate the position of the applied forces on a
flat surface from forces over 3 or more pressure sensors was patented [For|. Later, a tactile
system composed of a surface supported by a single six-axis force/torque sensor, under soft
finger contact considerations was proposed in [BSB93|. The authors called it intrinsic tactile
sensing.

Intrinsic tactile sensors can be integrated in two different ways. Either the sensor is part of
the finger structure [ZSL9I6|,[Son+12](see Figure 2.4-a), (i.e. the finger was designed with the
sensor), or the sensor is externally attached to the finger [Bat+16] (see figure 2.4-b).

—— —

10mm \
V7, %
) //
a) Basal b) External
1 [ Sensor [ISensitive area

Figure 2.4: Different configurations to locate the ATT sensor in a robotic finger

The major limitation of this system is that, no matter where the sensor is located (see Figure
2.4), all the forces and torques are applied on this single sensor. Since torque increases with
distance, a single sensor may break with small forces if they are applied far enough. All the
mentioned systems [ZSL96],[Son+12] and [Bat+16| use the AtiNANO17 |[Ati] sensor, because
it is the only sensor in the market sufficiently robust, small and precise for application intended
to designing actuators of the size of a human finger. Therefore, lately, alternatives to this type
of sensors such as [Mel+14], [Sar+12| [DMNP12| and [Dao-+01] have been developed. They are
all based on a single centralized 6-axis force-torque sensor.

The concept of multiple sensors is reconsidered in publications such as [Vis+10|, [HTA10].
This approach enables the use of larger contact surfaces. For example, the floor of a room
[Vis+10], or a whole-body haptic sensing system [HTA10].

The concept can be generalized to k sensors. Limitless sensor distribution configurations can
be imagined. Figure 2.5 presents two possible configurations for a robotic finger with £ = 3.
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Figure 2.5: Two sensors configurations of three 3-axial force sensors for a robotic finger

When comparing figures 2.4 and 2.5, the space advantage gained by the option of multiple
external MEMS based sensors is evident.

3-axis force sensor CEA-Leti as intrinsic system: The 3-axis force sensor presented
in chapter 1 is suitable for intrinsic applications. The single sensor have good linearity and
hysteresis properties and could be easily implemented in any surface.

2.1.4.3 Hybrid tactile sensing

Hybrid systems combine intrinsic and extrinsic techniques. For example, the main commercial
tactile system of Syntouch called BioTac [Syn| (see figure 2.6) has an internal pressure system
that can intrinsically measure the pressure exerted on a surface through a liquid. At the same
time, the device measures the pressure distribution extrinsically by an array of electrodes.
This device can also estimate the direction of shear forces by the difference of pressure in the
electrodes made by the deformation of the external layer. This system has been implemented
in a hand with three fingers. It could estimate all the parameters required to achieve dexterous
manipulation. But only the normal force exerted on the system is accurately measured. The
shear forces and positions are very rough estimates.

Fingernail
(To Hold Skin

In Place) \

Hydro-Acoustic
Pressure Sensor
(Hydrophone)

Elastomeric ./

Skin \ . ]
Thermistor \ \
Rigid Core

Incompressible Impedance Sensing
Conductive Fluid Electrodes

Figure 2.6: Biotac commercial system

Another intrinsic/extrinsic hybrid system is presented in [CMO05] and [CMO06] (see figure 2.7).
The support of this system is a 3-axis force sensor that measures intrinsically, the normal and
tangential forces. The distribution of forces is measured extrinsically by an array of electrodes.
The main problem of this system is that it is not able to estimate the torque acting on the
surface.

A perfect hybrid tactile system could be designed in order to match all the parameters required
for dexterous manipulation of objects. The intrinsic part should enable the measurement of
the three components of the net force, and the three components of the net torque applied on
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Figure 2.7: Hybrid system by [CMO06]

the contact surface. The extrinsic part should measure the pressure distribution on the touch
surface.

2.1.5 Theory of intrinsic measurements

2.1.5.1 Single sensor

In 1993, Bicchi presented a system with a defined surface attached to a 6 axis force/torque
sensor [BSB93|, as shown in figure 2.8. The sensor is located in the reference frame B. The
measured forces and torques are respectively the vectors f and m.

Figure 2.8: Intrinsic measure from six-axis force/torque sensor

The resultant of forces and torques applied onto the surface are respectively the vectors p
and ¢. The vector pointing from the center of the sensor B to the contact centroid is ¢ (see
Soft Finger Contact and the Contact Centroid subsection in [BSB93| for complete definition).
From this system, the following relations are deduced:

e The surface of the object is represented by equation 2.1 where r is a point in space defined
respect to the reference frame B.

S(F) =0 (2.1)

e The sum of forces and torques is assumed to be static because the measurement interval
is too short in comparison to the exerted forces dynamics and long enough compared to
the interface dynamics, therefore:

f=r (2.2)

=G+ &xp (2.3)
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e The torque vector can only be perpendicular to the surface. This is due to the fact that
the torque in a contact can only be created by force pairs thanks to friction:

K
noq= §VS(E> (2.4)
where the vector normal to the surface is 7 and K /2 is a scale factor.

By replacing the equations (2.2) and (2.4) in the equation (2.3), the problem is reduced to
four non-linear equations with four unknowns. In [BSB93|, the authors found two different
ways to solve those equations in order to determine p, ¢ and ¢ from f, m and S(7) :

e Solve the equations analytically with certain restrictions on the shape of the surface.

e Solve the equations numerically by an iterative method without restrictions on the shape
of the surface.

2.1.5.2 Multiple sensors solution

In this section, the concept presented in [BSB93| is extended to the multi-sensors case (i.e. the
sensitive surface is connected to more than one fixed sensor as shown in figure 2.9). Let k be
the number of sensors. Each sensor is connected to the surface at a position /; in the frame B.
Assuming that a couple force/torque is applied on a point ¢ on the surface, each sensor will
receive a part of the applied force and torque depending on its position relatively to the point
c.

MSensor [JSensitive area

Figure 2.9: Intrinsic measure from multiple sensors

In the case k = 1, the system is exactly the same as proposed by [BSB93| and a 6-axis
sensor is required. If £ = 2, the system will require at least two sensors that measure the three
components of force and only one component of the torque (the torque on the axis formed by
a line linking the two sensors). If £ = 3, only non aligned 3-axis sensors are required. It is
possible to use more than three 3-axis sensors in order to enhance the robustness of the system
or to increase the size of the sensitive surface. It is also possible to have a combination of three
3-axis sensors and other pressure, force or torque sensors to enhance the overall sensitivity of
the system.
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The transition time induced by the elasticity of the material of the surface is assumed to be
negligible. In this case two new relations can be derived :

k
f= Z f; (2.5)
=1

k
=l x f; (2.6)
=1

By substituting these equations in equations (2.2) - (2.3), it is possible to reuse the resolution
method proposed in [BSB93| to solve this problem. In this case, the system has to determine
P, ¢ and ¢ from f;, [; and S(©).

2.1.6 Conclusion

To integrate the 3-axis force MEMs sensor presented on chapter 1 on the fingertips of a robotic
manipulator, the best option is to create an intrinsic tactile system. As shown in this section,
the intrinsic tactile systems can measure most of the parameters required for dexterous manip-
ulation of objects except for the pressure distribution. In the other hand an extrinsic system
can be used in a hybrid system in order to overcome this problem.

Therefore, after reviewing the theory of intrinsic tactile sensing, this chapter presents an
intrinsic tactile system used to verify the capabilities of this kind of system with an array of
3-axis MEMS force sensors. Then, an intrinsic tactile system is created to be implemented in
a robotic hand including a soft surface.

2.2 Intrinsic tactile sensing feasibility test

In order to test the feasibility of an intrinsic tactile sensing system based on an array of 3-axis
MEMS force sensors, this section shows a first test of a tactile system design with three 3-axis
force sensors, reusing the protected sensors of the chapter 1.

This section is divided in six subsections: First subsection describes the design of the tactile
system using three 3-axis force sensors and a structure created by a 3D printer. Second subsec-
tion shows the mathematical model used to estimate the contact parameters. Third subsection
is dedicated to the calibration of the tactile system. In the fourth subsection, an accuracy
analysis of the system is made. The objective is to determine the minimal force strength to
be applied on the system required for estimating the position of contact accurately. In the
fifth subsection, the tactile system is tested and validated. Finally results are analyzed and
conclusions are made.

2.2.1 Design and assembly of the system

This section deals with the design and assembly of the intrinsic tactile system based on an
array of 3-axis force sensors. The system is created with the coated sensors presented in the
chapter 1.
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2.2.1.1 Design

This system is intended to prove and test the capabilities of multi-sensor intrinsic sensing
concept. Thus, the simplest surface form (flat) and the least number of required three-axis
force sensors (three) have been used. In the end, a tactile system based on three 3-axis force
sensors distributed on a flat surface has been designed as shown in Figure 2.10.

L2
Left view Front view

Figure 2.10: Tactile system configuration for the flat surface tactile sensor

The sensitive area is a lightweight flat surface linked onto three MEMS based 3-axis force
sensors. Let the z axis of the reference frame be the vector normal to the sensitive surface. In
this case, the equation of the surface is simplified to :

S(rf)=r,—h=0 (2.7)

where h is the relative height of the touch surface plane with respect to the reference frame B
and 7 is a point from the touch surface. It is possible to apply a 3D force on the touch surface
at any contact point of the plane described by S(7) = 0. Here, if the contact is not punctual,
the centroid of the contact area is assumed to be the contact point. In the particular case of a
flat surface, only torques along the z axis (perpendicular to the touch surface) can be applied
to the system. Indeed, to apply a torque to the surface, friction is needed. The forces involved
in friction are parallel to the contact surface, which means that the resulting torque can only
be normal to this surface. Since the surface is flat, the torque is along the 7 axis.

2.2.1.2 Assembly

For this prototype, coated sensors are used. A simple assembly of coated sensors was made to
rapidly create the system. The three sensors used in this system have been coated with the
coating reference rC (as shown in previous section). The conclusions of the previous section
placed this coating as the second best coating. Due to availability problems, the best coating
was not used for this system. The rC coating was mainly chosen for its availability.

Each sensor is held by a support. The supports are attached by screws to a rigid plate as
shown in figure 2.11. Each support has a clamp-type mechanism which ensures that the sensor
does not move.
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The dimensions of the system are expressed by L; = 60mm and L, = 55mm as shown in
figure 2.11. Tactile system parts are built using a 3D printer with a resolution of 250 pm.

L7

Figure 2.11: Top view of the base with the sensors

The three sensors have an apparently equal height. A rigid plate is glued to the upper end
of the sensors as shows figure 2.12.

The system is designed to be modular in order to be able to easily replace the sensitive surface
to test different types of surfaces. This is made possible by three screws that can connect the
plate to the desired surface.

2 L

(a) Left (b) Front view (c) General ensemble
view

Figure 2.12: Flat surface system

The four screws located in the center of the base are used to fix the base to the reference
system described in appendix A.1.2.

2.2.2 Touch parameters estimation

The touch parameters that can be estimated by this system are :

e Touch contact centroid position ¢
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e Total applied force p

e Total applied torque ¢

In the particular case of the flat surface, the touch position has only two components ¢, and ¢,
(because of the system geometry, ¢, = h), and the torque has a single component along z axis
(as ¢, = ¢, = 0). From equation 2.4 , the scale factor is K = —2¢,. Thus the parameters to be
estimated are :

e Touch contact position c,, ¢,
e Total applied force components p,, py, p.

e Total applied torque on the z axis ¢,

For each time sample ¢;, the signals provided by the three sensors (i, iz, u3) are digitized.
A low-pass filter is applied on the measured voltages in order to reduce the noise. The cutoff
frequency of this filter is 50 Hz, the same cutoff frequency of the coated sensors. Then, by
substituting equations (2.5),(2.6) and (2.7), in (2.2), (2.3) and (2.4) respectively, the system is
reduced to 6 equations with 6 unknowns :

P=f+fat fs (2.8)
0 Cx
0+ Cy Xﬁ:f1><l1+f2><l2+f3><l3 (29)
q- 0

To obtain the force measurements f:, f;, ﬁ,, two operations are required. First a sensor
calibration must be applied to obtain force values from the voltages :

7 S, 0 07 [wm—b
f’3 0 0 Sg u_; — b3

where the offset vectors are b;, b; and b?;. The sensitivity matrices are S1,S5,S3. Then, the
sensors measurements must be put in the same reference frame B as follows:

fi R, 0 07|/
fl=10 Ry 0] |f, (2.11)
f3 0 0 Rj f/3

where ﬁ is the real force, R; is the rotation matrix between the frame of reference and the
frame of the sensor ¢, and f’, is the force measured by each sensor expressed in its local frame.

The model describing the relationship between the measurements and the parameters to be
estimated can be written in two different ways:



Chapter 2. Intrinsic tactile sensing systems based on an array of 3 axis force
44 sensors

e The first model uses a non linear function that depends on the voltages measured by the
force sensors:

Dz
Dy
pZ
CI
Cy
LG ]

e The second model applies a slight modification on the parameters to be estimated. This
modification allows transforming the relationship expressed by equation 2.12 into a linear
relation :

Cp wi b
=P =T @ — by (2.13)
Cypz 5 -

u3z — b3

QZ+CI*py_Cy*pz

where T is a matrix of 6 x 9 parameters. In this system, the applied force is directly
estimated. The contact position as well as the torque can be deduced by combining the
estimated parameters.

Both representations of the system require the positions of the sensors l;, the sensitivity
matrices S; and the rotation matrix of each sensor R;, as well as the bias vector Ez Both
models can be used to estimate the applied force p, the contact position c;,c, and the torque
q., from the sensors output tensions iy, iUy and us.

2.2.3 System calibration

As presented in the previous subsection, there are many parameters that must be known in
order to be able to compute the touch parameters from the sensor’s measurements. To do this,
two different methods can be used:

e The first one consists in calibrating the sensors individually (estimate the sensitivity ma-
trices S;) before assembling the system and physically measure the geometric parameters
[; and R;. The bias is estimated using sensor’s measurements when no load is applied to
the assembled system. The main problem of this calibration procedure is that some of its
parameters may change after the assembly. Typically, the sensitivity matrix can change
after gluing the surface to the sensor which has an impact on the accuracy. Besides, if the
system is assembled above a surface of unknown form, rotation matrices can be difficult
to determine.

e The second way is to calibrate the system when it is already assembled. This requires a
reference measurement of the applied force, torque and the touch position. It can be done
in few steps: first, when no load is applied to the system, the offset vectors b;, by and
b;, can be directly obtained from the output voltages of the tactile sensor system. This
procedure removes all internal bias:

— the internal sensor bias;
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— the bias produced by the coating;

— the bias produced by the gluing quality between the sensor coating and the touch
surface;

— the effects of gravity on the touch surface.

After removing the bias, a force p and torque ¢, are applied on the surface at known
locations ¢, and ¢,. The calibration aims to find the parameters values that minimizes
the square of the error between the model (2.12 or 2.13) and the reference measurements.

In [HTA10], the authors used the first calibration method. The best average error they
achieved is 7mm.

2.2.3.1 Calibration using the linear model

Using the linear model simplifies the calibration process since all parameters to be estimated
are contained in the matrix T (see equation(2.13)). This matrix can be estimated using a least

squares algorithm:
2

n ai — by
T = argmin Z ref; — T |y — by (2.14)
TS i~ b,

i
where ref; is the reference measurement at sampling time 4, and n the number of samples. This
matrix contains the system dimensions [; and the product of S; - R;.

2.2.3.2 Calibration using the non-linear model

In the case of the nonlinear model, the calibration requires directly finding the system dimension
parameters [; and the product of S;-R,;. This calibration is done using a non linear mean squares
minimization. The cost function is:

{l1,15,(S; - R;)} = argmin Z refi —g | | — b (2.15)
02,85 Rj ] W — b_;

where j = 1,2, 3 is the sensor index.

2.2.4 Accuracy analysis

In the case of a flat surface perpendicular to the z axis, the force components p, and p, can only
be generated by friction. Thus, it is possible to deduce from (2.9) that the position coordinates
¢, and ¢, are equal to:

_ _flyllz + flzlly - f2yl2z + f2zl2y - f3yl3z + f3zl3y
22

Co (2.16)

C. = _flacllz + flzllx - f2:cl2z + f2zl2a: - f3xl3z + f32l3x
y =
Y22

(2.17)
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If p, = 0, the position cannot be computed. There is a minimum normal force value that
enables the system to determine the touch position with the required accuracy. As shown in
[Dah+10], the precision required to achieve dexterous robotic manipulation is around 2mm.
In order to find the minimum force required to achieve this precision, the sensitivity of the
system must be computed. From equation (2.12), the position can be written as a function of
the voltages ;2 3. Let ® be the part of the function g that links the voltage measurements to
the position ¢

P

¢=0(f1, f, f3) (2.18)

The system sensitivity with respect to the position can be calculated analytically using the
following formula:

0¢=Jo(f1, fo. f3) - 6 (fr, fos f3) (2.19)

where Jg is the Jacobian matrix of the function ®. This function can be approximated to
the resulting change in position from voltages as:

Ag:J@(fhf%f?s)'A(flafzaf:s) (2-20)

where A( f:, ﬁ, f;,) are the dynamic resolution of the 3-axis force sensor and the function ®
and Jg can be calculated after calibration. To calculate the minimum required normal force,
the function ¢! or T~' should be calculated or approximated:

. —lopp—1 2o 7
(p7 CCL‘)CQLMQZ) g———_> (fhf?)f?)) (221)

The theoretical voltage can be calculated from a known reference (p, ¢, ¢y, ¢.). The limits of
our variables are:

— 5N < pa,py < 5N (2.22)
¢ € contact surface (2.23)
— 100Nmm < g, < 100Nmm (2.24)

The limits of the calculated voltages can be deduced by applying the inequalities (2.22),(2.23)
and (2.24) to equation (2.21). Finally, for different values of p,, the function (2.20) is maximized
(with constraints). The norm of the maximized function is the estimated maximum error given
the normal force p,.

As a matter of fact, a minimum normal force is required to calibrate the system, and a cali-
bration is needed to calculate the required minimal normal force. To bypass this problem, an
approximate sensitivity S, and rotation R; matrices as well as the system dimensions /; have
been used. The system dimensions have been measured manually, the rotations are approxi-
mated to identity, and each sensor default sensitivity S; has been used. Figure 2.13 shows the
relationship between the maximum position error value as a function of the applied normal
force p..
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Figure 2.13: Minimal force applied with approximated calibration values

2.2.5 Tactile system validation

In this subsection, three experiments and their results are presented. These are made in order
to calibrate the system and to test its accuracy. For each experiment, two sets of data are
gathered. The first set is used to calibrate the system. The second set is used to validate the
calibration.

In order to characterize and validate the developed tactile system, a testing assembly was
created as shown in the appendix A.1.2. In this assembly, the support of the tactile sensing
system is fixed to a reference force sensor. The sensor provides a reference measurement of the
force p’applied on the surface of the tactile system. The standard deviation of the noise of the
reference sensor is 10 mN.

Since this reference system does not have the position information in time, i.e. the reference
of signal ¢ is unknown. Two different methods are developed: the first one is to reconstruct the
position from the signal of force compared with the predefined path on motorized tables. This
method is used in experiment 1. The second method is to fix several points of application of
forces, as it is shown in experiment 2 and 3. With this reference system, the torque ¢ is also
unknown. To be able to calibrate the system torque, the experiment 3 is proposed.

2.2.5.1 Experiment 1: force and position calibration

The experiment consists in reconstructing the position of contact and the contact forces from
the sensors signals, having as reference the predefined path on motorized tables and a reference
3-axis force sensor.

Experimental Setup

A flat surface is placed on the tactile system through the three screws as shown Figure 2.14.

The forces p are applied on the flat surface by a cone made of polyurethane. The cone tip
is cut in order to obtain a planar surface of contact . This surface is a circle with a diameter
of 1.bmm. The cone can move in XY plane (X: horizontal, and Y: vertical) thanks to two
motorized linear tables of the reference system.
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Figure 2.14: Setup of experiment 1

The testing process is performed as follows:

e The actuator (cone) is placed in the starting position of a predefined trajectory, and data
acquisition is started.

e Precision screw is rotated, until approximately 1 N force is measured by the K3D40 along
the Z axis.

e The actuator is moved on the surface following the defined trajectory.
e The motion of the actuator produces forces in the X and Y directions due to friction.

e At the end of the trajectory the contact is released and the acquisition of measurements
stops.

Two trajectories are designed to test the system, as shown in Figure 2.15. The displacement
speed of the contact point between the system and the actuator is 2mms~—!. When the actuator
reaches each vertex of the trajectory, the motion stops for 4s.
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Figure 2.15: Trajectories used for sensor test
At the end of the experiment, two sets of position/force measurements are available:

e The reference measurements.

e The developed tactile system measurements.
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This data is used to calibrate and determinate the precision of the developed system.

The measurements are made using the predefined trajectories presented in the previous section
and in figure 2.15. The first one is used for the system calibration while the second allows
checking the system accuracy. For this experiment, only the linear calibration is used. Once
the system is calibrated, it is possible to use equation 2.13 to determine the parameters (i.e.
the force p'and contact position @). Here the torque is null.

When the applied force is null (or very low), it is not possible to locate the contact point.
For this reason, the estimation algorithm determines the tip position only when the normal
component of the force (p,) exceeds a threshold. For the experiment, the threshold on the
applied force has been set to 0.6 N, as the accuracy analysis shows it.

Results
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Figure 2.16: Experimental results of experiment 1

Table 2.3 presents the error statistics between the reference system and the developed tactile
system.
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Measure | Mean error | Max error | Standard deviation
Da 8.18 mN 74.5mN 17.6 mN
Dy 3.97mN 67.8 mN 19.1 mN
D —1.21mN 67.7mN 19.0mN
D 31.0mN 89.9mN 12.8 mN
Cy 28 pm 2.75 mm 0.52 mm
Cy —96.5 pm 2.52 mm 0.54 mm
c 0.661 mm 3.02mm 0.37 mm

Table 2.3: Error statistics of experiment 1

Results Analysis

The results of the first experiment (figure 2.16) show a high precision in estimating both force
and contact position. The mean error for position estimation is about 0.7 mm (with standard
deviation of 0.372 mm) which is lower than the spatial resolution required to achieve dexterous
manipulation (see section 2.1.3.3). The mean error in force estimation is 31.9 mN (with standard
deviation of 12.8 mN). The maximum error recorded in these tests was about 3mm in position
and 75mN in force.

2.2.5.2 Experiments 2 and 3

In these experiments, several points of application of forces have been fixed. With the reference
in position fixed, the system can be characterized in force as shown the experiment 2 and torque
as shown the experiment 3.

Experiment 2 setup: Static force and position calibration

The goal of the second experiment is to calibrate the system in order to get accurate static
force p and position ¢, and ¢, (no motion is involved). The surface of the sensing system is
modified as shown in figure 2.17. This surface consists in a series of holes arranged in a matrix
form. A screw can be fixed to each hole. Any force exerted on the screw will be applied within
the circle formed by the cross section of the screw.

Figure 2.17: Setup of experiment 2
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The experiment follows this protocol :

e Acquire sensor measurements and reference measurements for 3 seconds without applying
any force.

e Fix the screw in a hole

e Apply a force manually on the screw head while acquiring both sensor measurements and
reference measurements.

e Change the screw position, then repeat the experiment.

In the case of the linear model, this calibration enables finding the first 5 lines of the matrix
T. In the case of the non linear model, this calibration enables to determine the parameters of
the first 5 nonlinear equations of the function g.

Tests have been made using both the linear and the non linear models. For each experiment,
two sets of measurements have been made: the first was used to calibrate the system and the
second was used to validate the calibration. The analysis made in section 2.2.4 is taken into
consideration. Thus, the normal applied force p, must be greater than 0.6 N during calibration.

Experiment 3 setup: static torque calibration

The goal of the third experiment is to calibrate the system in order to get accurate torque g..
Using the same surface created for the previous experiment, a stick is connected to the screw
as shown in figure 2.18. A weight placed at the edge of the stick creates a torque depending on
the force exerted by the weight p, and the distance between the weight connection point and
the center of the screw d;.

Figure 2.18: Setup of experiment 3

The experiment follows this protocol :

o ['ix the screw and the stick in a hole.



Chapter 2. Intrinsic tactile sensing systems based on an array of 3 axis force
52 sensors

e Fix the weight to the stick extremity in order to apply a torque on the screw and ap-
ply a force p, of 1N on the screw. Acquire both sensor measurements and reference
measurements.

e Change the screw position then repeat the experiment.

In the case of the linear model, this calibration enables finding the last line of the matrix T.
In the case of the non linear model, this calibration enables determining the parameters of the
last nonlinear equation of the function g.

Experiments have been made using both the linear and the non linear models. Just like the
previous experiments, two sets of measurements have been made for each experiment. The
first was used for calibration and the second was used for validation. The applied force p, was
greater than 0.6 N during calibration.

Results

Figure 2.19 presents the maximum touch position error through the surface as function of the
applied normal force using both individual sensors calibration, and full system calibration. As
in figure 2.13, for each force value, the maximum error on the entire surface is used.
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Figure 2.19: Minimal force applied with full system calibration

It is clear that the difference is very small between the minimal normal forces estimated using
individual calibration and entire system calibration.

In figure 2.20 the results of the first experiment are shown. The left side of the figure presents
the results for the measurement set used to calibrate the system. The right side of the figure
presents the results for the measurement set used to validate the system.

Table 2.4 presents the error statistics between the reference system and the developed tactile
system for both linear and nonlinear models.
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Experiment 2 (Position and force estimation)
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Figure 2.20: Experimental results of experiments 2 and 3

Result Analysis

The results of this experiment (figure 2.20) show a good matching of the estimated forces and
the contact point with respect to the reference ones.
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Measure | Mean error | Max error | Standard
deviation
Dz —3.9mN 200 mN 28 mN
Dy 0.15mN 150 mN 35mN
3 p. ~1.0mN | 220mN 38 mN
= 7 51 mN 370 mN 31mN
§ Cyp —0.26 mm 5.9mm 0.82mm
Cy 1.7um 3.3 mm 0.73 mm
c 0.93 mm 6.5 mm 0.58 mm
q. 52uNm 1.3mNm | 0.20mN m
Pz 1.8 mN 330 mN 28 mN
Dy 1.8 mN 210 mN 34mN
o D —18 mN 180 mN 37mN
S 51 mN 5%0mN | 32mN
= Cy —0.16 mm 4.7mm 0.87mm
Cy 0.21 mm 4.7mm 0.76 mm
c 0.99 mm 5.2 mm 0.67 mm
q. —0.26mNm | 1.7mNm | 0.83 mNm

Table 2.4: Error statistics of experiments 2 and 3

The results for both models are quite similar. It shows a good precision in estimating force,
position and torque. The mean error in estimating the position is about 1mm (with standard
deviation of 0.6mm) which is lower than the spatial resolution required to achieve dexterous
manipulation. The mean error in estimating the force is 50mN (with standard deviation of
31.8mN).

2.2.6 Conclusion

This section presented the design and implementation of an intrinsic tactile system based on
three 3-axis force sensors. The system allows the estimation of the position, the force and the
torque of a contact between an external object and the sensitive area of the system.

A specific configuration of the system has been studied and tested. The configuration consists
in a planar distribution of sensors on which a triangular flat surface is glued.

Two different models of the system were presented : a linear model and a non linear model.
The linear model is simpler to express and easier to calibrate. It has provided performances
similar to those provided by the non-linear model.

The tests on different sets of data proved that the system calibration was well done and the
achieved accuracy is within the precision required for dexterous object manipulation. Experi-
ment 1 showed better results than the experiment 2. This is caused by the modified surface in
the experiment 2. In fact, the applied tangential forces were not only caused by friction.

The torque calibration was inappropriate, because the applied torque have a direct relation
with the applied forces in the y-axis. The best way to calibrate this system in with a 6-axis
force-torque sensor and a reliable source of reference in position.

In this section, several facts have been neglected such as the weight of the screw and the stick
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used to calibrate the system as well as the change in the z component of the touch position
due to the screw length. All these factors could be removed by replacing the force sensor
placed in the back of the system with a force-torque sensor and applying forces and torques
using a mechanical system that guarantees a good knowledge of the touch position. Then,
experiments 2 and 3 can be fused into one unique experiment in which all system parameters
can be estimated at once.

The developed system structures was entirely made by a 3D printer. The silicon MEMS
based 3 axis sensors was coated and glued to the surface manually. This process was quick
and inexpensive. In addition, this system satisfies many of the characteristics presented in the
requirements of tactile sensing presented in section 2.1.3.3:

e It can measure the three components of force, the perpendicular components of torque,
and the position of the contact centroid;

e It provided a flat tactile sensing area of 4600 mm;
e It has a sensitivity range between 50 mN and 10 N;
e It has a spacial resolution of 2mm for 0.6 N and about 1 mm for 1 N;

e [t has a dynamic resolution of 50 mN.

The spatial resolution can be further enhanced by reducing the size of the system. All these
aspects were verified with experiments. The results shown herein demonstrate the feasibility
of a high resolution artificial tactile system that enables measuring the touch position as well
as the applied force and torque values.

2.3 Intrinsic tactile sensing system adapted to robotic fin-
ger implementation

The system proposed in the previous section satisfies many of the characteristics desired for
tactile systems in dexterous manipulation of objects. Some points, such as the soft surface,
non planar surface, or the size of the system are still not accomplished. In this section, a new
system more suitable for anthropomorphic robotic gripper implementation is designed. The
system should be smaller, more robust and accurate than the one presented in the previous
section.

This section is divided in six subsections: The first part describes the design and construction
of the tactile system by incorporating four 3-axis force sensors. The second part shows the
mathematical model used to estimate the contact parameters. The third subsection reports the
calibration of the tactile system. In the fourth and fifth subsection the tactile system is tested
and validated. Finally the results are analyzed and the conclusions are made.

2.3.1 Design and construction of the system
2.3.1.1 Design of the tactile system

The design of this system uses four 3-axis force sensors fixed on a printed circuit board (PCB)
that will be attached to the robotic finger. The 3-axis force sensors are protected with a coating
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using the guidelines of chapter 1. Then, coatings are attached to a rigid frame. On the frame,
different types of surfaces can be fixed. In this work a rigid frame with a soft layer is used as
shown in the figure 2.21.

(b) Bottom view

Interchangeable rigid frame
with soft surface

Rigid frame

— =

g == — s
Sensors

Support
(c) General view (d) Exploded view

Figure 2.21: Design of the system

This design has one extra sensor compared to the system presented in the section 2.2. By
adding one more sensor, the forces and torques applied to the system are distributed on more
supports, which increases the maximal force that can be applied to the system. This redundant

measurement, for multi-variable sensors has already been investigated in publications such as
[BCY4].

2.3.1.2 Construction of the 3-axis force sensor array and its protection

The 3-axis force sensors used to build this system are based on MEMS (Micro Electro Mechan-
ical System) technology. Four sensors are attached and connected to a printed circuit board
(PCB), as shown in figure 2.22a.

To protect the sensors and to increase the maximum supported force and create an interface
that could be glued to the rigid frame, each sensor is coated with a protection layer as shown
in figure 2.22b. This coating is made by molding polyurethane directly on the sensors. The
geometry of the coating is composed of two concentric cylinders. The largest one in the base
assure the adherence of the coating and the support. The second is glued to the rigid frame. It
is assumed that the plane on top of the cylinder is parallel to the rigid frame, consecutively it
is assumed that the distribution of forces on the cylinder is constant, therefore a proportional
force of the total force applied on the sensor is applied in the center of the coating as required
by the proposition of the chapter 1.

The transducer function for each sensor is:
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Figure 2.22: Mounted sensors in the PCB
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fi =8 (i = by) (2.25)

where the force vector measured by the sensor ¢ is ﬁ, the vector b: (in V) is a voltage bias.
The bias is specific to each sensor. The voltages u; are the output voltages of the sensor. The
matrix S; (in NV~1) is the sensitivity matrix. This matrix is expressed in Newtons by Volts,
transforms the voltage into force while taking into consideration the coupling effect caused
mainly by the coating of the sensor. This matrix changes depending on the point of application
of the forces on the coating. For this reason, it cannot be estimated before the rigid frame is
glued.

2.3.1.3 Rigid frame and interchangeable frame

To ensure that all sensors are linked by the same rigid frame, and the forces are well distributed
on all the sensors, the first rigid frame is glued to the coated sensors, as shown in figure 2.23a.
Then, the interchangeable rigid frame with soft surface is fixed by screws to the first rigid frame
as shown in figure 2.23b.

W%

(a) First rigid frame (b) Mounted tactile
system

Figure 2.23: Mounted rigid frame and tactile system

The first rigid frame is made with acrylic. The interchangeable surface is made by multi-
material 3D printing, with the following characteristics: the rigid material that serves as frame
has a tensile strength between 50 and 65 MPa and a shore hardness scale D between 83 and 86.
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The soft surface (the contact surface), has a tensile strength between 1 and 2 MPa and a shore
hardness scale A of 50. The equation of the contact surface S is expressed as an ellipse in the
plane (z,z) (i.e. the x and z coordinates are dependent on an elliptic form and independent of
the y coordinate). The surface is defined with respect to the reference frame B. To simplify the
equations, the reference B is placed in the center of the ellipse in (z, z) plane and in the middle
of the segment separating the two sensor couples along the y axis. Therefore, the function of
the surface is expressed by the following equation:

CQ

2
C$ Z
S(E):§+b—2—1:0 (2.26)

where ¢ = 14 mm and b = 5 mm are the semi-axes of the ellipse. The constraints of positions
for ¢ are:

—a< ¢, <a (2.27)
—16mm < ¢, < 16mm (2.28)
0< ¢, <b (2.29)

2.3.2 Touch parameters estimation

The developed tactile system is able to estimate the following parameters: the contact position
¢, the applied force p, and applied torque ¢. In this work, the test bench presented in section 2.24
has no means of generating or measuring torque. Since no torque reference nor torque generating
system was available. The accuracy of torque estimation by the system was not guaranteed.
The applied torque value ¢ is considered to be negligible in the following setup. Under these
considerations, the model of contact used in this work is called point contact with friction, as
explained in [Mur+94|. In fact, the presence of a reference torque measurement sensor would
enhance the quality of system calibration and enables quantifying torque estimation accuracy.

Substituting equation (2.5) in equation (2.2) gives:

4
F=>_f (2.30)
i=1

Consequently, replacing equation 2.30 and 2.6 in equation 2.3 and assuming that ¢ = 0,
equation 2.3 becomes:

4 4
dhixfi=ex> fi (2.31)

Along with equation 2.1, a system with four equations (2.31 and 2.1) and three unknowns
(the position vector coordinates ¢) is obtained. The system has two different solutions. These
equations calculate the intersection of the axis formed by the force vector or wrench axis
with the surface. This axis intersects with the surface two times. The first intersection point
corresponds to the force pointing from the object in contact with the system to the surface.
The other intersection point corresponds to the force pointing from the surface to the object in
contact. As mentioned in section 2.1.5, the forces are assumed to be compressive which means
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that the object in contact with the surface can only push on the surface and can not pull the
surface. By adding this constraint, the system has one unique solution. A method to solve this
kind of problems was implemented in [BSB93|. In our paper, the system is solved as follows:

e The value ¢, is solved from equation (2.1). Given the limits in equation (2.29) the result

is:
b T - Lz
. = Va+cg/a—c (2.32)
a

e In equation (2.31), the value of ¢, is replaced by the result in (2.32).

e Taking arbitrary two equations of 2.31, the values of c, and ¢, could be solved. Two
possible solutions are found. Respecting the condition of compressive forces, a function
that calculates the position ¢ is:

¢ = h(f:) (2.33)

This function depends on the measured forces, the ellipse parameters a, b and the distances
l;.

After neglecting the torque, the parameters to be estimated are the applied force p'and the
position of contact centroid ¢. The input of the system are the voltages w; measured by each
sensor. By replacing equation (2.25) in equations (2.30) and (2.33), and joining those two
equations, a non-linear model for estimating the touch parameters is constructed:

[@] = g (i — by, s — by, 5 — by, — by (2.34)

This model has, as inputs, the voltages u; without bias l; of each sensor and as outputs, the
applied force p and posmon c. The model has as constants parameters: the surface constants
a and b, the distances I; and the sensitivity matrices S;. The values of the distances l; are
roughly known, and could be any point that is within the intersection between the coating and
the rigid plate. The sensitivity matrix is unknown. The method to calibrate these parameter
are shown in the next section. In this model, the losses in forces made by the elastic material
are supposed negligible.

2.3.3 Calibration method

To calibrate the touch system, the values of bias b:, sensitivity matrix S; and the distances E
must be estimated. Because the bias could change with the temperature (sensor piezo-resistive
nature [Bou+13|, or expansion/contraction of the rigid frame), it is calculated every time the
system starts. In fact, an average value is computed at the beginning of the test while no
forces are exerted on the system. To estimate the rest of the values, a non linear mean squares
minimization is used as follows:

2

U] — b;

Uy — b;
iy Si argmin ref o3 2.35
{l;,Si} = g Z 9 i (2.35)

Uy — by | .
4= s,
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where ¢ = 1,2, 3,4 is the sensor index, ref is the reference measurement at sampling time 7,
n is the number of samples.

2.3.4 Experimental Set up

The experimental test bench used to calibrate and test the system is shown in appendix A.1.2,
this system is conditioned as shown in figure 2.24.

@ Actuator

@) Tactile system
@) Precision screw
(@ Reference sensor
(&) Moving board Z

9 (® Cantilever

S @ Linear actuator Y
Linear actuator X

Figure 2.24: Intrinsic measures

This setup prevents from applying high strength forces on the system. The developed tactile
system is placed at the end of the cantilever, and the system is aligned with x and y axis of
the system. A reference 3-axis force sensor (the K3D40) is assembled on a moving board, in
front and parallel to the tactile system. This board can move in the z axis by a precision screw
that is actioned manually or by a pneumatic actuator. An actuator is fixed at the end of the
reference sensor. The actuator is a metal sphere with a diameter of 4 mm. This shape helps to
have the center of applied forces near the center of the sphere.

This setup was tuned in order to respect the following constraints: deformation of the can-
tilever or the coating of tactile system in the x and y axis are negligible. The reference sensor
surface and the tactile system rigid surface are considered parallel during all the experiment.

The calibration of the system is made by applying a wide range of forces on a extensive set
of positions in order to explore most of the sensing dynamics. To meet this requirement, the
following calibration process is proposed:

e The system is placed at the starting position of a predefined trajectory as shown in figure
2.25, and data acquisition is started.

e Precision screw is rotated until the actuator exceeds a force of 1N in the z axis. The
reference of force is measured by the K3D40 sensor.

e The system is moved to follow multiple pre-defined trajectories as shown in the figure

2.25. The speed of the linear actuators during the displacement is 2.5 mms™1.

e At the end of each trajectory, the acquisition stops.
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Figure 2.25: Trajectories for calibration

All incoming signals are amplified using a custom made analogous amplifier and then digitized
at a frequency of 1kHz. The signals are also filtered with a second order low pass filter with a
cutoff frequency of 100 Hz.

2.3.5 Experimental results

All trajectories presented in figure 2.25 were applied two times: once for calibration and once
for verification. Both the data measured by the system and the data measured by the reference
system (position/force measurements) are synchronized. The calibration method explained in
section 2.3.3 is applied. After the calibration, equation 2.34 is used to determinate the force p’
and the contact position ¢.

The minimal force that needs to be applied to accurately find the position depends on the
resolution of the sensors as shown in [ZSL96]. As shown in the accuracy analysis in section2.2.4,
the estimation of the position is made when the norm of the applied force is greater that
17 > 0.6N.

The results of this experiment are shown in figure 2.26. The error statistics compared to the
reference for all the verification measurements are shown in table 2.5.

Measure Mean Max Standard RMSE
error error deviation
D 1.20mN 158.07mN | 29.21mN | 29.23mN
Dy —1.14mN | 108.65mN | 22.39mN | 22.42mN
D 3.48 mN 206.88mN | 18.73mN | 19.05 mN
1121l 37.79mN | 240.57mN | 17.07mN | 41.47mN
Cx —625.20nm | 611.13 pm | 103.83 pm | 103.83 pm
Cy 2.32m 520.08pm | 94.65pm | 94.68 pm
C, 136.18 nm 79.05 pm 13.96 pm | 13.96 pm
It 118.64pum | 621.04pm | 76.58 pym | 141.21 pm

Table 2.5: Error statistics for experiment 1
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The force estimation, as shown in figures 2.26.b, 2.26.c, 2.26.d and in the table 2.5 shows
a good matching with the reference. The noise of the estimated forces is significantly lower
than the reference system. The measured standard deviation of the noise measured by the
reference system in the absence of applied forces is 17mN. The proposed tactile system has a
measurement noise of only 2mN. Consequently, the error is mostly dominated by the noise of
the reference system.

The position estimation is as shown in figures 2.26.a, it follows all the eight reference paths
without offset, as shown in table 2.5. The repeatability of the system is tested when two paths
intersect, i.e. for different conditions in tangential forces, and different lapses in time, the sensor
succeeds in having the same measurement in position.

2.3.6 Conclusion

This subsection deals with the design, construction, mathematical modeling and calibration of
an intrinsic tactile sensing system designed to be implemented in a robotic anthropomorphic

gripper, and to fulfill most of the requirements for dexterous manipulation of objects ([Dah-+10];
[YBA11]):

e measured properties : The three components of the force and the three components of
the torque applied to the surface. As well as the position of the contact centroid;

sensing surface: Curved surface with soft cover;

e spacial resolution: About 150 pm (for 1 N force);

sensitivity range: 10 mN- 10 N;
e dynamic resolution: 20 mN (Standard deviation);

e response profile: Good stability and low hysteresis.

The system consists in an array of four 3-axis force sensors linked to a rigid frame covered
with a soft surface. The mathematical model is a special case of the model proposed in [BSB93|.
The calibration of the system is obtained by reducing the quadratic error between reference
measurements and the estimated state of the mathematical model in order to find the unknown
parameters of the system.

The tactile system can measure the three components of force, as well as contact position
under the conditions of soft tactile sensing [BSB93]. This system is also able to measure the
three components of the torque applied perpendicular to the surface but the necessary equip-
ment to validate and qualify the accuracy of torque estimation was not available as explained
in section 2.3.2.

This system is a considerable improvement compared to the system developed in the previous
subsection 2.2. It has a non-planar soft surface. The base of the system is 22 mm wide by 32 mm
long which is small enough to be implemented in the fingertips of a robotic manipulator, such
as the manipulator presented in |[GMP15|. The system can estimate the applied forces and
the position of contact with great accuracy. Here, the maximum measured error in force is
240.57mN and the root mean square error (RMSE) is 41.47mN. The maximum measured
error in position is 621.04 pm and the RMSE is 141.21 pm.
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The force estimation error compared to the reference system is nearly the same as the one
obtained using the previous system. In fact, this error is mainly dominated by the high noise
level in the signals provided by the available reference system used in these experiments. A
more accurate system with a significantly lower noise level will be used in further work in order
to better qualify the designed system accuracy. On the other hand, the position estimation
accuracy has been well enhanced using this system (the standard deviation of the position error
is 76 pm) compared to the previous one (the standard deviation of the position error is 372 pm.

This system matches almost every requirement proposed in the section 2.1.3.3 for dexterous
manipulation of objects with the exception of detecting the shape of the contact surface.
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Context and motivations

In previous chapter 2, an intrinsic tactile sensing system was developed. The system is intended
to be integrated in a robotic gripper to enable it the performance of dexterous manipulation of
objects. One of the objectives of the system is to detect and prevent object slippage. Thus, this
chapter is intended to implement an algorithm for early detection of slippage using intrinsic
tactile systems with soft surfaces.

The intrinsic tactile system used in the chapter is the commercial sensor Ati nanol?’, In
fact, the system presented in Chapter 2 was damaged during an experiment. One of the wire
bonding connections is lost(see section 1.3.1). The construction of a new system would require
more time than just using the commercial system. The work presented in this chapter can
perfectly be applied to the system proposed in chapter 2.

Chapter objective

This chapter is intended to review the state of the art necessary to implement an algorithm for
early detection of slippage using an intrinsic tactile sensing system. On the basis of previous
research, the algorithm would then be implemented on the tactile system in order to prevent

slippage.

Outline of the chapter

This chapter is divided into five sections: The first part describes the friction limit theory named
limit surface. The second section reviews the viscoelastic contact model that is necessary to
implement the limit surface theory on an intrinsic tactile sensing system. The third part shows
the construction and characterization of soft fingers based on the viscoelastic model of contact.
The fourth section reports the implementation of limit surface theory for early slippage detection
on an intrinsic tactile system. Finally the results are analyzed and conclusions are made.

3.1 State of the art: Limit surface

In this section, the friction limit described by limit surface theory is presented. This concept
draws the limit of friction in force and torque for two objects in contact.

The concept of limit surface was initially developed by Jameson [Jam86| in 1985, and it
was later on enhanced by Goyal [GRP89| and |[GRP91]. They also provided useful tools for
characterizing the motion-force relationship.

The present description will draw fully on the concept of limit surface as presented in [HC96].
The construction of a limit surface involves an analysis of pressure distribution at each point
of contact and the contribution of each point to the total frictional force f; and torque 7.

The limit surface can be constructed by solving the problem of computing the forces and
torques for each possible translational and rotational motion. The limit surface supplies a
mapping between applied forces and the resulting motions.
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3.1.1 Assumptions

Three basic assumptions are made:

e A body undergoes fully developed sliding on a locally planar surface
e The distribution of normal force (or pressure) across the contact surface is known

e Friction force depends only on the local normal force applied and on slip direction, but
not on the magnitude of slip velocity or slip history.

Also, the sliding criteria are based on the assumption that the relative velocity field through
the contact area matches to a unique center of rotation (COR). For rigid bodies, the relative
velocity field is always true. However, these criteria also apply to deformable bodies such as soft
fingertips provided that the deformations of the contact area are slow compared to its sliding
speed. Other restrictions apply. For further information, see [GRP89] and [GRP91|.

3.1.2 Theory of limit surface

The direction of slippage for each contact point must be first found in order to obtain the
direction of the friction force. From the point of view of kinematics, the instantaneous motion
of a rigid body in a plane can always be described as pure rotation with respect to some point,
referred to as the center of rotation (COR). The connection between frictional force, frictional
torque and the sliding motion can be calculated by assuming an identified COR position, then
adding the frictional force contribution at each point across the contact surface. Figure 3.1
shows the situation in the sliding plane.

Figure 3.1: Representation of the COR and the local infinitesimal area dA where each force is
calculated

A coordinate system is fixed to the contact plane. The origin of the coordinate system is
located at the friction-weighted center of pressure (z.,y.):

_ Lawps(z,y)p(,y) dA
[y ps(z, y)p(, y) dA

(3.1)

Te
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_ Jayps(z,y)p(a,y) dA
e s, y)p(e, y) dA

(3.2)

The x axis is directed to the COR. The vector 7 = [z,y|" is a vector that points to the
differential element of area dA. The vector from the COR to the differential of the area is
expressed as 7., = [d., 0], s0 d=F—rg, = [x—d,,y]'. Tt is assumed that friction is independent
of sliding speed, so velocity can be represented by the unit vector o(7) = (7)/|0(7)|. Since
each contact point is instantaneously rotating with respect to the COR, the velocity vector is
perpendicular to d, and can be expressed as

8(F) = ['_] (33)

Id]

The normal force on any point of the contact area is expressed as dfy = pdA, where p(7)
is a function that expresses pressure distribution, and dA is the infinitesimal area at point
7. The magnitude of the frictional force at this point is dfy = —uspdA, where uy(7) is the
local coefficient of friction. It is known that the direction of the frictional force is opposed
to its velocity at a certain point. Then, the local frictional force vector can be expressed as
dfy = —pspvdA. The total frictional force can be found by integrating all the contact points
on the surface of contact:

fr=— /A f1s0p(7) dA (3.4)

The impact on the frictional torque (resolved to the origin) is given by the cross-product of
vector 7 and the local frictional force. Since velocity is on the same plane as the contact points,
torque is normal to the plane, and can be treated as a scalar. The total applied torque 7y is
the integral of:

v = — / el x O]p(7) dA (3.5)
A

With equations 3.4 and 3.5 it is possible to find the total frictional force and torque for any
motion, as well as for any given pressure distribution p(7) and coefficient of friction p,(7). By
performing this calculation for a number of COR locations, the limit of friction for the force
and torque can be generated. This result expresses the maximum force and torque that could
be applied before sliding as shown in figure 3.2.

3.1.3 Conclusion

To implement limit surface theory as the limit of friction, it should be noted that the model
depends on pressure distribution p(7’) and the friction coefficient p,(7).

The friction coefficient () depends on the materials in contact. On the other hand, pressure
distribution depends on the type of contact. Therefore, the following section presents pressure
distribution for soft fingers, and how said pressure distribution can be calculated from an
intrinsic tactile system.
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Figure 3.2: Representation limit surface

3.2 State of the art: Contact models for soft fingers

As shown in the previous section, it is necessary to know the pressure distribution to esti-
mate the limit of friction. This section presents the different models used to characterize the
behaviour of soft fingers in contact, including pressure distribution.

3.2.1 Assumptions

The following assumptions are made for this type of contact:

e The soft fingers have an hemispherical geometry
e The deformations generated in the soft finger are produced by a rigid object

e The deformation is vertical to the soft finger.

In this work the induced deformations are assumed vertical to the soft finger. In [TH03] the
contact properties are analyzed for different directions of the deformation.

3.2.2 Power Law: Non linear elastic model

In 1999, [XK99| introduced a function for general pressure-distribution whose purpose was to
capture material properties and contact geometry with various pressure profiles. Consequently,
in the case of a soft finger with hemispherical geometry, pressure distribution in a circular
contact area with radius a is written as follows:

1
N TNk *
p(r) = Ck:@ (1 - (5> ) (3.6)

where N is the normal force, a is the radius of contact, k determines the shape of the pressure
profile, and C}, is a coefficient that adjusts the profile of pressure distribution over the contact
area to satisfy the equilibrium condition. The function depends on the r variable. Since the
contact area is assumed to be flat, and pressure distribution is symmetrical, the variable r
can range from 0 to a. When k becomes larger, pressure distribution approaches uniform
distribution, as shown in Figure 3.3.



70 Chapter 3. Early slip detection for an intrinsic tactile system

Normalized pressure LA

N{.?rzaz =2
k ~ / -\‘-\
' \k’ =4
k=10
0.5 —
1 Normalized distance a/r 1

Figure 3.3: Power Law model of pressure distribution

The equilibrium condition to find the coefficient C} is the following:

/A p(r)dA = /9 ; / ; () 7 dr d = N (3.7)

The coefficient C}, in the pressure-distribution equation 3.6 can be determined using equation
3.7. The result obtained by [XK99] is:

3 kI ()

= &8

Ch

For further details, see |[XK99|. The gamma function I' is defined for real z > 0 by the
integral:

['(x) = /0 N et tdt (3.9)

3.2.2.1 Limit surface based on the Power in law model

Figure 3.4 illustrate what is the influence of the normal force N, the radius of contact a and
the shape parameter k in the limit surface.

Limit surface: N =1[N], k=4 Limit surface: a = 1{mm|, N = 1[N] Limit surface: a = 1{mm], k =4
14 0.7 14
——a = 1[mm] —k=2 ——N =1[N]
1.2 ——a = 2[mm] 06F  — — k=3 1.2 ——N =15[N]
a = 3[mm] T X k=4 N =2[N]
1 0.5 NN ir
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: L Z |
z06 _— . z03 Z06f N
— \ \
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\
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Figure 3.4: Limit surface based on the Power in law model
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The coefficient of friction p affects the limit surface in the same way that the normal force
i.e., the coefficient of friction and the normal force multiply the limit surface as a scale factor.

An intrinsic tactile system is able to measure the normal force N. However, the radius of
contact a and the parameter k should be estimated. The next subsection explains one method
used to estimate the radius of contact a and the parameter k in terms of the normal force N
and/or time t.

3.2.3 Viscoelastic model

As shown in section 3.1, the friction limits of force and torque of two surfaces in contact depend
on the distribution of pressure p(r) and, as said in the previous subsection 3.2.2, the distribution

of pressure is a function of the normal force N, the radius of contact a, and the shape parameter
k.

The goal of this section is to present the viscoelastic model of contact. In this model, the
deformation ¢ and the normal force N are related. Furthermore, as proposed by [Bar+04]
and [TKO07], the radius of contact a - as shown in Figure 3.5 - is expressed in terms of the
deformation ¢ as:

a’ = R?* — (R —6)? (3.10)
N

'

2a

Figure 3.5: Viscoelastic model of contact

For rubber materials and the human finger, the deformation ¢ and normal force N are time-
dependent functions. For the viscoelastic model of contact, two different time behaviours
should be studied: relaxation and the creep phenomena. A general approach proposed by
Findley |[FD76| considers that force and deformation can be related. The "relaxation function"
is as follows:

N(t) = G(6,1) (3.11)

In the general case of non-linear viscoelasticity, the relaxation function specifies the response
of force N, as time elapses, to a step deformation with respect to the undeformed configuration.

The "creep compliance” function is the following:

d(t) = H(N,t) (3.12)
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This function gives the deformation 0 response to the force with respect to the unreformed
configuration. Those two behaviours of viscoelastic materials are related as shown in [FD76].
If it is assumed that for small deformations the applied normal force is proportional to said
deformation N o 4, the functions G and H become only a function of time, as:

N(t)=G(t) ¢ (3.13)

5(t) = H(t) N (3.14)

Authors like [PH99|, |Bia+05] and [TKO07| adopt the hypothesis of [Fun93| for the general
case of nonlinear viscoelasticity. This hypothesis isolates the elastic response from the temporal
response. This approach allows for the use of different models of elastic response for soft fingers,
notwithstanding the temporal response for viscoelastic contacts. Viscoelastic contact modeling
can be understood as the linking of a function of deformation ¢ or the magnitude of the normal
force N with the temporal response as a function of time ¢.

3.2.4 Viscoelastic model with imposed displacement

In 1993, Fung [Fun93| proposed a model for the "relaxation function". This model has two
main elements: an immediate elastic response N()(4), which is the amplitude of the force
instantaneously generated by a deformation 0, and a reduced relaxation function ¢(¢) which
describes the time-dependent behaviour of the material.

G(6,t) = N©(6) g(t) with ¢(0) =1; (3.15)

The differential change of the force response dN(t) to an infinitesimal change in deformation
dd, superposed in a state of deformation ¢ at an instant of time, 7, for ¢ > 7, is described as:

ON'9[5(7)]

aN(t) = glt — ) =

do(r) (3.16)

As discussed in [FD76| and [PR68], the superposition principle is applied to this model. Then,
the total force at the instant ¢ is the sum of contributions of all the past changes.

t ©15(r T
N () :/ gt — r) IVBO] 20() (3.17)

a9 or

—00

It is assumed that the motion starts at t = 0 and the finger applied forces and deformations
for any time ¢ < 0 are zero, i.e. N©(t <0) =0 and §(t < 0) = 0.

N(t) = /Otg(t — 1) K©[5(7)] 6(7)dr (3.18)

where K(©)(§) = a%’;e) is the elastic stiffness and 0(7) is the rate of deformation.
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3.2.4.1 Reduced relaxation function ¢(t):

Following the hypothesis of Fung as shown in equation 3.15, the reduced relaxation function
g(t) decreases over time, and it is normalized to 1 at t = 0. It can be expressed as ([PH99]
[FD76]):

T T
g(t) = Z cie "' with Z ¢;=1 and wvy=0 (3.19)
i=0 =0
where ¢; depends on the material. This function is composed of a linear combination of
exponential functions, and the exponents v; are the rates of the relaxation phenomena.

3.2.4.2 Elastic response N (§):

As said before, this function is the amplitude of the instantaneous force generated by a de-
formation of the viscous material. The elastic response is a non-linear function that has been
modeled differently. This function can be found by integrating the contact stiffness. The non-
linear contact stiffness of a soft finger is defined as the radio of change in vertical depression at

the contact surface. The two main models of elastic stiffness K(© = % are:
K©(5) = me® (3.20)
K©(5) = po? (3.21)

where b, m, p and ¢ are parameters that depend on both the geometry and the material.
Those models were used widely. Pawluk [PH99| and Barbagli [Bar4-04| use the equation 3.20
to simulate the contact of the human finger. In [HK99| they use both models 3.20 and 3.21 to
analyse the stiffness of the human fingertip. Kao [KY04] continued with his work [XK99| and
derived an expression that can be related to the equation 3.21. Other authors as [MO99] and
|[KK97] model this function as a non-linear spring parallel to a non-linear damper as proposed
by [HCT75], where the stiffness of the spring is expressed by equation 3.21.

As said before, the function N)(§) can be found by integrating the contact stiffness (equa-
tions 3.20 and 3.21):

N©(5) = % (e —1) (3.22)
NO@G) = L _go+1 (3.23)
q+1

3.2.4.3 Block-scheme representation

The model shown in this section can be represented in a block diagram as seen in [Bia-+05].
The model is represented by the equation 3.18 that depicts the signal K(©)(4) ¢ filtered by the
system:

G(s) = Z{g(t)} (3.24)

where .Z indicates the Laplace transform. The block representation is shown in Figure 3.6a.
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Figure 3.6: Block model of the equation 3.18

The block diagram can be simplified by noticing that the input signal can be rewritten in the
following form:
ON©) [(5]6 B ON©@[5(t)]
o5 dt
The simplified system is shown in Figure 3.6b, where the transfer function G1(s) can be
expressed as follows:

K©(6) 6 =

(3.25)

(3.26)

Co X C1 Ca o Cr ) _ (Z;O Cz’) s+ F 0o (H::O Ui)

+ +o ;
s  s+uvr S+ s+ v, st 4+ ([T v)

3.2.4.4 Pressure distribution

As presented in section 3.2.2, the pressure distribution depends on the normal force N, the
radius of contact and the shape parameter k. As shown in equation 3.18 the force depends on
time and deformation §. Consequently, equation 3.6 can be rewritten as:

p(r 1) = ¢ X0 (1 - (5>k)}c (3.27)

ma? a

Is also known that the radius a can be expressed in terms of the deformation as shown in
3.10. Therefore, the pressure distribution can be estimated in terms of the radius of contact a
and the shape parameter k. Therefore, . By substituting the equation 3.18 and 3.19 into 3.27:

=Sl [

where the elastic stiffness K(® can be expressed by the equations 3.20 or 3.21.

co + i Cie_”i(t_T)] K©O3(1)]6(r)dr (3.28)

3.2.5 Viscoelastic model with imposed normal force

In 1993, Fung [Fun93| proposed a model for "creep compliance". This model, as proposed in
[FD76], has two main components: an immediate elastic response §(°)(§), which is the am-
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plitude of the deformation instantaneously generated by a force N, and the reduced creep
compliance function h(t) that is time-dependent. As made for the viscoelastic model with im-
posed deformation, the creep compliance H(N,t) for an step input is supposed to be in the
form of:

H(N,t) = 6(N) h(t) with h(0) = 1; (3.29)

Similar to Section 3.2.4, the equation for the deformation in relation to time can be rewritten
as:

¢ ©IN (7 T
o(t) :/O h(t — 1) 9 a[x( ) a]gi )dT (3.30)
Which can be rewritten as:
5(t) = / "Wt — 1) €O (N(r)) N(r)dr (3.31)

where N (7) is the speed of change of the normal force, and C® is the elastic compliance that
is the inverse of K(®) (the elastic stiffness represented by equations 3.20 and 3.21).
3.2.5.1 Elastic response §®(N)

The immediate elastic response 6®)(N) can be deduced by solving the variable ¢ from the
equations 3.22 and 3.23, in which case the equations become as follows:

SO(N) = %m (%N + 1) (3.32)
SE(N) = (%N) - (3.33)

The elastic compliance C'(®) is the inverse of K(©):

dé(e) 1
Ccl = N = 7 (3.34)

By computing the equations 3.20 and 3.21, it is found that:

(3.35)

CO(N) = % (—N) s (3.36)
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3.2.5.2 Reduced creep compliance function h(t)

As proposed in [FD76], the reduced creep compliance function h(t) is:

mo=1+§5@@—eﬂﬂ (3.37)

where the constants b; and 7; depend on the material properties, and the exponents 7, are
the rates of the creep phenomena.

3.2.5.3 Block-scheme representation

The model shown in this section can be portrayed in a block diagram. The model is represented
by the equation 3.31 that expresses the signal C(®)(§) N filtered by the system:

H(s) = 2{h(t)} (3.38)

where .Z indicates the Laplace transform. The block scheme is shown in Figure 3.7a.

Hi(s)
H(S) N 1+b1+---4b g
N__ | C(e)(N) _.? 1+b1-:"+b © 0 — 6 (N> 4» l—sﬁ’@;»
N , é o Hé
s+ — T stm T
b
TR TN
: . J bo |
------- > siﬁ 5+1n
(a) (b)
Figure 3.7: Block model of the equation 3.31
The block diagram can be simplified by noticing that:
. O06©[N] .. O5©IN(t
CO(N) N = N 27N ()] (3.39)

ON  dt
The simplified system is shown in Figure 3.7b, where the transfer function Hp(s) can be
expressed as follows:

(3.40)

1+b+---+0b, by b, )
S S+m S+ My,

HL(S):S( - -

3.2.5.4 Pressure distribution

If the normal force N applied to the hemispherical viscoelastic finger is constant, the defor-
mation 0 will grow over time as a consequence of the creep phenomena [FD76|. Moreover,
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by maintaining the normal force constant, the pressure distribution of viscoelastic contact will
progressively become more uniform due to relaxation (as shown in [JJ87] and [Yan66]). Also,
it is well known that as deformation increases, the radius of contact increases as well.

Then, pressure distribution also changes because the normal force is constant but the area of
contact increases. Consequently, the radius of the area of contact a and the parameter k are
time-dependent. Therefore, the equation 3.6 can be modified as proposed by Tiezzi and Kao
in [TKO07], as follows:

1

N r k(t)\ E®
p(r) = Ck(t)W (1 — (@) ) (3.41)

where Cy) symbolizes the coefficient Cj as a function of k(¢). The maximum pressure on
the contact surface takes place at r = 0, resulting in

pmaz(t) = p(O, t) = Ck(t)

p— (3.42)

As the area increases, the maximum pressure decreases. Substituting the pressure distribution
equation 3.41 into the equilibrium integral 3.7, the resulting equation is

5C at) k()] ¥
K / rl1— (L> dr =1 (3.43)
a(t)® Jo a(t)

In [TKO07|, an analysis between the radius of contact a and the parameter k is made. They
propose that these parameters are correlated, since they depend on the material properties and
the geometry of the fingertip. Consequently, they proposed two different coupling equations.
The first coupling equation is based on the pressure distribution. The second equation is based
on the creep compliance. Those equations where created for a step of normal load as the input
to the system. In this work, this relation is not completely useful. The coupling equations are
based on the following hypothesis:

Relation between contact radius ¢ and deformation §: The authors of [TK07| assume
that the relationship between the radius of contact a and the deformation ¢ is:

a® = 2R0 (3.44)

This assumption is made by neglecting the term —3? of the equation 3.10. They argue that
this approximation is better because of the conservation of the volume.

Relation between a and C): the radius of contact and the value of C} are related, as
follows:

—_

(3.45)

5
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3.2.6 Conclusion

To integrate the limit surface theory as the friction limit for an intrinsic tactile system, it is
necessary to know the pressure distribution as shown in equations 3.4 and 3.5. The pressure
distribution is modeled by the Power Law model (equation 3.6). This model is useful when
all the parameters of contact are known (the normal force N, the radius of contact a, and the
shape of the pressure distribution represented by k).

However, most tactile systems are not able to measure all the required parameters. Therefore,
for intrinsic tactile systems, the viscoelastic model of contact as proposed by |[TKO07| can be used
to estimate the deformation J from the normal force N. Then by applying the assumption of
the equation 3.44 that the radius of contact a can be estimated from the estimated deformation
0 for hemispherical surfaces. As shown in figure 3.8.

N(t) N(t)
5N §

> §O(N) W) Hi(s) 0, 2Ra(1) of!)

? g0

Figure 3.8: Block-scheme initial representation normal force N to radius of contact a and the
parameter k

Additionally, the parameter k£ could be estimated from the radius of contact a thought the
relation expressed by equation 3.45. Nevertheless, the direct relation proposed by |[TKO07] is
proposed for a step normal force. Therefore a new relation should be proposed.

Therefore, after reviewing the state of the art, for an intrinsic tactile system, the parameters
of the viscoelastic model of contact should be determined to be able to estimate the deformation
0 from the normal force N. Then, the assumption 3.44 should be tested. In addition, a relation
to estimate the parameter k from the prior knowledge should be proposed. Thus the limit
surface theory could be applied. Consequently, the following section refers to the estimation
of the parameters of a viscoelastic finger, the test of the assuption about the radius of contact
and the proposition of a function to estimate the parameter k.

3.3 Soft fingertips characterization

As concluded in the previous section, to be able to implement the limit surface theory as limit
of friction in intrinsic systems, it is necessary to know pressure distribution in terms of the
measured forces and torques of the tactile system. For this reason, the viscoelastic model
with imposed normal force could be applied as presented in subsection 3.2.5.4. This function
depends on the characteristics of the material. For this reason, an intrinsic tactile system with
soft surface is presented, and the necessary parameters to estimate pressure distribution are
characterized for two different soft surfaces.

In this section, the intrinsic tactile system used is the commercial sensor Ati Nanol7.

The viscoelastic model used in this section uses the same assumptions as presented in section
3.2: the soft fingers have an hemispherical geometry. The deformations generated in the soft
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finger are produced by a rigid object. The deformation is vertical to the soft finger.

This section is divided into six subsections. The first subsection describes the design and
construction of the soft fingers. The second part shows the test bench used to acquire the
measurements for the characterization. The third subsection describes the characterization of
the elastic response of the soft fingers. The fourth part presents the characterization of reduced
creep compliance function of the soft fingers. The fifth subsection presents the test made to
compare the radius of contact and the deformation. The seventh subsection presents a proposed
function to estimated the parameter k. Finally, the results are analyzed and conclusions are
made.

3.3.1 Intrinsic tactile system with soft fingertips design and construc-
tion

In the state of the art, many artificial soft fingers were created: |Bia+05], [[H03|, [XKO00] and
[XK99]. Most of them are made of polyurethane or silicon rubber. Also, most of them have a
hemispherical geometry.

3.3.1.1 Soft fingertips design

For simplicity and to be able to use equation 3.6 of pressure distribution, the geometry of the
finger is a hemisphere, as presented in Figure 3.9a.

O
o

O

W Soft material

1.5 m# 0 Rigid material

<
2

17 mm bone subcutaneous

(a) (b fat

tissue

Figure 3.9: Soft fingertips design 1

Additionally, the rigid base is inspired by the human finger, where the bone and the nail
create a rigid support for the finger. This finger is mounted on the 6-axis force/torque sensor
Ati Nano 17, as shown in Figure 3.10.

The base of the soft fingertips is attached to a nut.

3.3.1.2 Soft fingertips construction

Several soft fingers were constructed. However, for reasons of time, just two different soft fingers
are presented in this chapter, as shown in table 3.1. The soft fingers presented were selected
because they are made of different materials. Consequently, their physical properties, such as
relaxation, are different. The soft finger properties are shown in table 3.1.
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Flngertlp—‘ ‘

Figure 3.10: Intrinsic system with soft surface

Image Name Material Hardness | Construction

A polyurethane | Shore A 40 Mold

B SEBS Shore A 27 | 3d printing

Table 3.1: Soft finger properties

3.3.2 Characterization test bench

In order to characterize the soft fingers, a test bench is made as presented in figure 3.11a and
3.11b. The test bench uses the same structure as that of the systems presented in Annex A.1.1.
However, the placement of the precision screw and the motorized table have been changed as
presented. Additionally, a rigid acrylic surface is placed on the linear motors. This system
allows for the measurement of the distance between the rigid surface and the soft finger with
a telemeter sensor of reference ILD1700, which has a resolution of 0.5pm. Consequently, by
knowing at which distance the soft finger touches the rigid surface, the system is able to measure
the deformation of the soft finger 6. With the 6-axis force sensor, the system is able to measure
the applied forces f and torques 7. The force resolution is 1/320N and the torque resolution
is 1/64 N mm.

Furthermore, a camera with a frame rate of 120 frames per second is placed perpendicular to
the rigid surface and parallel to the force torque sensor. As shown in figure 3.11c, the camera
signal is segmented and some characteristics of the video are subtracted. The red marker helps
to estimate the deformation, and the green screen allows to reconstruct the shape of the soft
finger as shown in figure 3.11e. After the video processing, the diameter of contact (2a) can be
estimated as shown in figure 3.11f. The calculated precision of the diameter is 100 pm.
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Figure 3.11: Test bench: Viscoelastic characterization

3.3.3 Characterization of the elastic response

In order to estimate the deformation 6(® from the normal force N as presented in the schema
3.12, the characterization of the parameters of the material should be done. For this reason,
this subsection presents the characterization of the elastic response.
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3" (N) 0(t) aft)

> §E(N) > Hp(s) > \/2R0(t) L
\ ()

Figure 3.12: Block-scheme representation normal force N to radius of contact a and the pa-
rameter k v2

3.3.3.1 Characterization parameters

The elastic response of the viscoelastic model of contact is represented by the function N(®)(§),
for the model with imposed displacement. Likewise, the function 6)(N) represents the elastic
response for the model with imposed normal force. The relaxation functions as shown in section
3.2.3 have two different representations. For the first function, the parameters are b and m.
For the second one, they are ¢ and p. Those functions are shown in table 3.2

Table 3.2: Elastic functions

Parameters
m and b p and q
Relaxaction | N (§) =2 (e” — 1) NE(5) = q%éq“

_1
Creep compliance | §)(N) = 1In (2N +1) | §@(N) = (ﬂN> o

p

Therefore, the goal of this subsection is to identify the parameters b, m, ¢ and p for each
material.

3.3.3.2 Calibration method

In order to estimate the parameters of the elastic response the authors in [PH99| and |Bia+05]
use a "ramp-hold test". They consider that a fast ramp test could be considered as an step
input. By considering that g(t = 0) = 1, the force obtained from a fast deformation is a
good approximation of the elastic response. In their experiments the characterized function is
N©)(§). Therefore, the same experiment is made in this subsection.

The characterization is made by the minimization of the error between the measured normal
force N,.; and the calculated elastic response N(§). Should be said that the estimated
parameters of the elastic response N®(§) have the same value and physical representation that
in the function 5 (V).

The minimization is made only in the measured points where the speed of the deformation )
is larger than 30 mms~!. The minimization functions are shown as following:

2

{m,b} = argmin » _ [Nyep — N(8) (1] (3.46)
m,b -
) jZl
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2

{p,q} = argminz [Nyer — N(e)(é){w}] (3.47)

3.3.3.3 Characterization methodology

The methodology of the characterization is:

e The soft finger is mounted on the reference sensor

The system remains without contact for some minutes

Signal acquisition starts

Precision screw is rotated to exert forces on the soft finger

The contact is removed and signal acquisition is stopped

Two measurements using the proposed test bench are made for each soft finger. The first
measurement sould be in the form of an step of deformation. The second measurement is used
as a verification signal.

3.3.3.4 Characterization results

The left side of figure 3.13 presents the results for the measurement set used to calibrate the
system. The right side of the figure presents the results for the measurement set used to validate
the system. As shown in figures of § vs N, the elastic response shows a good match with the
rising edge of the measured force.

As the figure shows, both soft fingers can be modeled with the proposed model. On the one
hand, the equation containing the parameters m and b is more useful for estimating the force
applied in the system A made of polyurethane. On the other hand, the equation containing
the parameters ¢ and p works better for the printed soft finger.

The estimated parameters for the characterization are shown in table 3.3

Table 3.3: Elastic response N(©)(§) parameters

Name b m q p
A 1.7391 | 4.2935 | 0.9060 | 22.4296
B 0.8600 | 3.7035 | 0.4914 | 9.0925

In [Bia+05]|, the estimated parameters of the elastic response for a polyurethane finger are
b = 251, m = 0.806, p = 0.2636 and ¢ = 2.39. Even if the finger used in said study is
similar to the finger used in this work, the parameters obtained in the former differ from the
estimated parameters presented in table 3.3. This could be because both fingers had different
characteristics, for example the rigid support had a different geometry.



84 Chapter 3. Early slip detection for an intrinsic tactile system
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Figure 3.13: Results

3.3.4 Characterization reduced relaxation function

The material dependent parameters of the reduced creep compliance function h(t) should be
estimated in order to estimate the total deformation ¢ from the normal force N. The sim-
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plified representation of the relaxation function as shown in figure 3.14 is represent by the
function Hp(s). Conclusively, this subsection is intended to characterize the temporal response
represented by the function Hp(s).

N (t) N(t)
§E(N )

> §E(N) & Hi(s) 2N 2RA(1) of!)

L ” k()

Figure 3.14: Block-scheme representation normal force N to radius of contact a and the pa-
rameter k v3

The block representing the function Hp(s) is shown in figure 3.15.

HL(S)

— > s > Ltbitetby | 50

i
(+)—>

Figure 3.15: Function Hp(s)

3.3.4.1 Characterization parameters

The parameters to estimate are the parameters for the reduced creep compliance function h(t).

h(t) =1+ i b (1—e ™)

The parameters are b; and 7;. The number of pairs ¢ change depending in the creep phenom-
ena. In this work the relaxation function h(t) is characterize for i = 1,2, 3.

3.3.4.2 Calibration method

The calibration for the reduced creep compliance function h(t) is done for individually for each
group of parameters b; and 7; for i = 1,2,3. The elastic response with the parameters b and
m shown in the equation 3.32 is used to estimate the parameters. Only one elastic response
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function is used because when the normal force in equation 3.36 is near zero, the function tends
toward infinity.

The characterization is made by the minimization of the error between the measured normal
force 0,.; and the calculated deformation response d.,;. The parameters are estimated as shows
the following cost functions:

. . . . 2
{brm} = argmin ) | [3res () = deat(5) 0.0 (3.48)
1,71 j=1

. . . . 2

{by, by, 1, 1m0} = argmin > [6rer(4) = Seat(F) br o e} (3.49)
1,92,M1,72 j=1
. . . . 2

{b1, b2 b3, s} = argmin > [8rer(5) = Geat(F) by b bins s} (3.50)

b1,b2,b3,m1,m2,m3 o

3.3.4.3 Characterization methodology

The verification measurements from the previous section 3.3.3 are used as the calibration mea-
surements. Additionally, one measurement using same methodology and test bench is made for
each soft finger. The new measurement is intended to test the elastic and temporal response.
Therefore, the measurement should have a part where the deformation changes constantly. This
allows to test the elastic response. The measurement should have a part where the temporal
response is settle for different normal forces.

3.3.4.4 Characterization results

The results for the characterization of the soft fingers are shown in figure 3.16.

The left side of figure figure 3.16 presents the results for the measurement set used to calibrate
the system. The right side of the figure presents the results for the measurement set used to
validate the system.

The estimated parameters for the reduced relaxation function h(t) are shown in table 3.4.

Table 3.4: Creep compliance function h(t) parameters

Name | by by bs m M2 M3
1=110.0759 0.0667
A 1 =2 0.2653 | -0.1964 0.1018 | 0.11078
1 =3 0.1282 | 0.0570 | -0.11058 | 2.7262 | 0.0522 1105
=11 0.2966 0.9122
B 1 =2 0.0816 | 0.2154 1.2412 | 0.8038
1 =3 | 0.0657 | 0.0111 0.2167 | 1.1567 | 1.8408 | 0.8071

The normalized root mean square error of the verification measurements is shown in table
3.5. The statistical method is used to qualify the goodness of fit between test and reference
data.
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Figure 3.16: Results

The estimated deformation for the finger A made from polyurethane has a good matching
with the reference deformation as shown in figure 3.16 and table 3.5.

The estimated deformation for the finger B made by a 3D printer made a regular estimation.
The normalized root mean square error is approximately 74.5%. The proposed model does not

reduce sufficiently the relaxation effect.
There are not any considerable difference between the different functions h(t) based on the

number of parameters .
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Table 3.5: Goodness of fit reduced relaxation function (NRMSE)

Parameters h(t)
1=1 1=2 1=3
A 1 90.28% | 90.09% | 90.31%
B | 74.52% | 74.57% | 74.42%

Table 3.6: Goodness of fit radius of contact (NRMSE)

a(t) calculated from

5(t)7‘6f N(t)ref
A | 91.35% 86.92%
B | 92.98% 69.21%

3.3.5 Relation between the radius a and the deformation ¢ test

As presented in the subsection 3.2.5.4 the authors in [TKO07| assume that the relationship
between the radius of contact a and the deformation § is a®* = 2Rj. This relation is the
simplification of the equation 3.10 (a* = R* — (R — §)?). Therefore, this subsection is intended
to test this assumption.

N(t) N(t)
(N 5
> 5@ (N) ( l Hi(s) 0 > aLt)

y=

(t)

0]
I

Figure 3.17: Block-scheme representation normal force N to radius of contact a and the pa-
rameter k v3

3.3.5.1 Test methodology

The verification signals presented in previous section 3.3.4 are used to test the assumption.

3.3.5.2 Test results

The assumption a®* = 2R§ made by [TK07] does not coincide with the experimental data.
However, the assumption that the square radius is proportional to the deformation a? < R is
valid as shown in the figure 3.18.

The proportional parameter u as shown in equation 3.51 for the two soft fingers is 1.03.

a(t)? = uRo(t) (3.51)

The normalized root mean square error of the verification measurements is shown in table
3.6. The statistical method is used to qualify the goodness of fit between test and reference
data.
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Figure 3.18: Results

As expected the estimation of the radius of contact from the measured deformation shows a
good estimation for both fingers.

From the results of the previous section it is known that the maximum accuracy expected
is 90% for the finger A, and 74.5% for the finger B. The accuracy to the reference is 90%.
Therefore the results presented in table 3.6 are the expected value (diminution in accuracy of

5%).

3.3.6 Estimation of the parameter k

To estimate the pressure distribution from the normal force is the parameter k is needed.
Therefore, this section is intended to suggest a function of k in terms of the prior knowledge.

N(t) N(t)

DR
>

SN )
> 5EO(N) ( l Hp(s) ) > JuRO(t) L of!)

Y=

(t)

Figure 3.19: Block-scheme representation normal force N to radius of contact a and the pa-
rameter k v4

As presented in the subsection 3.2.5.4 the authors in [TKO07| assume a correlation between
the radius of contact a and function C}. This relation is Cj a% They proposed tat for an
step input of normal force the parameter k is:

—0.556
Ckg 1

k() = | 20—

.52
1.741 (3:52)
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where Cy, = Ci(k|i=0), and h(t) is the reduced creep compliance function. This function
is created for an step normal force as the excitation of the system. The value of k£ should
be generalized for any kind of input. Consequently, a new function of parameter k should be

introduced.

Additionally to the observations made in the by [TKO07| the following observation is made:
The parameter k is related to the creep compliance function as shown in equation 3.52. As
presented, the value of k£ is minimal when the elastic response is predominant i.e., the normal
force is increasing fast. In the other hand, k increases when there is no change in the contact
forces and the material is in the creep response.

If the parameter k depends on the creep compliance function and is related to the radius of
contact a. Therefore, the calculated area of contact a(t) compared to the elastic area of contact
a'®(t) = \/uRS© [N(t)] should reflect the behavior of &k in the time. Figure 3.20 shows the
radius of contact a(t) and the estimated elastic radius of contact a(®(t) for the soft fingers.

A: a(t) and a'9(t) A: a(t)/a'9(t)
3 1.03
27 1.02
2
14 1.01
54 ————————— tr—,———————————————————
0 10 20 30 40 10 20 30 40
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B: a(t) and a9 (t) B: a(t)/a)(t)
254 1
2_
1.1+
—= 1.5
19 1.05
0.5
—_—_— 14 —
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Figure 3.20: Coupling equation illustration

The division a(t)/a'®(t) shows the expected behavior of k. Therefore, a coupling equation is

proposed as follows:

k(t) = My (%) + Nng (353)

where a(t) is the estimated radius of contact, m; and n; are parameter to scale the value.
The elastic a®(t) is the radius of contact generated by the elastic response as shown in the

following equation:
a'®(t) = y/uR© [N (t)] (3.54)

The values m; and ny can be estimated by imposing an step normal force as follows:



91

3.3. Soft fingertips characterization
(3.55)

_ VuRS© [No] h(t)
k(t) = my ( T5© A ) + ny

k(L) = my ( h(t)) +

When h(t)|;=o = 1 the value of k is the minimal. Additionally, when h(t)|;— . the value of k
is the maximal. The range of values of k as presented by [TKO07] is 2 < k£ < 4. The value of

the parameters my and n, can be estimated by solving the following equations:
(3.57)

(3.56)

k?(t)‘t:() = My + N

(3.58)

where b; are the parameters of the reduced creep phenomena h(t) as shown in equation 3.37.

The calculated value of k for an step input of normal force is shown in figure 3.21
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Figure 3.21: Parameter k estimated to a step input

The estimated parameter k£ for the finger A arrive to the stabilization at 60s, this behavior
is undesired because the maximal torque is attended when the parameter k£ is maximal. The

parameter k for the finger B have a stabilization time of 6, ten times faster than the finger A.
However, an ideal soft finger should have a faster stabilization time.

It should be noted that the proposed equation estimate correctly the value of & when the
forces are increasing. When the forces are decreasing the behavior of the material is diffetent

as shown in [TKO09].
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3.3.7 Conclusion

This section presents the characterization of the parameters for the elastic function, creep
compliance function and a? = uRd. Additionally, a function is proposed, that function relies
the radius of contact a and the parameter k. Those presented functions allow to estimate the
radius of contact a and the parameter k in function of the normal force N an the time ¢ as
figure 3.22 shows:

N(t) N(t)
§E(N )

4 5o F—d w2 4

a“(t) " k(t)

Y

)

WROE(N) | (52

Figure 3.22: Block-scheme representation normal force N to radius of contact a and the pa-
rameter k

As presented in the section 3.2.2, the pressure distribution depends on the normal force IV,
the radius of contact @ and the parameter k. With the characterization presented in this section
it is possible to estimate the radius of contact a and the normal force is directly measured. For
the parameter £ an assumption between k and s is proposed.

The viscoelastic model used in this section uses the same assumptions as presented in section
3.2: the soft fingers have an hemispherical geometry. The deformations generated in the soft
finger are produced by a rigid object. The deformation is vertical to the soft finger.

The accuracy of the model for the finger A it is appropriate to be implemented. However,
the model for the finger B should be changed, the finger B does not behave as a viscoelastic
finger.

Conclusively, after the characterization of the soft fingers, the following section is intended
to the implementation of the presented models to detect the slippage.

3.4 Slip detection using limit surface

In the previous section, the characterization of the soft fingers allows to estimate the radius of
contact a and the parameter k from the normal force measurement N. Consequently, pressure
distribution can be calculated for every instant of time, which, in turn, allows for the estimation
of the limit of friction for every instant of time in accordance with the friction limit theory.

This section is intended to implement limit surface theory on an intrinsic tactile system with
soft surface. The assumptions made for this integration are the same as presented in section
3.1 and 3.2. The assumptions are: the soft fingers have an hemispherical geometry. The
deformations generated in the soft finger are produced by a rigid object. The deformation is
vertical to the soft finger. A body undergoes fully developed sliding on a locally planar surface.
The distribution of normal force (or pressure) across the contact surface is known. Friction
force depends only on the local normal force applied and on slip direction, but not on the
magnitude of slip velocity or slip history.
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In order to establish a comparison, the estimated models for both fingers are tested.

This section is divided into four subsections: The first part describes the design and construc-
tion of the soft fingers. The second part shows the characterization made to the soft fingers
based on the viscoelastic model of contact. The third subsection reports the implementation of
limit surface theory for early slip detection on an intrinsic tactile system. Finally, the results
are analyzed and conclusions are made.

3.4.1 Slippage test bench

In order to test the limit surface friction limit for the proposed intrinsic tactile system, it is
necessary to test different types of slippage produced by different tangential forces and torques.
Thus, a test bench is created as shown in figure 3.23a.

Distance sensor

6 axis force torque sensor
COR system

Servo motor

Precision screw

(a) 3D view (b) Lateral view

o

2

26 mm

(c) Lateral view of the COR (d) COR system: Force torque introduction system
system

Figure 3.23: Test bench: Slip detection

This system is similar to the one presented in the previous section. The main difference is that
the support of the 6-axis force sensor is modified as shown in figure 3.23c. The new support is
a system composed of a servomotor and a mobile platform. The support is called COR system
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because the distance between the rotation axis of the servomotor and the sensor can be set
by the screw, as shown in figure 3.23d. This system allows for the induction of slippage with
different tangential forces and torques. The system is inspired by the construction of the limit
surface as presented in section 3.1.

3.4.2 Construction of the limit surface

The construction of the limit surface for the case presented here, where the contact area is
constant and circular, can be expressed as follows (|XK99)):

Jun

N 2T a 2 _ i k] x

fr=1E / / rocost —rde Qg 1 <f> drdd (3.59)
T Jo Jo \/r2+d§—2rdccosea i a’ |
N [Pt 8 r2d, cos ' ok

7=t / / Lo rdetos Q;“ 1 (f) drdf (3.60)
™ Jo Jo /r?4+d?—2rd.cosf a® | a/ |

Those equations are the result of combining the pressure distribution from equation 3.41 in
the equations of limit surface 3.4 and 3.5. Additionally, the vector ©(F) represented in the
equation 3.3 is calculated as:

rcosf —d,
/1?2 +d% — 2rd, cos 0

o (F) (3.61)

For further information see [XK99| and [TKO07].

3.4.3 Experiment

The methodology of the experiment is the following:

e The soft finger is mounted on the reference sensor, and the distance between the sensor
and the axe of the motor is fixed

e The system remains without contact for some minutes

e Signal acquisition starts

e The precision screw is rotated to exert forces near 5N on the soft finger
e The axe of servomotor is rotated 45 degrees

e Contact is removed and signal acquisition is stopped

Twenty measurements are made for each soft finger. Each measurement is made at a known
distance as shown in table 3.7

Table 3.7: Distances from the COR

# |1y 2 |34 |56 |7[8/9]10]11 |12 13| 114|115 |16 | 17| 18| 19|20
delmm| |0 ]05|1|15|2|25[3|4|5|6 |78 |9] 10 12|14 16|18 |20 |26
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3.4.4 Results and analysis

This subsection presents the results of the proposed experiment.

3.4.4.1 Reconstruction the limit surface experimentally

Figure 3.24 shows the measurement of the frictional force ff, the normal applied torque 7y,
and the curve f vs 7x for the 20 measurements for both soft fingers. The results are presented
synchronized and the starting point is the time when the motor started to exert forces on the
soft finger.

The graph f; vs 7x for both soft fingers clearly shows the limit surface. It should be noted
that, since the normal force was applied manually to 5N, the curve is an approximation.

The proposed test bench does not provide the displacement measurement and hence the
moment when the object slips is estimated. Three different methods where applied to estimate
the moment when slippage occurred: the maximum friction force, the maximum normal torque,
and the maximum value of the magnitude of the vector composed by the frictional force and
the normal torque. The results are shown in figure 3.24.

It could be said that the system starts to slip approximately 2 seconds after the motor starts
to exert the forces. It should be noted that the maximum normal torque always happens before
the maximum frictional force. The maximum frictional force and normal torque behave in two
separate ellipses. This behavior is well noticed in the limit surface of the soft finger A. There
is a linear behavior until the maximum normal torque occurs.

As expected, the maximum frictional force works well to identify slippage for the measure-
ments with the biggest distance d. to the center of rotation. Likewise, the maximum normal
torque is a good indicator for identification of slippage in the case of measurements with the
smallest d..

The maximal measured torque in soft finger B is bigger than in soft finger A. This behavior
can be explained by the coefficient of friction p and the difference of material. Since the material
finger B is made of is softer than that of finger A, the radius of contact of the former is greater.

3.4.4.2 Evolution of the pressure distribution and the limit surface

Figures 3.25 and 3.26 show the measurement of the normal force N, the radius of contact a,
the shape parameter k, the evolution of pressure distribution, as well as the evolution of the
estimated limit surface for three measurements for each soft finger. The coefficient of friction
is not calculated. Subsequently, the calculated limit surface is divided by the coefficient of
friction.

The points shown in the figures represent the different times when pressure distribution and
limit surface are calculated for the representation. The color variation helps to follow the time
line.

It can be seen that the radius of contact of finger B is greater than that of finger A for the
same applied force. This behavior can be explained by the different hardness of the materials.
As a consequence, the maximal supported torque is higher for finger B.
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Figure 3.24: Frictional force f; and normal torque 7y
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3.4.5 Conclusion

This section presents the integration of the limit surface friction limit in an intrinsic tactile
system. The proposed model that estimates the radius of contact and the parameter k from
the normal force is applied to estimate the pressure distribution. Thus, limit surface can be
calculated at every instant. The implementation in real time would depend on limit surface
integrals computational time represented in equations 3.59 and 3.60.

The assumptions made for this integration are the same as presented in section 3.1 and
3.2. The assuptions are: the soft fingers have an hemispherical geometry. The deformations
generated in the soft finger are produced by a rigid object. The deformation is vertical to
the soft finger. A body undergoes fully developed sliding on a locally planar surface. The
distribution of normal force (or pressure) across the contact surface is known. Friction force
depends only on the local normal force applied and on slip direction, but not on the magnitude
of slip velocity or slip history.

As presented in [TV05| and shown in figures 3.25 and 3.26, when contact is established, the
surface of contact and the parameter k are larger than when contact starts. As a result, the
supported torque is bigger when creep behavior is established. Therefore, the ideal soft finger
should attain its maximal area of contact with maximal pressure distribution as fast as possible.
In this case, the model of finger B is better equipped for dexterous manipulation of objects.






Conclusion and perspectives

The presented work has treated two main subjects related to tactile sensing system for robotic
dexterous manipulation of objects. The first subject was the development of an artificial tactile
sensing system suited for the integration in a robotic anthropomorphic manipulator and based
on CEA-LETT’s 3-axis force sensors. The second subject was the analysis of object slippage
during the manipulation in order to prevent damaging the object either by letting it slide or
by applying unnecessarily high grasp force.

The work was divided in three parts: protection of multi-axis force sensors, design and
construction of intrinsic tactile systems, slippage analysis with an intrinsic tactile system.

A bibliographic review showed the necessity of applying a coating to the CEA-LETI’s sensor
before integrating it in a tactile system. The objective is protect it and increase the range of
forces that can be supported by the sensor. The 3-axis force sensor was characterized in order
to compare its properties before and after applying the protection. Five different coatings
with different shapes, sizes and materials were tested and characterized in order to show the
coating’s effect. The results revealed some guidelines to be followed in order to obtain an
appropriate coating. In fact, the shape of the coating must be symmetrical, and centered with
respect the center of the sensitive area. The tip of the protection must be pointy to assure
that the forces are applied in a specific zone. To achieve these conditions, it is advised to use a
molding process instead of material deposit. The polyurethane shore 40 showed more promising
properties compared to polyurethane shore 80. Finally, the dynamic range was verified for the
chosen coating. At this stage, the sensor was ready to be implemented in a tactile sensing
system for dexterous manipulation of objects.

In order to integrate the 3-axis force sensor in a tactile system, a bibliographic review detailing
the different kinds of tactile systems was presented. It has shown that the intrinsic tactile
systems are the most suitable for this sensor. Before creating a touch system adapted to
dexterous manipulation, a first proof of concept system was implemented. The system is based
on an array of three coated 3-axis force sensors fixed in a triangular arrangement. A flat rigid
touch surface is glued on top of the sensors. This is an intrinsic tactile system able to measure
the three components of the force, the three components of the torque perpendicular to the
sensitive surface, and the position of the centroid of forces applied to the sensitive surface.
Three different experiments were done to characterize the tactile system. The experiments has
shown a mean error for position estimation of 0.7mm (with standard deviation of 0.372 mm)
and a mean error in force estimation of 31.9mN (with standard deviation of 12.8 mN).

Once the concept was proven, an intrinsic tactile system was built for the integration in an
anthropomorphic robotic gripper was designed and characterized. This system fulfills most of
the requirements of dexterous manipulation of objects. The experiments on this system has
shown that the estimation of force had the same statistics compared to the previous system.
However, the position estimation accuracy was improved: The maximum measured error in
position is 621.04 pm and the RMSE is 141.21 pm. The maximum measured error in force is
240.57mN and the root mean square error (RMSE) is 41.47 mN.

For dexterous manipulation of objects, it is necessary to predict weather the manipulated
object will slip in order to adapt the grip. The last part of this work dealt with the detection
of slippage on an intrinsic tactile syncing system. Several theories could be used to detect the
slippage. In this work, the limit surface theory was chosen. This theory requires the knowledge
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of the distribution of pressure. The viscoelastic model for soft fingers makes it possible to
estimate the distribution of pressure from the measurement of the normal force, the radius of
contact, and a shape parameter. The area of contact and the shape parameter could also be
estimated from a function of the normal force, time, and the material properties.

Consequently, two soft fingers with different materials and the same hemispherical geometry
were created and characterized based on the viscoelastic model. The results are promising
as the characterization with the viscoelastic model fits the data by 90% for the first finger
and by 75% for second finger. In order to estimate the pressure distribution, two equations
were proposed. The first one links the deformation to the radius of contact. And the second
one estimates the shape of the distribution of pressure. The experiments assumed that the
soft fingers have a hemispherical geometry, the deformations generated in the soft finger are
produced by a rigid object and the deformation is perpendicular to the contact surface.

The characterization allowed the estimation of the pressure distribution in real-time which
enables the estimation of the limit of friction at any moment. The estimations of the friction
limit surface were based on the following assumptions: A body undergoes fully developed sliding
on a locally planar surface. Friction force depends only on the normal component of the local
applied force and the slip direction assuming that the coefficient of friction is known. The
experiments show that the friction limit can be calculated for every instant of time with an
intrinsic tactile system.

This work was developed with the available resources at each experiment. Therefore, some
experiments could be improved for a better accuracy. For example, the intrinsic systems created
in chapter 2 was calibrated with a 3-axis force sensor which could not be used to calibrate the
torque estimation. Consequently, a direct comparison with a 6-axis force-torque sensor could
give a more accurate vision of the capabilities of the proposed system.

Being able to directly measure the distribution of the pressure is important to test the different
propositions. Further work can focus on analyzing the pressure distribution for example by
using an extrinsic pressure array.

To create an improved tactile system, the developed intrinsic system could be implemented
with a soft surface that integrates an extrinsic system. The extrinsic system would measure the
pressure distribution which reduces the number of hypothesis needed to resolve the slip detection
problem. The soft surface should have the right balance between softness and robustness. A
special attention should be given to temporal response speed of the soft surface. Such hybrid
tactile system would be able to estimate the applied forces, the applied torques, the position
of contact, the distribution of pressure and the area of contact. This system could estimate
the limit surface without any assumption. Therefore, the slippage prediction could be easily
applied using the limit surface theory.

In other perspective, the limit surface could be used as a control strategy. In fact, the limit
surface theory enables estimating the evolution of the contact in time. Therefore, the normal
applied force can be adjusted according to the distance between the actual state in the frictional
force versus normal torque diagram and the calculated limit surface.



APPENDIX A

Test system

A.1 Measuring devices

In the presented work two the following measuring systems are used.

A.1.1 Two axis force measurement system

The measurement system has been used by [Db10|, and it was designed with the concern of
accurately controlling the movement and minimize external vibration in order to recognize
textures. This device can measure the normal force and one tangential force exerted on an
end effector. The machine was made by Nominal Concept, an outside consulting firm to CEA
specializing in the production of precision mechanical devices. The measurement system is
shown in figure A.1.

1. Rigid surface

2.Pneumatic actuator

3. Precision screw

4. End effector

5. Normal force transducer

6. Tangential force transducer
7. Motorized linear table Y

8. Motorized linear table X

9. Anti-vibration table

Figure A.1: Two axis force measurement system

In order to eliminate external vibrations during manipulation, the assembly is mounted on
a foamed marble supported by an air vibration frame (Thorlab). The measurement system is
composed of two motorized linear tables (Lx80F40 Linax Jenny Science) for moving the end
effector along the two axes x (horizontal), y (vertical) as shown in figure A.1. These linear table
is equipped with an optical rule which allows to control the position with an accuracy of 1 pm
over a length of 8cm. On the vertical motorized linear table an arm is fixed, and this table
is equipped with a pneumatic compensator that allows to relieve the weight of the arm. The
Lx80F40 tables can withstand a maximum force of opposition to the movement of 40 N. Each
table is connected to a controller Xenax (Jenny Science), itself connected to a computer via an
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Ethernet cable. Thus, it can independently program the movement of each of the tables, with
the disadvantage of not having feedback of the position in time.

The arm consists of two force transducers, made of bimetal springs mounted in series. The first
force transducer measures the tangential force along the x-axis. The second force transducer
measures the normal force along the z-axis. The operation of the cantilevers is presented later
in this appendix.

The rigid surface is a steel plate, mounted on a pneumatic actuator that makes it move
forward or backward in the z-axis. The plate can also move via a precision screw and it is
placed in front of the end effector. In the past, this plate served to position different samples of
textures. However, in this investigation the plate exerts forces on the elements located in the
end effector. The forces in the z-axis occur by the movement of the plate through the precision
screw, and the tangential forces through the friction created by the movement of the linear
tables.

A.1.1.1 Characterization of the force transducers

The objective of the system is to measure the normal force and tangential force in stationary
position during the movement of the sensor (dynamic). This model of the system is a second
order mass spring damper as shown in Figure A.2. This same model can be applied to both
transducers.

Displacement sensor

Figure A.2: Second order mass spring damper

Stationary characterization In the first instance, the system is assumed to be the free
end of a spring subjected to a force. The operating principle of the system is to measure the
displacement of the springs. A proportional relation F' = kx links the displacement z from
the free end to the normal force F" applied at this point, via the stiffness k. The single spring
is usually used, for example in the Atomic Force Microscopes, and it has the disadvantage of
changing the orientation of the tangential plane at the free end with the bending of the spring.
In our assembly, the consequence would be changing the orientation of the end effector based
on the contact force, and modifying the directions of the applied forces.

The use of two springs embedded at each end keeps the parallelism between the embedding
plans, thus maintaining the end effector in a constant orientation. Figure A.3 shows the be-
haviour of a two-spring system subjected to a normal force F. The distance d,, of the free end
is proportional to the applied force. Equation A.1 is used to roughly estimate the stiffness k of
the two-spring system according to the length L, width b, thickness e and the Young’s modulus
E of the material.
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N \
Displacement sensor/VD

Figure A.3: Force transducer operating principle

_ Ebe?

k 73

(A.1)

In the two-spring system, each spring is made of a metal sheet. The sheet is perpendicular
to the axis of the force to be measured; in this way deformations in the other two axes are
minimal. Characteristics of the sheets:

e For 7 axis

— Thickness e, = 0.6 mm

— Young’s modulus E, = 220 GPa for steel
— Length L, = 120 mm

— Stiffness k, ~ 0.8 Nmm™!

e For X axis

— Thickness e, = 1.5 mm

— Young’s modulus E, = 203 GPa for stainless steel
— Length L, = 120mm

— Stiffness k, ~ 11 Nmm™!

These values were chosen for texture recognition applications where the z-axis chosen is low
in order to impose a low normal force, which varies little according to the texture. The stiffness
chosen is large for the tangential force transducer since much deformation is not desired because
there would be incertitude about the position.

The displacement sensor for the force transducers X and Z are measured with Foucault
current sensors from Micro-Epsilon, with models U3 (3 mm measuring range) and EU6 (6 mm
measuring range) respectively. These sensors deliver voltage U,er and U,,f respectively that is
proportional to the displacement of a target steel in front of which they are placed.

The stiffness of the cantilever is very dependent on the thickness and length of the sheets.
Foucault current displacement sensors change their behaviour depending on the magnetic en-
vironment. Therefore, the force transducer system is characterized once assembled on the
complete testing system.

For optimum utilization of the displacement sensors, the characteristic should be adjusted
to the environment and to the 0-5 V range of the acquisition system. This is achieved by
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three potentiometers of the electronic sensor for setting the zero, linearity and gain. An optical
sensor from Micro-Epsilon NCDT1700 1 pm resolution and very good repeatability is used for
characterization. Once set, the sensors have a linear characteristic slope of 1.2mm V=1 for the
EU6 sensor, and 0.6 mm V! for U3 sensor. Measurement error of these sensors does not exceed
0.3nm to 0.15pm for EU6 and U3, respectively.

The force transducers are characterized applying force via a pulley, as shown in Figure A.4

Free end of the springs

F
; —>

Displacement sensor

T,

Figure A.4: Force transducer characterisation

Where the reference force F' is equal to mass m times acceleration g induced by gravity. The
data acquired with different values of m is shown in the figure A.5.

7 Force transducer behavior X Force transducer behavior
. 3.5
+ Acquired data il ¢ Acquired data
3.54 Linear regression 3 Linear regression
3<
Z 2.5
& 24
g i
5 1.5+
= ]
lA
0.59
0 B ELELELE ELELELEL ELLELEL B 05+ — 7 7 7 T T 7T
25 3 35 4 4.5 5 5.5 2.4 2.45 25 2.55 2.6 2.65

Voltage U..¢[V] Voltage U,er[V]

Figure A.5: Measures for the characterization

The force transducer has a linear behaviour, as expected. The equations that represent the
two lines for X and Z respectively are

fxref = S:Jcrefuxref + bzref (AQ)

fzref - Szrefuzref + bzref (AB)

Where S, and S..r are the sensitivities of the system, in the same way by and bgper
are the bias of the resting system. These values are calculated by linear regression, where
Spret = 12.912NVL S = —1.6TNV~L by = —31.05N and b,er = 8.73N.
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The bimetal force transducer still has the disadvantage of imposing lateral movement d, to
the end effector when normal force is exerted, forcing a d, displacement. When d, is small
compared to L, d, can be estimated by the relation d, = L — \/L? — d?. For normal force
f» in the range of 1 N applied on the end effector, a displacement d, = 0.73 mm is made, the
end effector moves laterally along the x axis of about d, = 2.2pum. This produces unwanted
tangential forces.

Dynamic characterization It is necessary to understand what is the dynamic behaviour
of the system in order to know what are its limitations. The test performed recreates a step
function in the system input. The end effector is brought into contact until a force f;,;; ~ 0.6 N
is exerted to the transducer. Then, the pneumatic actuator releases the force automatically.
Since no speed or acceleration of the actuator is known and the same method was used to
characterize the sensors shown in this paper we consider this as a stepping signal. With these
signals the transfer function system is calculated. Starting with the characteristic transfer
function of a second order system A.4, as follows:

Kp
1+ 261,s + 7252

fref = freal (A4)

Then, it is necessary to find the values Kp, &, 7, for each transducer system. These values can
be calculated in different ways, for example with Smith’s method for underdamped second order
systems, or by minimizing the error between the input and output. For simplicity, however,
the toolbox of MATLAB for system identification is used. The values are

TFfzref TFfmf
Kp=1 Kp=1
£€=0.0055 ¢=0.0088
T, = 0.013 7, =0.0063

The acquired signals of force, the calculated model, and the theoretical step signal of force
are shown in Figure 1 A.6

The z-axis signal is not complete because the reference sensor does not measure beyond a
certain distance. The error of the reference system is analysed in table A.1. It shows the error
when the end effector contacts the surface as well as when it does not.

Measure | State | Mean error | Max error | Standard

deviation

% free 2.89mN 57.11mN | 12.26 mN
«3 contact | 89.06pN | 24.85mN | 6.07mN
E free 501.06 nN 8.36 mN 1.75mN
~ contact | 111.67pN | 6.76mN | 1.66mN

Table A.1: Error statistics force transducer

Transducers noise when no force is exerted is greater than when forces are exerted since the
system is free and susceptible to environmental perturbations.
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Figure A.6: Dynamic reaction force transducer to step signal

Conclusion For the systems presented in this work, this method of measurement is quite
problematic because the position has errors depending on the forces applied. And since three-
axis force sensors are used, this system only measures two axes.

The signal acquisition system and motor control are presented in section A.2.

A.1.1.2 Summary of the characteristics of the system

e Controlled movement by two linear motors in the X and Y axes. (It has not measure of
the position in time).

e Movement in the z axis manually controlled by a precision screw

e Measure of the reference forces f..or and firef.

A.1.2 Three axis force measurement system

Given the need of the work to characterize different types of 3-axis force sensors, it was decided

to change the system shown in A.1. To achieve this, a three-axis sensor is added as shown in
Figure A.7

To provide the three-axis force measurement, a force sensor (the K3D40) is placed parallel to
the movement of both linear tables. The reference sensor has a noise with a standard deviation
of 0.01N. The sensor is coupled to a rigid base through parts made in a 3D printer. This sensor
has crosstalk between the axes. To calculate the actual force, the following equation is used:

fxref er:c STxy erz Ugref — bxref
fyref = Sryz Sryy Sryz Uyref — byref
fzref Srzz Srzy Srzz Uzref — bzref

1
= A5
7 (A.5)
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1. Three axis force sensor (K3D40)
o\ 2. Precision screw

3. End effector

9)4. Normal force transducer

5. Tangential force transducer
6. Motorized linear table Y

7. Motorized linear table X

8. Anti-vibration table

Figure A.7: Three axis force measurement system

Where the forces foref, fyref and f..er are proportional to the voltages Ugref, Uyrer aNd U rer
by a sensitivity matrix Sr. The voltages have an offset of byer, Oyrer and b..er and they are
proportional to the input voltage V,,. The sensitivity matrix can be calculated from the data
given by the manufacturer. This information is shown in table A.2.

axis rated load in mV V! | hysteresis
X- axis 0.3334 at 2N 0.0001
crosstalk X to Y 0.0038
crosstalk X to Z 0.0141
Y- axis 0.3519 at 2N 0.0002
crosstalk Y to X —0.0008
crosstalk Y to Z 0.0154
Z- axis 0.5705 at 2N 0.0000
crosstalk Y to X —0.0021
crosstalk Y to Z —0.0022
Table A.2: Reference sensor characteristics: sensibility

The table A.3 show the bias of the sensor.

axis | zero signal in mV V1
X- axis 0.0091
Y- axis 0.0653
Z- axis 0.0691

Table A.3: Reference sensor characteristics: bias
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The characteristics of the K3D40 sensor are shown in the figure A.8

Technical Data

Design & Material

Type 3-Axlesensor
Material Aluminium
Length x wide x height mm X mm X mm 40 x40 x 20
Force transmission / fastening 4x M3x0,5
Weight g 46
Mechanical Data

Nominal force (FS). x-. y-. z-Axis N *2 10+
Operating force %FS 200 200
Breaking force %FS 600 600
Displacement at FS mm 0,1 0,1
Natural frequency Hz 180 400
Spring stiffness N/mm 20 100
Elektrical Data

Rated output 1) mV/V @ FS 0,5"
Zero signal toleranz mV/V < 0/
Max. supply voltage V 10
Input resistance Ohm 350 5
Output resistance Ohm 350 5
Insulation resistance Ohm >5 109
Connection, 12 m 3
Precision

Accuracy class % 0,5
Linearity error % FS 0,2
Reversibility error % FS 0,1
Temp. coeff. of the zero signal %FS /K 0,05
Temp. coeff. of the nominal output % RD /K 0,05
Creep error (30 min) % FS 0,05
Eccentricity & Crosstalk

Allowed torque according of eccentric load mm 50
Influence of eccentric load to FS % FS @ 50mm 0,5
Crosstalk from x to y at rated load % FS <0,5
Crosstalk from y to x at rated load % FS <0,5
Crosstalk from z to x/y at rated load % FS <1
Temperature

Nominal temperature range °C -20...+60
Operating temperature range °C -20...+70
Storage temperature range °C -20...+70

Figure A.8: Characteristics of the K3D40 sensor

The signal acquisition system and motor control is presented in section A.2

A.1.2.1 Summary of the characteristics of the system

e Controlled movement by two linear motors in the X and Y axes. (It has not measure of
the position in time).
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e Movement in the z axis manually controlled by a precision screw

e Measure of the reference forces furer, fyrer and firer.

A.2 Data acquisition and motor control

In this section the control and data acquisition systems presented in this appendix are explained.

A.2.1 Data acquisition

The acquisition card NI PXI-6225 integrated into the chassis NI PXe-1071i is used to digitize
the signal. This system has a programmable sampling frequency f.. The filtering unit includes
an elliptical low-pass filter of the eighth order, with a programmable cut-off frequency. In
general, the filter cut-off frequency is automatically adjusted to about % Different programs
are developed in LabVIEW to acquire the signals.

A.2.2 Motor control

To control the linear motors Lx80F40 Linax and Jenny Science presented in the previous ap-
pendixes, two XENAX controllers are used. The commands are programmed into a computer
via an application developed in LabVIEW and they are sent via Ethernet to the controllers. In
this system, the movement speed, the positions, and the time the system stays in one position
could be fixed, with the inconvenient that there is no feedback of position against time.
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Résumé — La détection tactile et la détection de glissement jouent un réle important
en permettant la manipulation robotique dextre des objets. Ainsi, le développement d’un
systéme de capteur tactile entiérement intégré a haute résolution présente un intérét certain.
Ces travaux traitent de la conception et de la mise en place d’un systéme tactile intrinséque
basé sur un ensemble de capteurs MEMs de force & 3 axes et la détection du glissement avec
ce systéme. Afin de créer un systéme tactile, les capteurs de force a 3 axes sont protégés par
un revétement, une étude sur le revétement est réalisée. Deux systémes intrinséques différents
basés sur un ensemble de capteurs de force & 3 axes sont développés, le premier est utilisé
comme test de faisabilité de ce type de systéme. Le deuxiéme systéme intrinséque est adapté
a un doigt robotique & surface souple. Les systémes proposés mesurent trois composants de
force, le couple normal a la surface de contact et la position du centre de contact appliqué sur
sa surface sensible. Les deux systémes sont caractérisés et testés. La détection du glissement
avec un systéme tactile intrinséque est testée également. La détection du glissement est faite
par 'application de la théorie de la surface limite et du modéle de contact viscoélastique.

Mots clés : Systéme tactile, détection de glissement, viscoélastique, intrinséque,
capteur de force multi-axe

Abstract — Tactile sensing and slip detection plays an important role in enabling robotic
dexterous object manipulation. Thus developing a high-resolution fully integrated tactile
sensor system is of great interest. This work deals the design and implementation of an
intrinsic tactile sensing system based on a set of 3-axis force MEMs sensors and the detection
of slippage with such system. In order to create a tactile system the 3-axis force sensors are
protected by a coating, a study about the coating is made. Two different intrinsic systems
based on an array of 3-axis force sensors are developed, the first one is used a feasibility test
of this kind of system. The second intrinsic system is adapted to a robotic finger with soft
surface. The proposed systems measures three-force components, the normal torque to the
contact surface, and the position of the contact centroid applied to its sensitive surface. Both
systems are characterized and tested. The detection of slippage with an intrinsic tactile system
is tested. The application of the limit surface theory and the viscoelastic model of contact
make the detection of slippage.

Keywords: Tactile system, slippage dectection, viscoelastic, intrinsic, multi-axis force
sensor




