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Abstract—This paper presents the development and prelimi-
nary experimental analysis of a soft compliant tactile microsensor
(SCTM) with minimum thickness of 2 mm. A high shear sensitive
1.4 mm?® triaxial force microsensor was embedded in a soft, com-
pliant, flexible packaging. The performance of the whole system,
including the SCTM, an electronic hardware and a processing al-
gorithm, was evaluated by static calibration, maximum load tests,
noise and dynamic tests, and by focusing on slippage experiments.
A proper tradeoff between final robustness and sensitivity of the
tactile device was identified. The experiments showed that the tac-
tile sensor is sufficiently robust for application in artificial hands
while sensitive enough for slip event detection. The sensor signals
were elaborated with the cumulative summation algorithm and
the results showed that the SCTM system could detect a slip event
with a delay from a minimum of 24.5 ms to a maximum of 44 ms
in the majority of experiments fulfilling the neurophysiological
requirement.

Index Terms—Artificial hand, microelectromechanical systems
(MEMS) packaging, slippage detection, tactile microsensor.

I. INTRODUCTION

MONG other functionalities (e.g., thermal sensing, no-
A ciception), the bioinspired tactile system must provide
information about contact and slippage at the fingertip—object
interface [1], and force and contact sensors are the minimal set of
sensors suggested for the control of basic manipulation tasks [2].
In the artificial fingertips of anthropomorphic hands, it is impor-
tant to mimic the distribution of sensory receptors. In particular,
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by providing information about the distribution of both normal
and shear components of the contact forces at the digit—object
interface, together with their variation when slip events occur,
contact conditions and object information could be gathered in
detail and used to improve manipulation. In this framework,
the research challenge is to implement sensory elements that
can encode such bioinspired tactile information while fulfilling
demanding technological and mechanical requirements. They
need to be miniaturized and built with technological approaches
that allow a distributed integration in the artificial fingers, while
at the same time, they have to emulate the mechanical character-
istics of the biological skin model. Sensors must have packaging
endowing the final tactile system with characteristics like robust-
ness, and at the same time flexibility, softness, and compliance
without compromising the tactile sensitivity of the device. In
particular, softness and compliance are essential in order to al-
low an artificial hand to interact properly with the environment
and to perform stable grasps.

Numerous kinds of tactile sensors were proposed (for reviews,
see [3] and [4]) and contact force sensing and slippage problems
were addressed in many ways, and for the most part, with sep-
arate sensors that were integrated at the same time in artificial
hands fingertips. Polyvinylidene Fluoride (PVDF), while not
suitable to sense static contact, was mainly used for slip sens-
ing due to its dynamic behavior, and in particular, for incipient
slip identification [5], [6]. The PVDF needs to be coupled with
other technologies in order to achieve contact force sensing. For
example, in [7], this was achieved by combining in a robotic
fingertip a PVDF strip with a pressure-variable resistor ink sen-
sor, while earlier in [8], the PVDF strips were embedded on top
of an 18 mm X 18 mm force sensor used to monitor the normal
and shear force from a grasped object. The approach of com-
bining different sensors was also introduced by Dario et al. [9]
who developed a robot finger able to detect, in addition to tem-
perature, the contact normal force (by force sensing resistors)
and vibration using a piezoelectric ceramic bimorph. Moreover,
thick film technology was used to develop and combine in a fin-
gertip a piezoelectric sensor for slip sensing and piezoresistive
strain sensors for static normal load measurements [10]. Recent
research efforts in PVDF based tactile sensors were in measur-
ing the magnitude and the position of the applied load also as
well as the compliance of the contact object, as reported in [11]
for minimally invasive procedures. Also, efforts were directed
in achieving some distribution in a soft fingertip by embedding
PVDF strips at different depths [12].
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Microelectromechanical systems (MEMS) technology is a
very powerful approach for building miniaturized devices that
could be used for integration of smart and distributed tactile
systems in artificial hands. Such technology offers the oppor-
tunity of developing high-reliability tactile sensors and sensor
arrays, with small dimensions. The possibility of electronic in-
tegration makes the microsensors particularly attractive for the
implementation of sensory arrays where the amount of data can
be overwhelming and local signal processing of sensor signals
is necessary. Nevertheless, not enough attention was paid on the
identification of packaging strategies that could enable MEMS
tactile sensors to be effectively used in artificial hands. MEMS
sensors based on capacitive [13], [14] piezoresistive [15]-[17],
and other sensor principles (also coupled, e.g., pneumatic and
piezoresistive [18] and vacuum microelectronic [19]) were de-
veloped and several of them have implemented normal and shear
force sensing. Shan et al. [20] report the fabrication of 4 x 4
MEMS array of 3-D force sensors (each larger than 4 mm x 4
mm) on a flexible printed circuit board (PCB) substrate. How-
ever, while detection of normal and shear forces was provided,
the devices were still too bulky or lacked mechanical compli-
ance and robustness, and the packaging of the systems was
not developed. On the other hand, in cases in which softness
and compliance were achieved, only pressure sensing or normal
force sensing could be obtained. Also, it was not demonstrated
how such devices could be used to detect slippage. In addition
to silicon microstructuring, polymer micromachining has been
applied in the field of tactile sensing [21]-[24]. A recent devel-
opment [23] is that of a ground reaction force (GRF) sensor for a
humanoid robot that achieved shear and normal load detection.
The sensor was built from subsequent layers of finely structured
polyimide, Cu—Ni metal strain gauges, and by exploiting an SU8
bump structure. The advantages of this technology are mainly
the flexibility of the devices and low cost. Nevertheless, it cannot
replicate the advantages of silicon sensing (e.g., the integration
of sensory circuitry and keep wiring at a minimum level, the
fabrication of 3-D fully integrated microstructures, etc.). More-
over, additional materials would still need to be identified and
integrated on top of the polymer structured sensors, to confer
to the devices the characteristics required to be interfaced prop-
erly with external objects. Also, slippage detection has not been
conceived.

This paper presents the development and experimental anal-
ysis of a soft compliant tactile microsensor (SCTM). The final
purpose of this research approach is to provide information
about normal and shear contact forces and slippage with one
tactile element, whose core component is a 3-D MEMS that
can be integrated in anthropomorphic artificial hand. A high
shear sensitive 1.4 mm?® 3-D silicon microsensor [25], [26] was
embedded in a soft, compliant, and flexible packaging with min-
imum total thickness of 2 mm. The main aim of this study was
to identify a proper packaging for the microsensor, that would
allow the tactile sensor to be sufficiently robust for application
in artificial hands, while sensitive enough to detect slip events.

The system composed by the SCTM, an electronic hardware
and a processing algorithm, was evaluated at first by static cali-
bration, maximum load tests, noise and dynamic tests. Secondly,
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Fig. 1. (a) Sketch of the mechanical structure of the sensor where the normal
and shear external applied forces are indicated. (b) SEM picture of the sensor
showing the tethers (width 100 ;m) and central pillar (@ ~280 pm). (c) SEM
picture of sensor back side showing one piezoresistor connected by Al metals
to two round Ni/Au bump pads (@ ~200 pm).

slippage experiments were performed by exploiting an experi-
mental setup that simulated the external stimuli that a grasped
object would provide to the sensor when integrated in an artifi-
cial hand. The experimental analysis was focused on the tran-
sient phenomena when a change of static to dynamic friction
condition occurred at the tactile microsensor surface, during
interaction with an external object with different roughness,
and sensor signals were elaborated by means of the cumulative
summation algorithm. The scientific results of this paper are
important to assess the bioinspired design methodology aimed
at obtaining sensor specifications and performance as similar as
possible to the natural model represented by the neurophysiol-
ogy of grasping and manipulation [27]-[29].

The paper is organized as follows. The development of the
SCTM is presented in Section II-A. The experimental apparatus
is reported in Section II-B, while Section II-C is dedicated to the
description of the protocol of the experimental analysis that was
performed by means of static calibration and maximum load
tests, noise, dynamic behavior, and slippage experiments. The
applied signal processing approach is explained in Section II-D.
The experimental results are described in Section-III, while in
Section IV, the discussion and conclusions are reported.

II. MATERIALS AND METHODS
A. Development of the Soft Compliant Tactile Microsensor

The triaxial force microsensor, representing the core compo-
nent of the device presented in this paper, was earlier reported for
its design, fabrication, and characterization [25], [26]. Briefly,
the silicon sensor (1.5 mm x 1.5 mm x 625 um) has a high as-
pect ratio structure with an integrated silicon mesa used for the
transmission of the force to a flexible tethered structure, where
four integrated piezoresistors are used independently to detect
the three components of an external applied force. A sketch
of the mechanical structure of the sensor where the normal
and shear external applied forces are indicated is represented
in Fig. 1(a). The external load is transferred to the cylindrical
mesa of the sensor at one side (See Fig. 1(b)), whereas the
electrical connections must be performed at the opposite side
of the sensible structure. Piezoresistors and their contacts are
integrated in the flexible tethers and sensor bulk, respectively,
as shown in Fig. 1(c). The sensor can be bonded to a silicon
carrier chip, as reported in [25], and it must be packaged with
flexible connections in order to develop a smart skin.
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The microsensor has a hybrid microsystem architecture that
allows independent optimization of the technology and specifi-
cations for the sensor part, packaging, and electronic circuitry.
Envisaging a support chip in the microsystem design is very
important for future integration of electronics and local sensor
signal processing that could be done without the need to change
any step in the technological process of the sensor itself. In this
study, only the sensor part was employed in order to investigate
its response with the proposed packaging, taking care that the
packaging procedure and materials are also suitable for future
integration of the silicon support chip.

1) Packaging of the Microsensor: The packaging of the mi-
crosensor consisted of two main phases, i.e., the bonding of the
microsensor to flexible connections and the integration of a me-
chanical interface between the microsensor and the outer world
that protects the sensor and through which external actions need
to be detected by the sensor itself.

Flexible connections were obtained from LF9150R Pyralux
(DuPont, Wilmington, DE) consisting of a 127-um-thick
Kapton sheet with a 35-um layer of copper (Cu) (305 g/m2)
on one side. The Cu layer was patterned by photolithogra-
phy using a MicroPosit S1813 photoresist (Shipley, USA) and
100-pm Cu metals could be obtained.

The layout of the microsensor includes nine Ni/Au round
bump pads (@ 200 pm) shown in Fig. 1(c). They were designed
with dimensions compatible with the polymer flip-chip bonding
technique that was previously employed to bond the sensor to
a carrier substrate [25]. In this paper, the sensor contacts were
bonded directly to corresponding copper pads on the Kapton
substrate. A proper bonding technique between the microsensor
and the flexible circuit was identified in order to establish me-
chanically and electrically reliable contacts. The 5552 R Z-Axis
Adhesive Film (3M, St. Paul, MN) was exploited for mounting
the sensor on the flexible circuit. This component is a heat-
bonded, electrically anisotropic conductive film consisting of
an adhesive matrix randomly loaded with conductive particles.
These particles allowed electrical connection through the film
thickness (vertical axis), but were spaced far enough from each
other to avoid electrical connections in the horizontal plane. The
main advantage in using such adhesive film is that serial bonding
of each pad could be avoided. A microassembly station was set
up which allowed both the alignment of the sensor on the flexi-
ble circuit and the control of the curing parameters, i.e., pressure
(2040 kg/cmz) and temperature (170 °C). Reliable and strong
mechanical bondings (sensor detachment from the flexible cir-
cuit was unsuccessful without breaking the sensor bulk) were
achieved, and electrical contacts had resistances below 1 (2.

After mounting the microsensor on the flexible circuit, as
described earlier, the next step toward the final tactile sensor
prototype was the encapsulation in a soft and compliant material.

In the complex process of identification of proper sensor pack-
aging materials that could be considered for attempting emula-
tion of the compliance and friction properties of the natural
human finger, some fundamental technological and mechan-
ical type of requirements need to be fulfilled. The materials
must ensure protection to the sensor structure while not im-
pairing its function, thus allowing a proper tradeoff between
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Fig. 2. Packaging components of the SCTM prototype in (a) 2-D section
showing the position of two of the integrated piezoresistors, called P1 and P3,
and in (b) an exploded display; (c) on the right, picture depicting the packaged
prototype (with ¢; = t2 = 1 mm) with indicated the area (@ ~3 mm) where
the microsensor (shown on the left) is embedded.

final robustness and sensitivity of the tactile device. In addition,
the curing parameters of the chosen material must be compat-
ible with the physical and technological characteristics of the
Sensor.

In this paper, in order to address the aforementioned basic re-
quirements, the selected materials for the microsensor packag-
ing were silicone and polyurethane. First, trials were performed
using polydimethylsiloxane PDMS silicone elastomer (Sylgard
184, Dow Corning). Nevertheless, silicone typically has very
low adhesion to nonsilicone materials. Also, during the curing
phase, shrinkage of the material occurred. These effects lead to
an empty space left in between the microsensor surface and the
cured silicone used for packaging, introducing undesired hys-
teresis effects. In a second phase, the material used for the mi-
crosensor packaging was the two components soft polyurethane
Poly 74-45 (PolyTek, USA), which adhered well to the MEMS
device and embedded it by penetrating into the empty cavi-
ties of the microsensor. The easier flowing of the polyurethane
material around the 3-D structure of the microsensor, with re-
spect to the silicone elastomer applied in earlier trials, was also
due to the lower viscosity (2500 mPa of the Poly 74—45 versus
5500 mPa of the Sylgard 184). Importantly, studies on such
type of polyurethane material, as regards the conformance char-
acteristics with respect to the human fingertip skin, suggested
that it could be considered for the artificial emulation of the
epidermis/dermis layer [30].

As described in the Section II-B, the shape and dimensions
of the polyurethane packaging were designed in order to allow
proper alignment of the prototype and the experimental appara-
tus used for testing. As shown in Fig. 2, the round-shaped part
of the prototype had larger dimensions (@ 25 mm) than those of
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(a) b)

Fig.3. (a) Grip and load forces occurring at the fingertip—object interface dur-
ing grasping activities. (b) Same forces produced by means of the experimental
apparatus and imposed to the SCTM.

the packaged sensor (@ ~ 3 mm). A Teflon mould was built in
order to achieve the proper shape of the package.

The encapsulation process consisted of several steps. At first,
alayer of polyurethane [having thickness ¢; = 1 mm as shown in
Fig. 2(a)] was poured into the mould that was subsequently put
into a vacuum oven to remove air bubbles. The curing phase was
performed at 100 °C for 1 h. Once the first polyurethane layer
was cured, the MEMS sensor and the connected flexible circuit
were placed on top of the polyurethane film, as represented in
Fig. 2. A second layer of polyurethane was poured on the device
to achieve the encapsulation at the desired thickness to = 1 mm
[as indicated in Fig. 2(a)]. Polymerization of the soft material
was obtained with the same curing procedure applied for the
first layer. Fig. 2 shows the schematic model and a picture of
the resulting Soft Compliant Tactile Microsensor that will be
addressed as SCTM in the following sections.

B. Experimental Apparatus

As schematically represented in Fig. 3(a), the contact forces
occurring at finger—object interface during grasping activities
can be resolved in normal and tangential components relative
to the plane tangential to the contact surface. The normal com-
ponent is the grip force and the tangential component in the
vertical direction is the load force. The moment at which a
grasped object starts to slide corresponds to the change of static
to dynamic friction condition.

The SCTM experimental analysis was focused on slippage
experiments and the experimental apparatus was purposely con-
ceived in order to emulate the sliding event due to a change of
the grasped object weight. As schematically shown in Fig. 3(b),
the probe was pressed against the surface of the prototype in the
normal direction (x-axis), mimicking the grip force (¥}, ), and a
sliding movement was imposed to the probe along the tangential
direction (z-axis), simulating a variable load force (F’).

The experimental apparatus consisted of three main mod-
ules, as schematically illustrated in Fig. 4(a) and depicted
in Fig. 4(b): the loading system, the SCTM mounted on a

Electronics/
acquisition
system

@ (b)

Fig. 4. (a) Schematic display of the experimental apparatus. The inset shows
the four SCTM piezoresistors (indicated as P1, P2, P3, and P4) alignment with
respect to the applied grip and load forces. (b) Global view of the experimental
apparatus. An enlarged view of the loading probe is depicted in the inset.

fixture, and the electronics/acquisition system. The loading
system exploited three micrometric translation stages with
crossed roller bearing (a) (M-105.10, PI, Karlsruhe, Germany),
that allowed the positioning of the loading structure on the
sensor under test. Load was applied to the sensor through
a six components load cell (b) (ATI NANO 17 F/T, Apex,
NC) interfaced to the x-axis translation stage. The load
was applied to the sensor by means of a probe consisting
of an aluminium block (dimensions 9 mm x 6.55 mm X
15 mm) with a curved contact surface (curvature radius of
30 mm). The probe was chosen to represent common cylin-
drical objects that are manipulated during daily living activities.
Tests were performed by using both the aluminium probe con-
tact surface and the same probe covered with sandpaper grade
P400. The SCTM (c) was constrained to the fixture (d) both me-
chanically (e) and by means of an air suction system (f), in order
to guarantee its stable position during the sliding experiments.
The outer shape of the microsensor packaging had a round part
(as shown in Fig. 2) that was used to produce a proper align-
ment of the SCTM and the loading system. The design approach
followed for both the mechanical support structure and the load-
ing system, allowed the alignment between the probe and the
support axes. When the prototype under test was fixed, the axis
of its round shape coincided with the axis of the mechanical
support (d). Thus, as final result, the prototype and probe axes
were aligned.

The signal conditioning electronics were designed in order to
obtain an output voltage proportional to the fractional change in
resistance AR/ R. Each resistor, typically ranging from 800 2
to 1 k2 was independently conditioned, using a quarter Wheat-
stone bridge configuration with two precision 1 k{2 resistors
and one trimmer, in order to remove the initial offset level. The
bridge output signals were then amplified to & 10 V range by
four instrumentation amplifier (AD620, Analog Devices, Nor-
wood, MA) with a gain of 430. The power consumption ob-
tained using the signal conditioning circuit was about 10 mW
per sensor. A more sophisticated circuitry can be designed in
order to further decrease the power consumption of the sensor.
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No analog filtering was applied to the signals. A National In-
struments Data Acquisition Card (NI-PCI-6034E) digitized the
four signals with 16 bit resolution, meaning 0.3 mV. The soft-
ware platform used was Windows XP and National Instruments
Laboratory View 7 Express.

C. Experimental Protocol

Previous to slippage experiments, a set of preliminary tests
were planned and performed. They consisted of static calibra-
tion, maximum load tests, noise and dynamic tests.

The static calibration was performed by applying increas-
ing static normal and tangential loads by means of the experi-
mental apparatus depicted in Fig. 4. Maximum load tests were
performed to verify the SCTM robustness by applying maxi-
mum normal and tangential loads of 15 and 11 N, respectively.
Those were the maximum values allowable with the ATI load
cell.

After assessing the static behavior of the SCTM, the noise and
dynamic behavior were tested. Noise analysis was performed by
acquiring the SCTM response at applied static normal loads of 0,
1, and 2.5 N. The electronics and acquisition system described
in Section II-B was used to sample the outputs of the sensor
at 50 kHz. The power spectrum of the noise, its time distri-
bution, and rms value were computed. Dynamic loading tests
were performed to verify the SCTM capability to detect the
variations of the applied loads between dc and 400 Hz, which is
the bandwidth that emulates the dynamic behavior of all human
mechanoreceptors [31]. The SCTM dynamic behavior was in-
vestigated by using the same apparatus shown in Fig. 4. A steel
sphere (@ 6 mm) was dropped on the sensor in order to provide
an impulsive stimulus and to excite all the vibration modes of
the structure. The corresponding output signals were analyzed
to extract the power spectral density.

Following the set of experimental tests described earlier, the
experimental protocol for the study on slippage detection was
applied. The probe of the loading system was manually aligned
with respect to the SCTM prototype. The probe was pressed on
the prototype in the normal direction (x-axis) with a normal force
F, lower than the loads measured during maximum load tests.
A ramp displacement of 15 mm was imposed to the probe by
means of the z-axis translation stage. A total of 15 experiments
were performed by means of the aluminium probe and with the
sandpaper one.

The inset of Fig. 4(a) schematically shows the position of
the four piezoresistors, indicated as P1, P2, P3, and P4, of the
SCTM with respect to the applied grip and load forces. The di-
rection of the sliding movement was mainly from P4 toward P2.
This was due to the packaging procedure that did not guarantee
a perfect alignment of the sensor silicon tethers (and piezoresis-
tors) axis with respect to the z and y-axes of the experimental
apparatus. Nevertheless, such misalignment was accepted in the
framework of this study because, as described in the following
Sections-1I-D and III-B, the slippage detection strategy was
based on the estimation of the friction cone that involves all the
components of the contact force vector at the interface between
the probe and the SCTM prototype.
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D. Slippage Detection Process

At the instant of slip phenomena, a sudden change of the
static friction coefficient ;15 to the dynamic friction coefficient
wp occurs. Such coefficients were estimated by both the ref-
erence load cell and the SCTM. The Cumulative summation
approach [32] was applied in the analysis of the SCTM sig-
nals in order to identify the moment in which a sudden change
of the estimated friction coefficients occurred. The cumulative
summation represents a good compromise between low compu-
tational requirements, performance, and robustness to noisy sig-
nals from one side, and accuracy and latency from the other. The
algorithm, which can be tailored to the application requirements,
is conceptually simple and could be efficiently implemented in
commercial low profile microcontrollers allowing its integration
in the final bio inspired tactile system in an artificial hand.

The SCTM signals were analyzed over a sliding window of &k
subsequent samples. Indicating by (i) (¢ = 1, ..., k) the values
of the samples of the signal inside the window, and by m their
average, the cumulative sum at time n < k is

Su = x(i) —m. (1)
i=1
At each time interval, the value of M, [as defined in (2)]
inside the window is updated
M, = max(Sg) . (2

0<k<n

A negative jump is detected if and when
MIL - S’n Z B (3)

where the boundary B is proportional to the minimum amplitude
of the jumps that the algorithm is detecting. By increasing B,
the delay in the detection increases, as well as the robustness to
spurious jumps. On the other side, by increasing k, the sensitivity
of the algorithm to smaller jumps increases as well. The choice
of k and B values optimized the recognition of the slip events.
Both of them had to be chosen based on several constraints,
like the noise characteristics of the signals being analyzed, as
well as the minimum amplitude of the jumps to be detected.
Moreover, the ratio ps/pp was estimated in order to tune the
detecting algorithm parameters as reported in [33].

III. EXPERIMENTAL RESULTS
A. Static Calibration and Maximum Load Tests

The static calibration tests were performed in order to identify
the relation between the external applied loads and the SCTM
output signals for the estimation of the friction cone that is
described in Section III-B.

Given Vp, Vs, V3, and Vj the signals recorded from the four
piezoresistors of the SCTM, Vium, Vi3, and Vb4, are defined as
follows:

V;um:‘/l_k‘/Q'i_Vz’)_'_‘/zl (4‘)
Vig=V1—-V3 (5)
Vou =Va =V (6)
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TABLE I
AVERAGE VALUES AND STANDARD DEVIATIONS OF THE LINEAR REGRESSION
COEFFICIENTS (R?) OF THE RELATIONSHIP BETWEEN F, (GRIP FORCE) AND
Va4, Fyy AND Vi3, F); (LOAD FORCE) AND Vi ARE REPORTED

Vogvs. F, Vi3 vs. Fv Vum vs. Fx
(R (R (R)
Avg 0.94 0.81 0.73
Stds 0.05 0.14 0.14
sum<Fx)
15
> 1
g
205 R%=0.90967
0 ,
0 1 2 3 4 5 6
F [N]
X
4r V&)
> 2r
B
> 0 R%=0.97414
2 1
0 1 2 3 4 5 6 7 3
F,[N]

Fig. 5. Graphs showing the relationship between F,, and V5, and F, and
Va4, relative to one static calibration experiment (n.2 as from Table IV in the
Appendix).

The results of the calibration procedure showed a quite linear
relationship between F, and Vi, Fy and Vi3, and F, and Va,.
The average values and standard deviation of the linear regres-
sion coefficients (RR?), relative to all the experiments performed
with the two different types of probe on the SCTM, are reported
in Table I, while the R? values for each experiment are reported
in the Appendix (Table IV).

The direction of the sliding movement during the slippage
experiments was from P2 to P4 [see Fig. 4(A), inset], thus Vi3
showed near null values confirming a quite good alignment of
the loading probe with the SCTM specimen. Therefore, in Fig. 5,
the graphs relative to the results of one experiment are reported
not representing V3.

The SCTM robustness for the range of loads used during the
slippage experiments was demonstrated since the prototypes did
not break as a result of applying the maximum static loads of 15
and 11 N in the normal and tangential direction, respectively,
for five trials. The load cell used in the experimental apparatus
could not sustain higher loads necessary to verify the effective
breaking loads of the SCTM.

B. Noise and Dynamic Behavior

The signals recorded during the experiments showed a high
repeatability. The pronounced flatness of the noise power spec-
trum over the whole frequency range allowed to adopt the rms
value as a good estimator of the noise level. In all the performed
experiments, the noise rms was equal to 29.9 + 2.9 mV. As
regards to the SCTM dynamic behavior, the power spectrum
showed a low-pass shape, with a cutoff frequency of 1.2 kHz

t[s]

Fig. 6. Results of a slippage experiment performed with the Al probe on the
SCTM. Top: the sum and difference of the SCTM voltage outputs Viym, Vi3,
and Va4, respectively. Bottom: the forces of the reference load cell F,, F, and

Ze

OLSLIPPAGE

Fr

Fig. 7.  Friction cone at the contact point between the probe and the SCTM.
and the response was nearly flat between dc and the cutoff fre-
quency.

C. Slippage

The four output signals of the SCTM and the three force
signals of the load cell, during a typical test employing the
aluminium probe, are shown in Fig. 6.

Initially, a grip force (F},) of 1.9 N was imposed to the SCTM.
At time t = 0.3 s, the probe sliding movement (from P2 to P4
as shown in Fig. 4) started. In the time interval of 0.3-0.46 s,
there was static friction at the interface between the probe and
the SCTM. During the same time interval, the load force (F))
increased significantly, reaching a maximum at approximately
t = 0.46 s, when a sudden change in all the recorded load cell
signals occurred detecting the slip event. The SCTM output sig-
nals showed a sudden change as well. From this moment, there
was a mechanical sliding between the probe and the SCTM, and
friction changed from static to dynamic condition.

Considering the friction cone at the contact point between the
probe and the SCTM, as shown in Fig. 7, the static and dynamic
friction coefficients, p1s and up, are defined as

|7 [
M‘S — tan(as]ippag()) = W
slippage

2 2
_ \/‘FZ ‘slippagc + |FY |slippag0

|FX |slippage

= Cone Fyjippage (7
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TABLE II
AVERAGE VALUES AND STANDARD DEVIATIONS OF ¥ ARE REPORTED FOR
BotH LoAD CELL AND SCTM

Al probe Y scrm Yioad cet
Avg 1.58 132
Stds 0.09 0.057
Sandpaper Y serm Yioad celt
probe
Avg 1.64 1.55
Stds 0.34 0.058
2 2
\Prl, |Fzl5 + [Fy 5
up = tan(as) = = = Cone F.
[Fx | oo 1Fx |
(3)

The ratio of the friction coefficients can be defined as
Cone Fslippage

S
Y= 5713 = T Cone F.. = Moadcell ©

where oglippage 1S the angle of the friction cone, FT|SHppﬂgc
is the magnitude of the resultant of the tangential forces,
|F'x |slippage is the magnitude of the normal force at the instant
of the slip event, a is the angle of the friction cone, |Fr |
is the magnitude of the resultant of the tangential forces, and
|Fx | is the magnitude of the normal force at the end of the
slippage experiment.

Given the linear relationship between the forces measured
by the load cell and the SCTM output signals that was demon-
strated during the static calibration experiments (Section III-A),
it follows that

2 2
\/I‘/Q4 ‘slippagc + |‘/13 |slippag0

s o< = Cone Viiippa
|V;11m ‘slippage ppeee
(10)
Vaul2, + [Vasl%
Up o< = Cone V. (11
|V;um |oo
As consequence of (9), (10), and (11),
s _ Cone Viiippage
V= B o 20 Dlivpage _ YSCTM- (12)

LD X Cone V,

In the analysis of the results of the slippage experiments,
the v values for the load cell and the SCTM, as defined in
the equations earlier, were considered. In Table II, the aver-
age values and standard deviations of + are reported, while
the ~ values for each experiment are reported in the Appendix
(Table V).

The slip event was identified by the sudden transition from
the static condition (Cone Fyjippage) to the dynamic condition
(Cone F,), thus the load cell was used in the experiments as the
reference system. The noise rms affecting the load cell was two
orders of magnitude lower than the one affecting the SCTM,
thus the algorithm applied to the load cell produced a latency
lower than 1 ms in slip event identification.
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Fig. 8. Estimation of the friction cones relative to both the load cell and the

SCTM system, corresponding to an experiment (n.3 as from Table III) performed
with the aluminium probe.
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Fig. 9. Estimation of the friction cones relative to both the load cell and

the SCTM system, corresponding to an experiment (n.15 as from Table IIT)
performed with the probe covered with sandpaper.

Figs. 8 and 9 show the estimation of the friction cones relative
to both the load cell and the SCTM system, corresponding to two
slippage experiments. The output of the slip detection algorithm
is indicated by the vertical line on the same time scale, showing
that the SCTM system could detect slip events with certain
delays with respect to the load cell system.

The delay with which the SCTM detected a slip event de-
pended on the intrinsic properties of the tactile sensor itself,
on the electronic hardware, and on the latency of the applied
algorithm itself.

In Table III, the results of the experiments performed are
shown, where tyaqcerl and tscyr represent the time at which
the slip event is detected by the load cell system and by the
SCTM system, respectively, while ¢p is the delay in slippage
detection of the SCTM system with respect to the load cell.

Fig. 10 represents an enlarged view of the signals shown in
Fig. 8 at the time frame correspondent to the slip event. In this
experiment, the delay of the SCTM system in detecting slippage
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TABLE III
RESULTS OF THE SLIPPAGE EXPERIMENTS ARE REPORTED: 14, cel] AND
tscTnm REPRESENT THE TIME AT WHICH THE SLIP EVENT IS DETECTED BY
THE LOAD CELL SYSTEM AND BY SCTM SYSTEM, RESPECTIVELY.
tp IS THE DELAY IN SLIPPAGE DETECTION OF THE SCTM
SYSTEM WITH RESPECT TO THE LOAD CELL

Experiment | fioadeen (8) | tscra (S) tp (s)

n.
Al probe 1 0.487 0.5141 0.0271
2 0.4105 04283 | 0.0178
3 0.474 0.48 0.006
4 0.5553 05992 | 0.0439
5 0.3781 04274 | 0.0493
6 0.531 0.5695 | 0.0385
7 0.1841 0.2206 0.0365
Sa"dpsper 8 0.4726 0.4741 0.0015
probe 9 0.4269 0.4447 0.0178
10 0.7356 07425 | 0.0069
11 0.6558 0.6705 | 0.0147
12 0.6566 0.696 0.0394
13 0.6785 0.6931 0.0146
14 0.5076 0.5211 0.0135
15 0.6733 0.6868 | 0.0135

Cone F

8.4 0.45 0.5
t[s]

0.55

Fig. 10. Enlarged view of the same graph shown in Fig. 8., at the time frame
correspondent to the slip event, in which the delay of the SCTM system in
detecting slippage was of about 6 ms.

was about 6 ms. This result was obtained fixing the amplitude
threshold B to four times the rms, and the window length k =
90 samples. These values, which proved to minimize on average
the number of false positive and false negative detections, were
used for all the experiments.

Fig. 11 shows the effect of varying B and k on the latency
relative to the experiment of Fig. 10.

As discussed in [33], higher values of 7 cause lower latency
in the detection of jumps. This seems to be confirmed by the
results of the experiments that showed a higher latency when
using the aluminium probe with respect to the latency relative
to experiments using sandpaper.

Latency [ms]

4. -
3\\ ﬁ
60 70 80 90 100 110 120

k [samples]

Fig. 11. Effect of B and k variations on SCTM latency relative to experiment
shown in Fig. 10. The z-axis indicates the length of the sliding window in
number of samples. The y-axis indicates the values of B (minimum amplitude
of the jumps to be detected). The labels on the lines in the plot are the overall
detection latencies in milliseconds.
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Fig. 12. Cumulative probability function of experiments with sandpaper cov-
ered prove (solid line) and aluminium probe (dashed line). The two horizontal
lines correspond to 80% and 90% of the cases.

Fig. 12 shows the cumulative probability function of all the
performed experiments with sandpaper and aluminium probes.
In the 80% of the experiments performed with sandpaper,
slippage was detected within 24.5 ms, while with aluminium,
44 ms were necessary. Considering a higher percentage of
the experiments, i.e., 90%, the latencies increased to 29 and
52 ms, respectively. Experimental data were roughly normally
distributed around 15.5 ms for sandpaper probe and 31.3 ms for
aluminium.

IV. DISCUSSION AND CONCLUSION

In this paper, the development and preliminary experimental
analysis of a soft compliant tactile microsensor (SCTM) was
presented. A flexible, soft, compliant but robust packaging of a
1.4 mm? triaxial silicon microsensor was developed with mini-
mum thickness of 2 mm. The performance of the whole system,
including the SCTM, an electronic hardware, and a processing
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algorithm was evaluated by static calibration, maximum load
tests, noise and dynamic tests, and by focusing on slippage ex-
periments.

The SCTM had a higher loading range with respect to the
bare silicon microsensor that has a breaking normal and shear
load of ~ 3 and ~ 0.5 N, respectively. The integration of
soft, compliant and flexible materials by means of a purposely
developed packaging process (reported in Section II-A) pro-
duced a tactile sensor that could withstand forces compati-
ble to those involved in human fine grasping activities (i.e.,
about 4 N) [27]. The maximum measured values were of 15
and 11 N, for the normal and tangential static loads, respec-
tively. Such values are in the range of the loads considered for
the design of anthropomorphic artificial hands (i.e., 10 N) [1],
[34]-[36].

At the same time, the scientific experiments performed by
simulating object slippage demonstrated that the SCTM was
intrinsically sensitive enough to detect a slip event.

The experiments were performed by using contact surfaces
with different roughness (aluminium probe/SCTM, sandpaper
probe/SCTM), and a dedicated processing algorithm was im-
plemented in order to establish the instant of a slip event.

The slippage detection strategy was based on the estima-
tion of the ug/pup ratio by means of the friction cone that
involved all the components of the contact force vector at the
interface between the probe (with which external loads are ap-
plied) and the SCTM prototype. This ratio was calculated for
both the SCTM (vscrm) and the reference load cell (Yipadcell)
and the cumulative summation algorithm was applied to detect
the instant of slippage in both systems. The experimental results
showed a delay of the SCTM system with respect to the load
cell.

According to a bioinspired approach, the biological response
times to a slippage event must be taken into consideration in
the analysis of the experimental results. Studies in neurophysi-
ology demonstrated that the signals in tactile afferent units are
used to adapt the grip:load force ratio during precision grip
of an object to ensure grasp stability, and that the latency be-
tween the onset of slippage and the adjustment of such ratio
is about 70 ms [27], [28]. From the statistical analysis, it re-
sulted that in the 80% of the experiments, the SCTM system
could detect a slip event with a delay that went from a min-
imum of 24.5 ms to a maximum of 44 ms. Among all the
experiments performed, the minimum delay was of about 6 ms.
All the delays were lower than the neurophysiological require-
ment; thus, the SCTM system approach could be considered
for integration with an actuation and transmission system of
an artificial hand, in order to investigate about the total system
(including control) capability for slippage detection. The op-
timization of the electronic hardware could offer lower rms
values to which the slippage detection algorithm latency is
linked.

Future work will mainly consist on the optimization of the
electronic system and on the integration of the SCTM in an
anthropomorphic artificial hand, in order to effectively assess the
capability to detect slip events during grasping and manipulation
tasks.
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APPENDIX

TABLE IV
LINEAR REGRESSION COEFFICIENTS (R?) OF THE RELATIONSHIP BETWEEN F*
(GRIP FORCE) AND V34, F; AND V13, F;, (LOAD FORCE) AND Vi1, ARE
REPORTED FOR EACH EXPERIMENT

Experiment Vg vs. F, Vizvs. Fy Vum vs. Fy
2-
n, (R (R (R
Al probe 1 0.82094 | 092314 0.78235
2 097414 | 0.83921 0.90967
3 0.95585 0.9425 0.80352
4 0.97456 | 0.92636 0.9372
5 082035 | 092482 | 0.69426
6 097039 | 0.89653 0.90287
7 096223 | 095492 | 0.74785
Sandpaper 8 097656 | 0.87115 0.83205
probe 9
0.94629 0.739 0.77421
10 0.96967 | 0.52996 0.49136
11 095642 | 0.80392 0.59802
12 0.8673 0.86311 0.55353
13 0.95941 0.62071 0.63957
14 0.95666 | 0.64465 0.58068
15 097642 | 0.62772 | 0.70004
Avg 0939146 | 0.80718 | 0.729812
Stds 0.054968 | 0.139581 | 0.137344
TABLE V

VALUES OF v ARE REPORTED FOR BOTH LOAD CELL AND SCTM, FOR
EACH EXPERIMENT

Probe type Experrll.ment Yseme }//oad el

Al probe 1 1.5024 1.2446
2 1.7164 1.2584

3 1.6967 1.3598

4 1.4951 1.4116

5 1.569 1.3247

6 1.5308 1.308

7 1.5634 1.3199

Avg 1.5819 1.3181

Stds 0.0896 0.0571

Sandpaper 8 1.9898 1.53
probe 9 2.2483 1.5579
10 1.2927 1.4949

11 1.4687 1.569

12 1.6665 1.4894

13 1.5777 1.5459

14 1.2444 1.5926

15 1.606 1.6721

Avg 1.6367 1.5564
Stds 03390 | 0.05847
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