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Slipping detection and control in gripping fruits and vegetables for
agricultural robot
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Abstract: The minimum gripping force applied is expected to prevent objects from mechanical damage when an agricultural
In this research, a sensitive slipping sensor was developed
Firstly, an output of the slipping sensor was
analyzed in a frequency domain by using a short time Fourier transform. Then rules for discriminating slipping signal from

robot is applied to handle and manipulate fruits and vegetables.
with a piezo resistor to control the griping force of the agricultural robot.

the output of a slipping sensor were proposed based on detail coefficients of discrete wavelet transform. Finally, a controller
based on adaptive Neuro-Fuzzy inference system was developed to adjust the grasping force of the agricultural robot in real
time. The detail coefficients and the normal gripping force were applied as input of the controller, and Fuzzy rules were
simplified through subtractive clustering. With a two-finger end-effector of the agricultural robot, the experimental results
showed that the slipping signal could be effectively extracted regardless of change in the normal gripping force, and the
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gripping force had been controlled successfully when grasping tomatoes and apples.

This method was a promising way to

optimize the gripping force of the agricultural robot grasping the fruits and vegetables.
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1 Introduction

In recent years around the world, there has been an upsurge in
the number of large, medium, and startup companies showing their
interest in development & improvement of driverless agricultural
tractors, robots, equipment’s for field management, and dairy
milking systems. Moreover, the demand for agricultural robots is
actuality driven by the global trends of increase in population,
maximum pressure in strain of food supply, availability of farm
workers, the challenges and complexities of farm labor, cost for
workers, and the automation of the agriculture industry.
Therefore, robots are applied for agricultural processes like pruning,
weeding, picking and placing, sorting, seeding, spraying and
harvesting fruits and vegetables with various kinds of end effectors,
a desired grasping force should not only keep them from dropping,
but also cause minimum mechanical damage. However, the fruits
and vegetables commonly vary in shape, weight and maturity, and
their viscoelastic mechanical properties can lead to complex
deformation under the action of the grasping force. Thus it is
necessary for the agriculture robot to adjust the griping force in real
time rather than exerting a predetermined force. Generally, in
order to ensure a stable grasp with the minimum griping force, two
significant problems must be solved: (i) detection of slippage of the
griped objects, especially the detection of ‘initial slip’; (ii)
determination of the appropriate magnitude of the griping force, the
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strategy of exerting the force and the control method!' .

So far, there are many methods to detect the slippage. Dollar
et all%" investigated an application of piezoelectric polymer
contact sensors embedded in compliant robot hand to detect instant
fluctuations of signal between fingers and object when a robot hand
lifting object in unstructured environments, and output signal of the
sensor instantaneously fluctuated with the occurrence of the
slippage.

Hasegawa et a developed a slipping sensor with
three-layer structure composed of a layer of pressure sensitive
conductive rubber and two layers of conductive film. A decline of

1.5

output of the slipping sensor happened when the slippage occurred.
Kai Zhao et al.l'y provided a new method for slip detection based
on video processing, which could offer multidimensional sensing
information and it is applicable for gripping deformable objects.
Cotton et al.l'!l applied the piezoelectric ceramic bimorph element
as a dynamic force sensor, and the slippage was detected by setting
a suitable threshold. Petchartee et al.'? developed a resistive
tactile sensor containing 204 elements, and the partial slippage was
predicted by sensing micro vibrations in tangential forces caused
by an expansion of the slip regions within the contact area.
Shirafuji et al.'"*'¥ provided a method by which robot hands can be
controlled on the basis of previous experience of slippage of
objects held by the hand. Lévesque et al'" proposed a
model-based scooping grasp for the picking of thin objects lying on
a flat surface, which were typically elusive to common grippers and
grasping strategies. Vatani et al.!'® presented a way of force and
slip detection with direct-write compliant tactile sensors using
multi-walled carbon nanotube polymer composites.

These detection methods have achieved certain effect, but
many problems still exist, and at present there is no real slip sensor
included in any commercially available robotic hand. The
polyvinylidene fluoride (PVDF) has a high sensitivity to
temperature change, and the sensor activity changes by
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approximately 0.5%/°C. 1t is difficult for the pressure conductive
rubber to distinguish between slipping and a change in the normal
griping force. The piezoelectric ceramic has a high sensitivity to
noises, and a limited velocity in the slipping detection. Due to
high resolution and high scanning frequency, the sensor array
possesses complex structures and many wires.

In general, strategies applied for the real-time grasping force
control can be classified into three groups: (i) Direct and
linear-feedback control, the most elementary example is simple
on-off control. Proportional and proportional-derivative
controllers are used to regulate shear force magnitude when a slip
event was detected!'”. The difficulty with using linear-feedback
controllers in the control of slipping is that their gains are largely
derived arbitrarily, and their robustness to parameter variations is
unknown. (ii) Force ratio control, which aims to match the
coefficient of friction in the object-gripper interface. Koda and
Maeno!"® used this approach to modify a demand signal imposed
by a human operator in a master-slave system. However, a
complex sensor that is able to measure both contact force and shear
force, and some characteristics of slip are required.  (iii)
Model-free control, because object properties such as hardness,
mass and friction are uncertain or non-linear and a model cannot be
easily developed, model free controllers are appealing in this
application, for example Fuzzy logical control, can replace a model
with a heuristic rule set, circumventing the need for knowledge of
the object properties. Glossas and Aspragathos!'” develop an
intelligent control architecture based on Fuzzy Logic, for a robotic
grasping system capable of lifting and manipulating an unknown
and fragile object. However, the membership functions are
defined arbitrarily, so FLCs generally yield suboptimal outputs,
which can be partially solved by a neuro-fuzzy logic controller
capable of retuning online.

In this study, a new slipping sensor was developed by using
piezo resistor, and the corresponding grasping force control was

proposed.
2 Materials and methods

2.1 Structure of slipping sensor
As shown in Figure 1, a two-finger end-effector was equipped
on the commercial robotic arm to harvest fruits. And in order to
grasp the fruits successfully and prevent them from mechanical
damage, a slipping sensor was developed. The slip sensor was
made of FSR-406 force sensitive resistance, rubber skin, foam
rubber and support plate. FSR-406 is a polymer thick film (PTF)
device which exhibits a decrease in resistance when an increasing
force exerted on its active surface. The rubber skin with reticulate
ridges was applied to cover the sensitive area of the sensor, which
could not only protect the force sensitive resistance from damaging,
but also increase the friction between the sensor and objects
gripped. With processed by transmitter circuit, the output ¥, of
sensor (0-5 V) can be calculated as:
oV
1+R./R,
where, V' is the source voltage of transmitter (5 V); Ry is the current
resistance of FSR; R, is a constant resistance (21 k). Therefore,
the sensor has a simple structure, large sensitive area, and is easy to
be installed.
2.2 Analysis of output of slipping sensor in frequency domain
A SCHUNK electrical gripper was applied as the two-finger
end-effector, and the slip sensor designed was fixed on one of the
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a. Robotic arm with a slipping sensor

Rubber skin FSR-406 Support plate
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[

c. Structure of slipping sensor

b. Appearance of
slipping sensor

Figure 1 ~Slipping sensor

fingers. A wood block was used as the griped object. When
drawn by external force, the wood block slipped on the surface of
the slip sensor. A touch switch sensor was installed on the
experimental stand, and being kept contacting with the wood block
before moving between two fingers. The change of contact state
will lead to the change in the output voltage of touch sensor, which
can indicate the time when the slip happens between the wood
block and the finger in the experiment. On the other finger a force
sensor was equipped to measure the griping normal force. The
signals of these sensors were sampled by a PCI-1710 multi-channel
data acquisition card, and processed on an industrial computer.

In the experiment, the wood block was placed between the two
fingers firstly, and the normal gripping force was adjusted to be
2 N. Then the wood block was drawn to slip between the two
fingers with speeds ranging from 5 mm/s to 30 mm/s. The typical
output of the slip sensor is shown in Figure 2. The dotted line
illustrates that the touch sensor output decreased from 4.3 V to
0.67V, which indicates the separation between the wood block and
the touch sensor, that is, the wood block began to slip at 2.6 s.
The solid curve represents the output of slip sensor, and the
complex and violent fluctuations occurred from 2 s, and peaked at
2.6 s, finally stabilize after 4 s. In contrast to the output of touch
sensor the shadow area (Figure 2) can represent the static friction
process occurring before the visible slipping of wood block. So
the fluctuations of signal between 2.6 s and 4 s can indicate the
transition from static to kinetic friction.  Moreover, these
fluctuations of output of slip sensor in the static friction area show
that it is possible to detect ‘Initial slip’ immediately before the
visible slipping of griped object happens.
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Figure 2 Typical output of the slipping sensor
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Slipping information is the basis for adjusting the grasping
force of the robotic end-effector and realizing the soft grasping
which can prevent grasped objects from mechanical damage. In
order to find suitable algorithm that can effectively extract the slip
information from the output of slip sensor, the short-time Fourier
transform (STFT) of the output of slip sensor was performed to
observe its time-frequency characteristics (Figure 3).  The
fluctuations of the output signal of the slip sensor are small at the
initial slide of the wood block until 3.2 s, and the signal intensities
with high-frequencies are small. However, during time interval
from 3.2 s to 5.2 s, the signal intensities with high-frequencies
increase immediately although the visible moving of wood block
has not happened yet at this stage, and friction between the wood
block and the surface of slip sensor changes from static to kinetic
state. After 5.2 s, the wood block began sliding, the signal powers
with high-frequencies decreases also.

The components with high-frequencies in the output of the slip
sensor are generated by characteristics of polymer thick film
material primarily composed of silicon rubber with carbon particles
uniformly distributed.
material surface, the carbon particles redistribute and a new

When the friction is exerted on the
conduction route forms. This leads to a change in electrical
resistance, which causes the voltage change in the output of the slip

SenSOI'[ZO],

Therefore, the gripping process of the robotic
end-effector and the slipping information of the objects grasped can
be obtained through detecting the frequency characteristics of the
output signals of this kind of slip sensor in a serial of short-time

intervals.
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Figure 3 STFT of the output of slipping sensor

2.3 Detecting slippage based on discrete wavelet transform

A discrete wavelet transform (DWT) is a wavelet transform for
which the wavelets are discretely sampled and can capture both
frequency and location information. The detail coefficients of
DWT can reflect the components with high frequencies in the
signal. Due to its time saving the wavelet of Haar was used to
achieve the DWT, and the first-order detail coefficients were
calculated.

As loading and unloading of normal grasping force can also
cause a change in the output of slip sensor, it is necessary to
separate the slip signal from the change in the normal grasping
force signal. Figures 4 and 5 reveal the DWT of the output of slip
sensor when slipping happened with constant normal grasping
force and when the normal grasping force changed without any

slipping, respectively. As a result, their amplitudes of detail

coefficients of DWT are almost the same. Therefore, it is
impossible to distinguish the situation between slipping of grasped
objects and the change in the normal grasping force only by
comparing the absolute value of detail coefficients.
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Figure 5  Slip sensor data and corresponding DWT when normal
grasping force changing

However, from Figure 5 it can be found that the most detail
coefficients were negative for loading of normal grasping force,
whereas they became positive for unloading, which is obviously
different with the results in Figure 4 where not only their
amplitudes are high when the slipping happened, but also the detail
coefficients contain both the negative and positive values.

Based on the analysis above and the results of experiments, the
threshold rules were proposed to detect the slipping signal: i) when
increasing of normal grasping force, as long as the detail
coefficients of DWT were more than 0.13; ii) when decreasing of
normal grasping force, if the detail coefficients of DWT were less
than —0.13; iii) when normal grasping force was constant, as long
as the absolute values of detail coefficients of DWT were greater
than 0.13. As shown in Figure 4, these detecting rules can be
satisfied in the static friction stage, which means that the slipping
information can be obtained before the visible moving of grasped
objects happens. Moreover, these detecting rules are also robust
to noise due to the threshold is set to be more than zero.

2.4 Control of gripping force

The ultimate purpose of detecting the slipping based on the
detail coefficients of DWT of the output of slip sensor was to
optimize and gain the minimum grasping force of the robotic
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end-effector, which can prevent the grasped objects from damaging. 4
Therefore, the control of grasping force according to feedback of ;lEthl Ad,
the slip sensor will be discussed firstly in this section. Ad = 4 @
Because physical properties of fruits and vegetables are very Z|Eth:|

complex, a method of control of grasping force based on adaptive
neuro-fuzzy inference system (ANFIS) was developed, in which
mathematical models of grasped objects are unnecessary. ANFIS
is a kind of neural network based on Takagi—Sugeno fuzzy
inference system. Since it integrates both neural networks and
fuzzy logic principles, it has potential to capture the benefits of
both in a single framework.

When the absolute value of detail coefficients was small, we
could consider the slipping degree was small, and vice versa.
However, the mathematical relationship between them was
complicated. ~Moreover, according to the results of previous
experiments (Table 1), the normal grasping force has influence on
the detail coefficients. So it is obviously inapplicable to use the
detail coefficient as the only input of ANFIS. And here both the
current normal griping force F' and the detail coefficients dwt of
DWT were chosen as the inputs of the ANFIS controller to adjust
the grasping force when slipping was detected, the increment Ad of
distance between the two fingers of end effector was taken as the
output of ANFIS controller.

The IF-THEN rules based on Fuzzy Logic were indispensable
components in the ANFIS controller. Initially an input-output
data set was collected from successful grasp and lifting of a wide
range of objects. This input-output data set was used to train the
controller based on subtractive clustering. And each clustering
center would correspond to one rule. As a result, the Fuzzy rules
were simplified and the controller was considered more flexible.
The criteria for a successful grasping are defined as: (i) the
dropping of the grasped object does not happen; (ii) the maximum
force F,x of grasping is less than 1.2 times the minimum grasping
force. The way to measure the minimum grasping force is as
follows: to decrease the grasping force gradually until the slipping
signal of grasped object appears, and at this moment record the
value of griping force sensor in the finger.

At last, a hybrid algorithm consisting of a gradient descent
algorithm and least square algorithm was implemented to tune the
antecedent parameters and consequent part of the ANFIS
controller.

The final structure of ANFIS controller is shown in Figure 6.
Based on the data of slip sensor designed and the robotic
end-effector used in the experiments, four Fuzzy rules were
achieved as follows.

Rule 1: if Fis F1=g(F; 0.308, 2.275) and dwt is dwt;=g(dwt; 0.1687,
0.2599)

then Ad1=1.218F+17.32dwt+1.078
Rule 2: if F is Fo=g(F; 0.3097, 2.705) and dwt is dwt,=g(dwt;
0.1733, 0.3882)

then Ad,=1.932F+1.705dwt—6.457
Rule 3: if F is F3=g(F; 0.3097, 0.8942) and dwt is dwt;=g(dwt;
0.1814, 0.3441)

then Ad;=—0.1319F+0.2646dwt+0.745
Rule 4: if F is Fy=g(F; 0.3118, 2.151) and dwr is dwt,=g(dwt;
0.1604, 0.2769)

Then Ad,=—7.352F-11.75dwt+12.42
where, g(x; o, ¢) is Gaussian membership function of Fuzzy logic,
and x denotes viable, o denotes standard deviation, ¢ denotes the
mean value, that is the clustering center.

When the input is (¥, dwr), the output of the ANFIS controller:

Figure 6 Structure of adaptive neuro-fuzzy inference system

3 Results and discussion

3.1 Experimental results of slipping detection

In order to evaluate performance of detecting rules developed
based on the detail coefficients of DWT, three groups of
experiments were carried out: i) the normal grasping force were set
tobe 1.5N, 2N, 3 N and 4 N respectively, and sliding speed of the
wood block over the surface of slip sensor was 15 mm/s; ii) the
surface materials of grasped objects were chosen to be wood,
plastic, cloth, and paper respectively, and sliding speed still was
15mm/s with the 2 N normal grasping force; 3) the sliding speeds
were set to be 8 mm/s, 15 mm/s, 25 mm/s respectively, and the
normal grasping force of wood block was maintained to be 2 N.

The results of each experiment were similar with the ones
presented in the Figure 4. And peak values of the detail coefficients
in the DWT of the output of slip sensor before the actual moving of
the grasped objects were depicted in Tables 1-3, respectively.

Table 1 Peak values of detail coefficients of DWT before
actual slipping with different normal grasping forces

Normal grasping force/N Peak values of detail coefficients

1.5 —0.6803
—0.5577

3 —0.651

4 —0.1658

Table 2 Peak values of detail coefficients of DWT before
actual slipping with different surface materials of grasped
objects

Surface material Peak value of detail coefficients

Wood —0.5215
Plastic 0.7114
Cloth 0.2728
Paper —0.2331

Table 3 Peak values of detail coefficients of DWT before
actual slipping with different sliding speeds

Sliding speed/mm-s™ Peak value of detail coefficients

8 0.2954
15 0.9843
25 —0.3574




July, 2018

Tian G Z, et al.  Slipping detection and control in gripping fruits and vegetables for agricultural robot

Vol. 11 No4 49

In Table 1, when the normal grasping force is 4N the
corresponding detail coefficient is less than that when the normal
grasping force being 1.5 N, 2 N and 3 N, respectively. This was
likely because the greater normal grasping force can lead to output
saturation of slip sensor, which weakens the components with high
frequencies in the output of slip sensor. In Table 2, due to the
smooth surface of the paper the corresponding detail coefficient is
smallest, and the same reason for one with the cloth material.
Finally, in Table 3, for the sliding speed of 15 mm/s and 25 mm/s,
their corresponding detail coefficients become greater than that
when sliding speed is 8 mm/s. The reason for this was that the
slower the sliding speed, the smaller vibration of friction between
the rubber skin and the grasped objects can be caused. And in the
case of sliding tends to zero, the absolute values of the detail
coefficient will decrease toward zero, which is just the desired
situation.

However, although the test conditions such as normal grasping
forces, the surface material properties and the sliding speeds were

set at different levels, the slipping detection rules proposed above
can be satisfied totally, which implied the slipping can be measured
successfully before the visible slipping of grasped objects occurred,
that is, the initial slip information can be detected effectively.

3.2 Experimental results of gripping force control

As shown in Figure 7, in order to test the effectiveness of
ANFIS controller, the experiments for adjusting the grasping force
were carried out by using a two-finger end-effector. The slip
sensor was installed in one finger, and the grasping force sensor
was installed in the other finger.

Firstly, an empty plastic cup was held by the robotic
end-effector, and the coins were added into the cup one by one.
So the total weight of cup increased gradually. When the holding
force of end-effector was not enough to overcome the total gravity
the cup would slip between the two fingers. This slipping would

be measured by the slip sensor, and the ANFIS controller would be
activated to adjust the gripping force to prevent the cup from

slipping.

Figure 7 Experiment of griping force control

Secondly, tomatoes and apples were randomly selected and
placed between the two fingers of the end-effector manually.
After contacting between the fingers and grasped objects the
grasping force would be controlled according to the slipping
detection of the slip sensor by the ANFIS controller.

The results of grasping plastic cup are illustrated in Figure 8.
The upper sub-graph shows the output of slip sensor, the middle
sub-graph shows the griping force applied by the end-effector, and
the lower sub-graph shows the detail coefficients of DWT of the
slip sensor output. When the weight of the plastic cup increased
at 09 s, 1.8 s, 2.9 s and 3.7 s, the detail coefficients of DWT
became greater than the threshold 0.13, which indicated that the
slipping of cup had happened. So the ANFIS controller of
grasping force of end-effector worked immediately to prevent the
cup from slipping based on the slipping data detected. In one
experiment, the total displacement of the cup slipping was less than
2 mm measured according to the line marked on the cup.

The typical results of grasping tomatoes and apples are shown
in Figure 9 and Figure 10, respectively. So the tested samples
were selected randomly, and weight of the tomato is 143 g and
apple is 166 g. Their minimum griping force was 2.0 N and 2.5 N
respectively.

The tomato was placed between two fingers of end-effector by
hand firstly (Figure 9), and after the finger contacted with the
tomato at 3.2 s, the grasping force increased to 1.2 N and was kept
till we moved the hand away at 4.8 s completely. Then the tomato
began to slip because the griping force was smaller than the

tomato’s minimum griping force 2.0 N. It could be found that the
detail coefficient of DWT was greater than 0.13 at this time.
Therefore, the ANFIS controller adjusted the grasping force to
2.1 N automatically which was slightly greater than the minimum
force. However, the grasping force slightly decreased because of
the deformation of the tomato, and at 8.2 s, the slip sensor detected
the initial slip of the tomato again and the grasping force increased
once more by ANFIS controller autonomously.
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The typical process of grasping apple is shown in Figure 10,
which is similar to that of the tomato. The detail coefficient of
DWT was greater than threshold 0.13 at 2.9 s when hand moved
away. So the grasping force increased, and the peak force reached
to 2.7 N. Because the deformation of apple is negligible under the
minimum gripping force the second slipping of the apple has not
been found.

In these experiments, all tested objects had been grasped
without dropping. Moreover, the grasping force did not appear
the big overshoot, which could effectively prevent the fruit and
vegetable from mechanical damage.

4 Conclusions

When the robots are applied to manipulate the fruits and
vegetables, minimum griping force is desired, which can reduce the
mechanical damage in the grasping process. Thus in this research,
a new and sensitive slip sensor was developed by exploiting the
The output of slip
sensor was analyzed in the frequency domain with the STFT, and

characteristics of force sensitive resistor.

components with high frequencies were analyzed carefully.
These components with high frequencies were further processed
with the DWT. And based on the detail coefficients of DWT the

rules of detecting the slipping of the grasped objects were
introduced.

With the detection of slipping and the measuring of the normal
grasping force, the ANFIS controller was developed to adjust the
gripping force of the robotic end-effector in real time, and the
subtractive clustering was applied to simplify the fuzzy logical
rules effectively with the two parallel fingers robotic end-effector.
Hence the results of experiments demonstrated the effectiveness of
the method for detecting the slipping and adjusting the grasping
force.

Acknowledgments

This work was supported by the Key Research and
Development Program of Jiangsu (Grant No.BE2017370), the
National Natural Science Foundation of China (Grant
No0.31471419), and the Natural Science Funds of Jiangsu (Grant
No0.BK20140729).

[References]

[1] Teshigawara S, Tsutsumi T, Shimizu S, Suzuki Y. Highly sensitive
sensor for detection of initial slip and its application in a multi-fingered
robot hand. IEEE International Conference on Robotics and Automation,
Shanghai, China, 2011; 19(6): 1097-1102.

[2] Damian D D, Martinez H, Dermitzakis K, Hernandez-Arieta A.  Artificial
ridged skin for slippage speed detection in prosthetic hand applications.
IEEE/RSJ International Conference on Intelligent Robots and Systems,
Taipei, Taiwan, 2010; 25(1): 904-909.

[3] Shang Z D, Wang Q Y, Han J H. Sliding sensor and soft grasping of
electron hydraulic servo manipulator. IEEE International Conference on
Mechatronics and Automation, Luoyang, China, 2006; pp.1459-1464.

[4] O’Toole M, Bouazza-Marouf K, Kerr D, Vloeberghs M. Robust contact
force controller for slip prevention in a robotic gripper. Proceedings of
the Institution of Mechanical Engineers, Part I: Journal of Systems &
Control Engineering, 2010; 224(3): 275-288.

[5] Sanchez J, Schneider S, Hochgeschwender N, Kraetzschmar G K, Ploger P
G. Context-based adaptation of in-hand slip detection for service robots.
IFAC Papers On Line, 2016; 49(15): 266-271.

[6] Dollar A M, Jentoft L P, Gao J H, Howe R D. Contact sensing and
grasping performance of compliant hands. Autonomous Robots, 2010;
28(1): 65-75.

[7]1 Dollar A M, Cho K J, Fearing R S, Park Y L. Special issue: fabrication
of fully integrated robotic mechanisms. Journal of Mechanisms &
Robotics, 2015; 142(S266): 419-428.

[8] Hasegawa H, Mizoguchi Y, Tadakuma K, Ming A. Development of
intelligent robot hand using proximity, contact and slip sensing. IEEE
International Conference on Robotics and Automation, Anchorage, AK,
USA, 2010; 46(1):777-784.

[91 Gunji D, Mizoguch Y, Teshigawara S, Ming A, Namiki A, Ishikawa M, et
al. Grasping force control of multi-fingered robot hand based on slip
detection sing tactile sensor. JRSJ, 2010; 25: 2605-2610.

[10] Zhao K, Li X, Lu C, Lu G, Wang Y. Video-based slip sensor for
multidimensional information detecting in deformable object grasp.
Robotics & Autonomous Systems, 2017; 91: 71-82.

[11] Cotton D P J, Chappell P H, Cranny A, White N M, Beeby S P. A novel
thick-film piezoelectric slip sensor for a prosthetic hand. IEEE Sensors
Journal, 2007; 7(5): 752-761.

[12] Petchartee S, Monkman G. Slip Prediction through Tactile Sensing.
Sensor and Transducers Journal (CD-ROM), 2008; 90: 310-324.

[13] Shirafuji S, Hosoda K. Detection and prevention of slip using sensors
with different properties embedded in elastic artificial skin on the basis of
previous experience. International Conference on Advanced Robotics,
Tallinn, Estonia, 2011; 62(1): 459-464.

[14] Shirafuji S, Ikemoto S, Hosoda K. Trajectory control strategy for
anthropomorphic robotic finger. Conference on Biomimetic and
Biohybrid Systems, Milan, Italy, 2014; 8608(3): 284-295.

[15] Lévesque F, Sauvet B, Cardou P, Gosselin C. A model-based scooping



July, 2018

Tian G Z, et al.

Slipping detection and control in gripping fruits and vegetables for agricultural robot

Vol. 11 No4 51

[16]

[17]

grasp for the autonomous picking of unknown objects with a two-fingered
gripper. Robotics & Autonomous Systems, 2018; 106: 14-25.

Vatani M, Engeberg E D, Choi J W. Force and slip detection with
direct-write compliant tactile sensors using multi-walled carbon nanotube
polymer composites. Sensors & Actuators A: Physical, 2013; 195(2):
90-97.

Engeberg E D, Meek S G.  Adaptive object slip prevention for prosthetic
hands through proportional-derivative shear force feedback. IEEE/RSJ
International Conference on Intelligent Robots and Systems, Nice, France,
2016; pp.1940-1945

[18]

[19]

[20]

Koda Y, Maeno T. Grasping force control in master-slave system with
partial slip sensor. IEEE/RSJ International Conference on Intelligent
Robots and Systems, Beijing, China, 2006; 740: 4641-4646.

Glossas N I, Aspragathos N A. A cluster based fuzzy controller for grasp
and lift fragile objects. 18th Mediterranean Conference on Control &
Automation, Marrakech, Morocco, 2010; 20(1): 1139-1144.

Teshigawara S, Tadakuma K, Ming A, Ishikawa M. Development of
high-sensitivity slip sensor using special characteristics of pressure
conductive rubber. IEEE International Conference on Robotics and
Automation, Kobe, Japan, 2009; pp.3289-3294.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


