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Abstract— Adequate grasping force estimation and slip 

detection is a vital problem in wider applications of robots and 
manipulators in industries as well as in our everyday life. In this 
paper, a new methodology for slip detection during grasping by 
robot grippers/end-effectors using tactile sensor has been 
presented. During the object slippage, the tactile sensor in touch 
with the object surface travels along the peaks and valleys of 
surface texture of the object which creates vibratory motions in the 
tactile. A newly developed mathematical model is used to compute 
the scattered energy of vibrations, which contains parameters of 
surface texture geometry as well as trial grasping force, and other 
relevant parameters.  Using the scattered energy of vibrations 
predicted by soft computing techniques, an attempt to instantly 
estimate the adequate grasping force has been reasonably 
successful. Surface texture data, for experimental estimation of 
grasping force, were collected from a huge number of machined 
specimens and were used to build four different machine learning 
estimation techniques. Experimental results using Linear 
Regression (LR), Simple Linear Regression (SLR), Pace Regression 
(PR) and Support Vector Machine (SVM) demonstrate a relatively 
better technique for industrial applications. 

Keywords—tactile sensor, surface roughness, intelligent grasping, 
slip detection, support vector machine. 

I.  INTRODUCTION  
Recognizing unknown objects and grasping, lifting and 

manipulating objects by robotic grippers / end-effectors and 
manipulators are crucial problems in the field of industrial 
applications of robots and manipulators. This covers a wide range 
of applications starting from diversified materials handling, such 
as assembly operations, peg-in-hole tasks, welding processes, 
grinding processes, and so on, in manufacturing sectors up to 
fruit and vegetable harvesting, collecting eggs in poultry farms 
and food processing. Another evolving problem area is that 
within a few decades, many industrialized countries will face a 
significant increase of elderly people [1]. In household tasks a 
robot could be used to perform simple fetch and manipulation 
tasks.  

It is essential to assure that an object has been grasped using 
appropriate grasping force/s that does not allow the object slip or 
drop down, at the same time the gripper mechanism does not 
smash the grasped object or damage its surface qualities. 
Therefore, in grasping activities it is an essential task to detect 
slip or incipient slip at its very beginning stage. In this paper, an 
attempt has been made to detect slip of a grasped object using a 

recently proposed tactile sensor [2], and to estimate appropriate 
minimum grasping force/s from the tactile data using 
sophisticated machine learning techniques. The newly developed 
mathematical model for the scattered energy of vibrations [3] is 
used in conjunction with machine learning techniques to estimate 
the minimum appropriate grasping force for a particular object. 
The results of computational experiments show that machine 
learning techniques are efficient to estimate the grasping force.  

II. SLIP DETECTION AND FORCE ESTIMATION  

Although slip detection and grasping force estimation are 
supplement to each other, a few numbers of works are dedicated 
to their combined purpose.   

Tremblay and Cutkosky (1993) presented [4] an improved 
dynamic tactile sensor to detect incipient slip of grasped object, 
which used accelerometers. By detecting a small vibration 
associated with incipient slip by accelerometers, a manipulator 
can increase its grasping force in time to prevent object slippage 
in robotic grasping.  Another similar purpose sensor called 
nephelometric tactile sensor was designed, constructed, and 
tested by Russell [5] in 1997. The sensor was built of arrays of 
light-emitting diodes (LEDs) focusing on a layer of turbid liquid 
arrays of phototransistors. The diodes were mounted into the 
holes of flexible rubber block which is supposed to be distorted 
while in touch of object under tangential and longitudinal forces. 
In 2001, a similar principle of strain gauge application but 
simpler in design than the  one used by Tsujiuchi, has been used 
by Yamada, Maeno and Yamada to design artificial finger skin 
having human like ridges on it. The authors proposed [6] to use 
the artificial finger skin with ridges and distributed sensor 
accommodated underneath the skin ridges to detect slippage 
during robotic grasping assessing tangential and longitudinal 
forces of grasp. Another tactile sensor based on strain gauge 
technology has been designed and published in 2004 by 
Tsujiuchi et al. [7] for the purposes of slip detection in robotic 
grasping applications assessing the triaxial forces generated 
during object slippage. In reality this is an array sensor built up 
with strain gauge based unit tactile sensors. Stress-strain on each 
of the strain gauges is processed using a bridge circuit. There 
were 60 strain gauges engaging 60 bridge circuits. However, the 
array sensor is able to detect slip during robotic grasping 
assessing the action forces of grasp.  

To the best of our knowledge, at this stage, a force sensing 
resistor based sensor (FSR) system devised by Mingrino et al. [8] 
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in 1994   is relatively more successful and physically applicable 
equipment to detect object slippage as well as to control grasping 
force simultaneously. The FSR is capable to sense 
simultaneously tangential and normal contact forces applied 
during grasp and vibrations induced by slip.  

 
Figure 1.  Exploded view of the FSR sensor system (Mingrino) [8] 

The FSR sensor system, depicted in Fig. 1, consists two 
different sensing elements: (a) a forces-sensor block, variable 
resistor based on a proprietary piezoresistive semiconductor 
material screened on a polymer film, sensing both normal and 
shear forces, and (b) a vibration detector consisting of a thin 
metal disc mounted on a rubber cylinder which is attached to the 
centre of the forces-sensor block (Fig. 1). The resistance of each 
sensor area of the forces-sensor block provides a means to 
compute separately the normal and tangential components of the 
resultant forces acting on the metal disc in contact with the object 
surface. In practice the sensor system is mounted on a cylindrical 
tactile probe, and the probe and the sensor system are covered 
and secured (Fig. 2) together using an elastomeric body. 

                    

 
Figure 2.  FSR sensor system assembled (Mingrino) [8] 

III. PHILOSOPHY OF SCATTERED ENERGY OF VIBRATIONS 

Anything in motion requires energy to keep it on motion as 
well as anything in motion produces ‘energy’ due to its motion 
and mass. Similarly rapidly oscillating or vibrating bodies, 
possessing any mass, create energy by their micro-motions. This 
can be explained by the fact that during the mechanical vibration 
of a body, the coordinate position of each components of a solid 
body changes in a chaotic and in some cases super-chaotic 
trajectory. These micro-changes of positions of a particle solid 
body possessing a mass clearly explain fast motion of mass 
through a distance. During vibrations a micro-motion of a body is 
always accompanied by a continuous activating force that stops 
activation only when vibration of the body is discontinued [3]. 
Therefore, if we can determine these micro translations of mass-

load including their velocity, it is possible to assess the energy 
created by the process of chaotic oscillations of a mass. Since any 
amount of energy initiated by vibrations is instantly scattered 
away immediately after initiation in different manners, this 
energy is proposed [3] to call as “scattered energy of vibration” 
of a body. 

The new parameter, called scattered energy of vibration 
(Esc), is philosophically the energy that is emanated during 
vibration [3] by the motion of a body to a particular displacement 
due to a particular cause and instantly it is disbursed around in 
the environment or in the bodies in contact.  

IV. SLIP DETECTION AND SCATTERED ENERGY OF 
VIBRATION  

The tactile / stylus method is a recognized and widely used 
method to determine the grade of surface texture in 
manufacturing industries. If a stylus slides across a surface it 
goes through the peaks and valleys of waviness and roughness of 
the particular surface. This across-surface motion of a stylus 
following peaks and valleys creates reciprocating vibratory 
motions of the stylus itself along its axis perpendicular to the 
nominal surface as depicted in Figure 3.  

 
Figure 3.  Sensing slippage by a stylus [2] 

   A tactile/stylus embedded into the gripper or fingers of a 
robot can sense any slippage of grasped object while the stylus 
slides across the peaks and valleys of surface irregularities or 
surface waviness. The linear reciprocating motion of a stylus can 
be modeled in the form of newly developed scattered energy of 
vibrations.  

In this particular case, the Scattered Energy of Vibration 
(Esc) is the amount of energy emanated, as well as instantly 
dissipated, due to vibrations of stylus, which could be determined  
by a newly developed equation expressed as follows [3]: 

)1(cottan...
1

1

1
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= ∑

= i

i
n

i
trsc s

vFnE δ  

where, Esc - total scattered energy of vibration; Ftr - trial-
grasping force possible to manipulate by a control system; n – 
number of irregularities a stylus has sensed during an object 
slippage; v – falling velocity of the slipping object; δ1i, S1i - 
geometry of surface irregularities of the object. Equation (1) 
demonstrates that, Esc is directly proportional to the number of 
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peaks and valleys, their geometry sensed by the stylus during 
slippage, and also the falling velocity of the object.  

Since it is a necessity to apply enough grasping force 
instantly, when the object demonstrates any incipient slip, to stop 
slippage, the displacement travelled by a falling body can be 
considered as a micro-displacement. In cases of micro-
displacement, the falling velocity v of any body of any mass can 
be again considered to be the same and is a constant vector. 

V. OBJECT-SAMPLES FOR EXPERIMENT 
As mentioned objects in nature may have various surface 

textures with extremely different nature waviness and roughness 
as well as different geometry of peaks and valleys. Therefore, for 
industrial applications of robots, it is not possible to model object 
surface-textures on universal basis. But we can presume 
particular areas of applications of robot-systems. In this research 
work, authors have been concentrated on machined surfaces 
obtained by turning and milling processes.  

In turning processes a 0.50 m long mild steel bar with 
diameter 32 mm was divided into 13 sections after a preliminary 
turn to make it of consistent diameter all through. Each section 
was turned separately using commonly used carbide turning bit 
of conventional geometry on a universal lathe machine of model 
Harrison M400 made by T S Harrison & Sons Ltd., England 
using various surface cutting speeds starting from V = 10 m/min. 
up-to V = 161 m/min, depth of cut t = 0.40 mm, and feed rate f = 
0.18 mm/rev. Then surface roughness values Rz were measured 
(Fig. 4) using a surface roughness measurement machine 
Suntronic 3+ produced by Rank Taylor Hobson Limited, 
England. For each section of machining, measurements were 
taken at three different sections approximately at an equal 
angular distance (~ 120°) around the circumference. That gave us 
altogether about 39 different Rz values which have been used to 
represent 39 different objects for sensing purposes.  

 
Figure 4.  Measurement of surface roughness (Rz)  using Suntronic 3+ 

Similarly another about 90 mild steel specimens were 
prepared by milling operations, and surface roughness values Rz 
were measured using the same Suntronic 3+ machine as depicted 
in Fig. 5. In milling operations depth of cut and feed rate have 
been kept constant and accepted as t = 0.50 mm and f = 460 
mm/min correspondingly.  

 
Figure 5.  Surface roughness (Rz) of milled specimens using Suntronic 3+ 

In all cases of surface roughness measurement using 
Suntronic 3+, sampling length Lc = 2.50 cm has been accepted 
for more accurate values. These Rz values represent δ1i parameter 
in Equation (1), and values proportionate to δ1i have been 
accepted for the parameter S1i for simplicity in this work. 
Applying these experimental parameters in Equation (1) second 
series of experiments has been carried out with the help of soft 
computing technique as described in the following sections. 

VI. MACHINE LEARNING FOR GRASPING FORCE 
ESTIMATION 

In the second experimental stage of grasping force estimation 
on detecting object slip using scattered energy of vibration 
method, we employed four machine learning estimation 
techniques: Linear Regression [9], Simple Linear Regression 
[10], Pace Regression [11], and Support Vector Machine (SVM) 
to test grasping force estimation. In these experiments, we tested 
two types of optimisation methods for SVM: Sequential Minimal 
Optimization (SMOreg) [12] and advanced Sequential Minimal 
Optimization (SVMreg) [13].     

A. Support Vector Regression (SVR) 
At the beginning we consider a set of training data

)},(),....,,{( 1 iii yy xx , where ix and ݕ௜ represent the geometric 
parameters of surface roughness of grasped sample-object. Here 
each n

i R⊂x  denotes the input space of the sample and has a 

corresponding target value Ryi ⊂  for i=1,…, ݈   where ݈ 
represents the size of the training data [14, 15]. The idea of the 
regression problem is to determine a function that can estimate a 
target value from a given input value accurately.  

As like SVM classification, the generic SVR estimating 
function takes the form: 

 

{ } bxf +Φ⋅= )(()( xw                                          (2) 

where nR⊂w , Rb ⊂  and Φ denotes a non-linear 
transformation from ܴ௡ to high dimensional space; w = weight 
vector and b = bias factor. Our goal is to find the value of w  and 
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b such that values of x  can be determined [14] by minimizing 
the regression risk )( fRreg  as follows: 

2

0 2
1))(()( wx +−Γ= ∑

=i
iireg yfCfR                (3) 

where Гሺ·ሻ is a cost function, C is a constant parameter and 
vector w  can be written in terms of data points [14] as: 
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By substituting equation (3) into equation (1), the generic 
equation can be rewritten as: 
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In equation (5), the dot product can be replaced with function
),( xxik , also called the kernel function. All kernel functions must 

satisfy Mercer’s condition [14] that corresponds to the inner 
product of some feature space. The radial basis function (RBF) is 
commonly used as the kernel for regression and expressed as 
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where γ = smoothening parameter. 
We have experimented with the two kernel functions: Linear 

and Polynomial. 
The ε - insensitive loss function is the most widely used cost 

function [15]. The function is in the form: 
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By solving the quadratic optimization problem in (7), the 
regression risk in equation (3) and the ε - insensitive loss function 
(7) can be minimized as follows: 
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This is subjected to the fulfillment of the following 
conditions: 
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The input vectors corresponding to the non-zero Lagrange 
multipliers, ן௜ and ן௜כ are known as support vectors, which pay 
the significant role to construct the regression line. Only if the 
requirement |݂ሺݔሻ െ |ݕ  ൒ ߝ  (Figure 6) is fulfilled, Lagrange 
multipliers may be non-zero values and is used as support vectors. 

Now, we have solved the value of ࢝ in terms of the Lagrange 
multipliers. For the variable b, it can be computed by applying 
Karush-Kuhn-Tucker (KKT) conditions which, in this case, 
implies that the product of the Lagrange multipliers and 
constrains leads to zero: 

 

 
Figure 6.  Support vector regression to fit a tube with radius ε  
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and 
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Where iζ and *
iζ are slack variables used to measure errors 

outside the ε-tube. Since 0, * =ii αα  and 0* =iζ  for ן௜א כሺ0, ,ሻܥ ܾ can be computed as follows: 
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Putting it all together, we can use SVM and SVR without 
knowing the Kernel transformation. 

The rational for choosing SVM is its demonstrated improved 
performance in many areas including business, engineering, 
medical, and science [16, 17, 18]. 

B. Experimental Results  
We consider a set of performance metrics to evaluate the 

effectiveness of the estimation techniques which are listed in 
Table 1 with their mathematical notation [17]: The Correlation 
Coefficient (CC) basically compares the predicted values with 
actual values. If the predicted and actual values are same then the 
CC is 1. On the other hand, if there have no correlation between 
the predicted and actual values then the CC is 0. The Mean 
Absolute Error (MAE) and Root Mean Squared Error (RMSE) 
represent the basic difference between the predicted and actual 
values without considering more details as like CC. The Relative 
Absolute Error (RAE) and Root Relative Squared Error are very 
similar but bit details error measures approach as comparing with 
MAE and RMSE. 

We collected data for δ1i and S1i: geometry of surface 
irregularities of the object from the laboratory. Then we measure 
the Ftr - trial-grasping force possible to manipulate by a control 
system. We placed all these values in the Eqn. (1) to calculate 
Esc - total scattered energy of vibration. In our experiment, the 
estimation models were built using the collected samples of δ1i, 

+ε
ζ

-ε
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S1i and Esc. Once the model was built, unknown δ1i, S1i not used 
in training were presented to the model to predict Esc. We 
considered 104 samples in our experiment and used 10 fold cross 
validation method as it has been suggested in [20, 21] for datasets 
having fewer than 1000 instances.  

TABLE I.   PERFORMANCE METRICS USED 

 
We used above measures to choose a superior estimation 

technique for grasping force estimation and presented in Figures 
7-9. We tested the individual measure with each estimation 
technique. Then we ranked highest number of best performances 
to choose the best estimation technique, found SVM is the 
superior technique for the grasping force estimation than the 
others used. 

 

 
 

Figure 7.  Grasping force estimation comparison based on CC. 

   
Results demonstrate that SVM contineously outperformed 

other techniques in our experiments to predict estimated grasping 
forces. SVM method has option to trial different types of kernel 
[14]. Basically linear (lin), polynomial (poly) and radial basis 
function (rbf) are the classical kernel of SVM. Therefore, we 
investigate different types of kernel performance with two types 
SVM optimization techniques. We tested one more kernel called 

normalized polynomial (N-poly) rather than classical kernels 
only in our experiment. Finally the results were verified using all 
of the estimation error measures but reported only two of them in 
Figures 10-11 due to space limitation.  

 

 
 

Figure 8.  Grasping forces estimation based on MAE and RMSE 

     

 
 

Figure 9.  Grasping forces estimation based on RAE and RRSE in %. 

 

 

Figure 10.  Comparative SVM kernel performance with SMO  
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Figure 11.  Comparative SVM kernel performance with SVMreg  

We observed polynomial kernel is the best suited kernel for 
grasping force estimation. The classical polynomial kernel 
performed best with SMO optimization methods. We found the 
best suited polynomial degree was 2. On the other hand 
normalized polynomial kernel performed best with SVMreg. 
Moreover, the performance could be improved using kernel 
parameter tuning. 

CONCLUSION 

A proposed new type of tactile sensor has been successfully 
applied to detect object slippage during grasping by robotic 
grippers/end-effectors, which allows estimating adequate 
grasping forces theoretcally. The newly developed mathematical 
model for grasping force estimation has been used to built 
support vector machine and other soft computing models capable 
of estimating grasping force from the surface irregularities of the 
grasped object. Computational experiments and analysis showed 
that the support vector based techniques estimated the grasping 
force with reasonably acceptable accuracy. Further improvement 
through the use of additional surface parameters and optimization 
techniques [22] to optimize SVM and kernel parameters is 
currently under investigation. 
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