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ABSTRACT 

A study is presented which utilizes a tactile system 

using force sensing resistor (FSR) material as the tactile 

elements, for detection and control of slippage at the robotic 

gripper. The characteristics at the output of the FSR 

element during the presence of a dynamic phenomenon are 

studied. The distinguishing features of these characteris-

tics are identified and used for slippage detection. 

The development of the necessary hardware to identify 

these salient features for slippage detection is described. 

The possibility of using these characteristics to control 

slippage and their limitations for effective slippage control 

are discussed. A modified control strategy for slippage 

detection is presented. The testing of detection and control 
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of slippage at the robotic gripper of a Mitsubishi Movemaster 

RM-101 robot using the control strategy is explained with 

satisfactory results. The results presented here provide 

enough evidence for possible use of the FSR tactile system for 

slippage detection and control. 
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1. INTRODUCTION 

1.1 ORIGIN AND DEFINITION OF ROBOT 

The machine 'robot' represents the fulfilment of man's 

dream to create a machine which will relieve him of his 

labour without questioning his authority. The word 'robot' 

itself became popular in the 1920s and 1930s following the 

appearance of small, artificial and anthropomorphic creatures 

in Czech playwright Karel Capek's play 'R.U.R' (or Rossum's 

Universal Robots). These creatures were called 'robots', a 

word derived from the Czech robota, meaning 'forced labour'. 

According to the Robot Institute Of America (R.I.A), a robot 

is defined as [1]: 

A programmable and multifunctional manipulator, 

devised for the transport of materials, parts, 

tools or specialized systems with varied and 

programmed movements, with the aim of carrying 

out varied tasks. 

1.2 EVOLUTION OF ROBOTIC SYSTEMS 

The evolution of robotic systems from automated systems 

took place in two stages. In the first stage, robotic systems 

distinguished themselves from automated systems by their ver-

satility and flexibility. A large range of physical tasks, 

particularly repetitive ones could be entrusted to these 

robotic systems. Most of the robots that are in use today 
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fall into this category. These robotic systems were developed 

as a form of programmed automation. One major shortcoming of 

these robotic systems was their inability to react to changes 

in their environment. The second stage of development, which 

is currently being undertaken, is aimed at producing 'interac-

tive robotic systems'. These 'interactive robotic systems' 

are capable of understanding and reacting to changes in their 

physical environment. 

The need for these 'interactive robots' is based on the 

following considerations: 

1. There are severe limitations to the range of appli-

cation of programmable robots. This range would be enhanced 

by introducing sensory devices. 

2. Some tasks performed by human operators appear to be 

repetitive, but not in the strict sense. Minute changes in 

the environment require constant adjustments in the processes 

involved. If a robot is going to replace the human operator, 

it must take care of these changes in the working environment. 

An interactive robot would be capable of performing 

complex tasks as it "understands" a dynamic uncertain world. 

The interaction is provided to the robot through a mixture of 

powerful sensory processing and high level reasoning about the 

world. 
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Some of the complex tasks a robot has to perform are 

object recognition, grasping, manipulation and collision 

avoidance. One approach to building an 'interactive robot' 

for such tasks is by studying human performance under similar 

conditions. By gaining insight into the interactions of human 

sensors, motor control and cognition, a system can be designed 

on these known principles of interaction and co-ordination. 

Although this approach might provide the ultimate solution, it 

fails to provide immediate results directly applicable to 

present day problems. 

The second approach is to exploit the existing tech-

nology. In this approach, by merging many different sensors, 

strategies and methods, each of which may in fact be simple, 

a simple system can be made to perform complex tasks. The 

research work described in this thesis is based on this 

approach. 

1.3 ROBOTIC SENSING 

To interact effectively with its dynamic world, a robot 

needs both vision and tactile sensing. With vision, a robot 

can map the status of its world model. When exploratory 

tactile sensing is added to the system along with its vision, 

the mapped world of the sensory vision is verified and 

authenticated. The effectiveness of vision sensing alone is 

limited as machines cannot yet understand the complicated 
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problems of optical shadows, environmental lighting variables 

or colour. The information supplied by the tactile sensor in 

an exploratory mode supplements and strengthens sometimes 

confusing visual data in understanding the world accurately. 

1.3.1 Tactile sensing 

Current tactile sensing is new and unexploited. A det-

ailed discussion about the history, growth and currently 

available tactile sensing systems is provided in the following 

chapter. A tactile sensor's effectiveness is dependent upon 

properties such as spatial resolution, sensitivity, dynamic 

range and time resolution. 

A tactile sensing system using a 'force sensing resi-

stor' sensor was developed at the University of Saskatchewan. 

The force sensing resistor (FSR) is a new type of thickfilm 

component in which the resistivity of the material decreases 

as increasing force is applied to it. This system can be 

mounted on multifingered robotic grippers to extract tactile 

sensing information. A detailed description of the system is 

provided in Section 2.4 of the next chapter. 

Since this tactile sensing system is not being used in 

conjunction with any other sensory system, such as vision, its 

primary goal is to aid the robot with grasping, lifting and 

manipulating different objects. Sensory information provided 
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while grasping would enable the gripper to apply adequate 

force within the limits of the robotic system and grip the 

object without causing any damage to it. While lifting the 

object and manipulating it, the sensory system should provide 

information about the slippage or change in the orientation of 

the object being handled. Slippage detection is of prime 

importance not only because of the safety of the object being 

handled and the working environment, but also because an 

accurate understanding of the slippage gives added advantages. 

A thorough knowledge of slippage occurring at the gripper 

would be helpful in detecting and controlling it. Proper 

control and manipulation of slippage would greatly enhance the 

dexterity of the robotic gripper. It also increases the ef-

ficiency of the overall system as, by controlling the 

slippage, tool orientation may be manipulated without moving 

the all of the arms and joints of the robot. 

1.4 OBJECTIVE AND SCOPE OF THE PROJECT 

The main objective of this research project has been to 

exploit the capabilities of the FSR sensing system to intro-

duce some amount of basic sensory control at the robotic 

gripper. The FSR sensing system was evaluated for successful 

slippage detection of objects while grasping and manipulating 

them. If the FSR sensor was found to be a useful slippage 

detector, then the second part of the project was to explore 
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the possibilities of controlling slippage using this "slippage 

detecting signal" or "sensory information about slippage". 

1.4.1 Scope of the project 

The nature of the output signal of the FSR sensory system 

was studied while objects of different shape, size, texture 

and material were moving at different speeds over the surface 

of the sensor. From this study, the distinguishing character-

istics of the sensor output signal which were present while 

the object was slipping were identified. The consistency and 

repeatability of these distinct, slippage-indicating 

characteristics were verified over a set of trials, to 

establish the reliability of the information contained in the 

slippage detecting signal. A system was designed to isolate 

the slippage detecting signal from other signals present in 

the output of the sensor. 

To control the slippage, it is necessary to understand 

the relation between the rate of slippage and the slippage 

detecting signal. By simulating slippage for a set of 

objects, an effort was made to establish the relationship 

between rate of slippage and the slippage indicating signal. 

Any possible deviations from this established relationship for 

the same object, by changing its surface roughness, was 

studied. Using the available data and different grippers of 

existing robotic systems, a strategy for detecting and 
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controlling slippage at the robotic gripper was devised. This 

strategy was implemented and tested for its effectiveness, 

limitations and overall performance for different objects. 



2. TACTILE SENSING TECHNIQUES 

In this chapter touch and tactile sensing are defined. 

This is followed by a brief description of human tactile 

sensing since it forms the standard with which other tactile 

sensing systems are compared. Some of the basic transduction 

methods which could be used to design effective tactile 

sensing systems are discussed. A brief description of some of 

these tactile sensing systems is provided. The relative 

merits and shortcomings of these tactile sensing systems are 

provided. A detailed description of the University of 

Saskatchewan FSR tactile sensing system is provided. A 

discussion of currently available slip sensors, their merits 

and limitations is provided. The choice of FSR tactile 

sensing system to detect slippage is described. The FSR 

tactile system's suitability for the required application is 

explained before concluding the chapter. 

2.1 AUTOMATED TACTILE SENSING 

According to Leon D. Harmon[2, p 112] touch sensing is 

defined as a "binary or continuously variable contact sensing 

at one or just a few points". Tactile sensing is defined [2, 

p 112] as "the graded sensing of contact forces in an array of 

points". These definitions place emphasis on the sensing of 

the magnitude and location of the forces. Tactile sensing 

relates to the sensory systems having skin-like properties 
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with force and displacement sensitive surfaces. These 

surfaces are capable of detecting different levels of forces 

and patterns of touching. 

The process of tactile sensing involves sensing and 

grading of force or displacement on contact. This is achieved 

by using a suitable transducer and effective processing of the 

transducer's data for proper interpretation. Harmon[3] 

conducted several surveys to determine the present and future 

tactile sensing requirements for robots. Approximately 90% 

of the respondents strongly felt that tactile sensing is 

needed. Three major properties were mentioned frequently 

about these tactile sensing systems. These properties are: 

1. Tactile sensors should be skin-like. They should be 

distributed in arrays. The substrate should be compliant. 

2. The sensing devices should be hand-like, having 

flexible, jointed fingers of great dexterity. 

3. The hands must be intrinsically "smart". This means 

a great deal of pre-processing should be done at the sensor 

level. This called for adequate data processing electronic 

circuitry to be part of the hand. 

2.2 HUMAN TACTILE SENSING 

One of the essential requirements of modern tactile 

sensors is that they should be human skin-like. This nec-

essitates a basic understanding of the tactile sensory process 
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in human beings. 

Skin represents the largest sensory system human beings 

are provided with. Apart from providing the touch and tactile 

sensory information, skin protects the internal body tissues 

from damage. 

There are three principal types of touch receptors in 

human skin[4]: Pacinian corpuscles, Merkel cells, and Messiner 

cells. All skin receptors are the endings of neurons that 

carry information from the skin to the higher processing 

levels. These skin receptors may have free nerve endings or 

encapsulated endings. 

There are three basic kinds of theories about the skin 

senses: specificity theory, pattern theory and combined 

approach. 

Specificity theory: This theory is based upon the doctrine of 

specific nerve energies[4]. That is, different sensory nerves 

have their own characteristic activity and, therefore, produce 

different sensations. Specificity theory states that each of 

the different kinds of receptors responds exclusively to only 

one kind of physical stimulus. 

Pattern theory: This theory suggests that it is the pattern of 
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nerve impulses that determines the sensation [4]. According 

to pattern theory, each kind of receptor responds to many 

different kinds of physical stimulus, but its response favors 

some more than the others. 

Combined theory: This theory is of recent origin (1962). It 

combines some aspects of both receptor specificity theory and 

pattern theory [4]. 

Human tactile perception consists of two quite separate 

components: cutaneous and kinesthetic. The cutaneous portion 

is conveyed primarily by pressure sensitive arrays on finger-

tips. This is the type of taction which is considered 

appropriate for robotic taction. 

The kinesthetic portion includes both afferent (incoming) 

signals developed at muscles and joints, and efferent (out-

going) signals which are motor(muscle) action commands. 

Sometimes the combined cutaneous and kinesthetic senses are 

referred to as "haptic perception". 

2.3 TACTILE SENSORS 

As described earlier in Section 2.1, tactile sensing 

involves measurement of contact forces on an array of points. 

Tactile sensors use different physical phenomena to measure 

the applied force. Early development of tactile sensors was 
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based on measuring the change in electrical conductivity or 

capacitance to calculate the applied force. Some tactile 

sensors use piezoelectric and pyroelectric phenomena for 

transduction. More recently developed tactile sensors use 

optical fibers and magneto-resistive skin as transducers in 

their sensor system design. Table 2.1 lists some of the 

tactile sensors developed, their methods of transduction and 

their relative merits and limitations. 

2.4 FORCE SENSING RESISTOR TACTILE SENSOR DEVELOPED AT THE 

UNIVERSITY OF SASKATCHEWAN 

At the University of Saskatchewan, a tactile sensing 

system was developed by Vaidyanathan and Wood[5]. This 

tactile sensing system was part of another project. The main 

project involved developing a proper engineering strategy for 

grasping techniques at the robotic gripper. The three main 

tasks that were essential for proper gripping at the robotic 

gripper are [5]: 

1. correct positioning of the object with respect to the 

gripper fingers, 

2. determination of the correct amount of force to be 

applied for proper gripping, and 

3. prevention of slippage while the object is 

The development of the sensing system accomplished 

phase of the project. They used a new type of 

component as the transducer for force sensing. 

lifted. 

the first 

thickfilm 

This is 



Table 2.1 Comparison of Different Tactile Sensors 

Sensor Principle Advantages Disadvantages 

Carbon Fibre Sensors 
[6] 

Wide Dynamic Range, Toler- 
ance, Simple and Rugged 

Hysteresis, 
Monotonic but 

Conductive Elastomers 
[7] 

Conductance not linear 
response, Low 
spatial resol-
ution 

Moving Dielectric 
Capacitor (MDCT) [8] Capacitance 

Wide Dynamic Range, Robust, 
Nearly Linear Response 

Temp. Sensitive, 
Limitations on 

MIT Capacitive Sensor 
[9] 

Spatial Resolu-
tion 

University of Pisa 
Sensor [10] Piezoelectric 

Wide Dynamic range, Rugged, 
Sensitive to Force and 
Temprature 

Complex Data pro-
cessing, Inheren-
tly Dynamic 



continuation of table 2.1 

Sensor Principle Advantages Disadvantages 

Lord Corporation Sen 
sor [11] 

Optical 
(Non - total 
internal ref- 
lection) : 

Very High Resolution, Com- 
patible with Vision Sens- 
ing, Immune to E.M. Noise, 
Data processing is easy 

Hysteresis, 
Complex design 

Japan TIR Sensor [12] Optical 

Finger-shaped Sensor 
[13] 

(Total int-
ernal reflec-
tion)

Magneto-resistive Skin 
[14] 

Magnetoresi- 
stive 

Skin-like, Good spatial 
Resolution 

Requires Magnetic 
shielding 
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marketed by M/S. Interlink Electronics, U.S.A under the trade 

name of "force sensing resistor". The resistivity of the film 

decreases as increasing force is applied to it. 

2.4.1 Force sensing resistors 

A force sensing resistor consists of a sandwich formed 

from electrically conductive polymer layers. The sensitivity 

and resistivity of the component depends upon the formulation. 

The component is formed by silk screening the polymer material 

onto mylar sheets. The components can be fabricated into any 

shape and size. 

The FSR element could be used in either shunt mode or in 

through-conducting (series) mode. Depending upon the 

formulation, the operating resistance of FSRs can range from 

about 10 megohms to a few hundred ohms. There are three 

in Switch Range Linear Range 
"V 

Non linear Range 
x 
0 6 r,

• 
CC 

MRCENfloym14 

Figure 2.1: FSR operating ranges [5, p 60]. 
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useful working ranges as shown in Figure 2.1. They are the 

switch range, the linear range and the linear log/log range. 

If the applied force is between 0 and 30 g, then the FSR will 

operate in its switching range. In this range the FSR can be 

used for switching applications. A slight amount of applied 

force will cause an abrupt change in resistance of about 100:1 

in ratio. If the FSR is loaded with a force value exceeding 

30 g, but less than 8000 g, then the component enters the 

linear log/log range of it's operation. As the variation in 

this region is more predictable and stable, it is chosen for 

most applications. Figure 2.2 shows the nearly linear 

behavior of FSR in this region. At still higher loads, the 

change in resistance becomes smaller and is almost linear. 

Re
si
st
an
ce
 (
X
 O
h
m
s
)
 

100. 

101 

101 

FORCE (Ktlocrams) 
IS 

Figure 2.2: FSR behavior in Log/Log range [5, p 60]. 



17 

2.4.2 FSR sensor array 

The FSR sensor array consisted of 16 elements in an 8 X 

2 matrix form on each finger. To effectively sense the 

variable contact forces as accurately as possible, an inter-

leaved conducting pattern with approximately equal conducting 

areas for the signal line and ground line was chosen. Figure 

2.3 shows the pattern etched on a printed circuit board. A 

detailed description of the sensor array hardware features are 

presented in Appendix A. 

The FSR sensor elements, each of 5 mm X 5 mm size, were 

laid in position over the conducting pattern. A compliant 

neoprene rubber cut in a shape resembling that of a human 

fingertip was laid over each group of 4 of these sensors. The 

gripping forces were transmitted normally to the sensors 

through this rubber material. A stable, low noise, constant 

ina  tiffi91;1)111111THIN4
GROUND SEMOR S NO4-.1 

NEOPRENE RUBBER 

Figure 2.3: FSR sensor array pattern [5, p 63]. 
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current source was used to minimize the hysteresis effects. 

The circuit diagram of the constant current source used is 

given in Figure 2.4. The FSR response for different currents 

and varying loads is shown in Figure 2.5. The voltage across 

the FSR element gave an indication of the applied force. 

For the research work described in this thesis, the FSR 

sensor explained here was used in its existing form with no 

modifications. 
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Figure 2.4: Constant current source used to activate the 

FSR array [5, p 70]. 
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Figure 2.5: FSR response for varying current drives [5, 

p 61]. 

2.5 SLIP SENSORS 

The importance of detecting and controlling slippage at 

the robotic gripper was emphasized in Chapter 1. In this 

section, some of the sensors developed exclusively for slip-

page detection are described. These sensors must be used with 

other tactile sensors as they do not contribute in any way to 

the tactile sensing. This has severely limited their usage. 

2.5.1 Dimpled-ball slip sensor 

A dimpled ball slip sensor, shown in Figure 2.6, could be 
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used for sensing the magnitude and direction of slippage [15]. 

It consists of a free moving dimpled ball which deflects a 

thin rod mounted on the axis of a conductive disk. A number 

of electrical contacts are evenly spaced under the disk. 

Ball rotation resulting from object slippage results in the 

Object slip 

Dimpled ball 

Contacts 
(16 places) 

Conductive disk 

Figure 2.6: Dimpled ball slip sensor [15, p 288]. 

vibration of the rod and disk at a frequency proportional to 

the speed of the ball. The direction of ball rotation 

determines which of the contacts touched the disk as it 

vibrated. This results in pulsing the corresponding electric 

circuits which could be further analyzed to determine the 

average direction of the slip. 

2.5.2 Ball slippage transducer for the Belgrade hand 

Figure 2.7 shows the ball slippage sensor developed for 
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the Belgrade hand[16]. The main part of the transducer is a 

small conducting ball partially covered with non-conducting 

fields resembling a chess board. Two contacts with areas 

smaller than these basic fields are applied at some arbitrary 

points of the ball. An object slipping in any direction 

between 0 and 360 degrees, sets the ball into rotation. This 

rotation of the ball results in a frequency modulated pulse 

train. 

Object 

Soft 
toyer 

/ Contact 
Insulation 

Contact 

Figure 2.7: Ball slippage sensor (Belgrade hand) [16, 

p 569]. 

The ball could be miniaturized to any size by using 

appropriate technologies. The rejection of mechanical noise 

is excellent as the ball could not be set into motion by 

shocks; some degree of friction is built into the system to 
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accomplish this. The transducer operates with slippage 

occurring in any direction. 

2.6 CONCLUSIONS 

As described here, it is apparent that the slip sensors 

now available operate independently and do not form a part of 

the tactile sensing system at all. This is a major drawback 

of these slip-sensors. System integration with these 

sensors is a difficult task. As described earlier in Section 

2.4, the FSR sensing system was developed with a broader 

scope. The FSR system was developed with an intention of 

providing an integrated system, to carry out all three tasks 

required to perform gripping successfully at a robotic 

gripper. By studying and understanding the nature of the time 

varying signal appearing across the FSR sensor when an object 

is slipping, one might be able to detect slippage. Further, 

if a definite relationship existed between this time varying 

signal and rate of slippage, one would then be able to control 

the slippage. The rugged and compliant neoprene rubber 

covering the FSR sensor array has the shape of a human finger 

and is best suited for common industrial applications. The 

research work described in this thesis shows that the FSR 

sensing system can be used for slippage detection as well as 

force detection. 



3. FORCE SENSING RESISTOR SENSOR RESPONSE TO 

MOVING OBJECTS 

This chapter deals with the experiments conducted on a 

single FSR sensor element. The purpose of these experiments 

was to determine the characteristics of the time varying 

signal present at the output of the sensor while an object in 

contact with the sensor is in motion. The theoretical basis 

for these experiments is presented at the beginning of the 

chapter. This is followed by the description of experimental 

set-up and procedure. An analysis of the data obtained 

through these experiments is presented. A presentation of the 

results of the analysis is followed by a discussion about 

their salient features. The conclusion of the chapter 

involves a detailed discussion about the use of these salient 

features towards detection and control of slippage. 

3.1 THEORETICAL BASIS FOR THE EXPERIMENTS 

As described in Section 2.4.2 of the previous chapter, 

the FSR sensor element is driven by a constant current source. 

Under these conditions, voltage measured across the sensor is 

indicative of the applied force. In other words, when the 

element is subject to constant force, the voltage measured 

across the element is constant. This represents a case of 

static equilibrium. The movement of an object or slippage 

represents a dynamic phenomenon. When the object is in motion 

23 
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due to slipping, the FSR element is subject to a dynamic force 

which is constantly varying. This variation could be affected 

by many things such as, the shape of the object, the size of 

the object, the texture of the object's surface, the object's 

speed and the material of the object or the gripper. 

When the FSR element is subject to such dynamic cond-

itions, it is logical to expect the presence of a time varying 

signal at its output. The characteristics of this signal 

under different conditions, for different cases (objects of 

different shape, size, material etc.) are to be studied to 

identify some distinguishing features. The presence of 

distinct features at the FSR output signal would indicate the 

presence of dynamic phenomena. This forms the basis for 

these experiments. 

3.2 EXPERIMENTAL SET-UP AND PROCEDURE 

The experimental set-up was as shown in Figure 3.1. A 

single finger was mounted on the board. This finger had 16 

FSR elements arranged in four groups. Each such group 

had four FSR elements covered by a finger shaped piece of 

neoprene rubber. One such set of 4 elements was chosen for 

these experiments. Only one of these 16 FSR elements was 

chosen for these experiments. Two supports, one on each 

side of the finger were provided to facilitate the parallel 

movement of the object. The object was placed on the FSR 
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element and kept in static equilibrium state by a pulley and 

cable system. One end of the cable was tied to the gripper of 

the CRS robot [19]. A weight was attached to the other end of 

the cable. A vertical linear motion of the robot's tool 

resulted in a horizontal motion of the object over the surface 

of the FSR element. The speed of the CRS robot arm can be 

varied in steps of 1% of the maximum speed, from a maximum 

speed of 0.5 meters/second to a minimum speed of 0.005 

meters/second. The CRS robot was programmed to plan a linear 

trajectory of its path using special commands. 

PAD 

SENSORS 

ROBOT 

OBJECT 
x 

Y 

Figure 3.1: Experimental set-up. 

[fINGER

The objects selected for the initial set of experiments 

were an aluminum rectangular block, a flat file and a round 

file. One set of opposing sides of the aluminum block was 
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finely polished to get a smooth finish. The surface 

roughness of the objects used in these experiments was 

measured using a Mitutoy Surftest-211 surface roughness 

tester. This instrument measures the average difference 

between the peaks and valleys over a length of 8 millimeters 

[24]. This average value is presented as the roughness of the 

surface. Three different areas of the surface were measured 

and their average was presented as the surface roughness. The 

rough surface of the aluminum block gave a roughness of 8.17 

micro meters. This rough surface was polished and it measured 

a roughness of 0.21 micro meters. Both the flat file and 

round file were very rough, and their roughness was beyond the 

limits of the measuring device. The aluminum block weighed 

the most (500 g), and the round file weighed the least (167 g) 

of the three objects selected. 

3.2.1 Experimental procedure 

At the start of the experiment, points A and B were 

defined as the start and end points of the robot's end-

effector path. The movement of the end-effector from A to B 

resulted in the forward motion of the object and vice versa. 

The tool speed was varied from 10% of maximum to maximum 

speed, in increments of 10%. For each speed, the object was 

moved three times in the forward direction and three times in 

the reverse direction. The buffered output of the FSR element 

during these movements was recorded using a TEAC XR-310, F.M. 
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recorder. The tape speed of the F.M. recorder was set at 381 

mm/s. This restricted the recording signal's bandwidth to 10 

kHz. A bandwidth of 10 kHz was chosen for recording the 

dynamic response. A high quality VHS format video cassette 

was used to record the data. 

3.3 ANALYSIS OF EXPERIMENTAL DATA 

The primary interest of these experiments was to study 

the characteristics of the time varying part of the FSR sensor 

dynamic behavior. This necessitated the frequency domain 

analysis of the real time event, recorded during the experi-

ments. To obtain a discrete Fourier transform of the real 

time event, the output signal was sampled at a rate of 20,500 

samples/second. Ten thousand samples of each event were 

sampled at this rate and stored on a data file. Interactive 

Data Acquisition Tools of the Vaxiab software was used to 

obtain these samples. An ADQ-32 (Digital Equipment Corpor-

ation) analog to digital converter was used for sampling. 

This A/D converter had 12 bit resolution. 

A fast Fourier transform (FFT) algorithm was used to 

compute the Fourier transform of the acquired data. To 

establish the consistency of behavior throughout the entire 

event, these 10,000 data points were scanned by a window of 

4096 data points. The first window for FFT analysis con-

sisted of 4096 data points starting from the first data point 
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to the 4096th data point. The second window was advanced by 

1000 points from the starting point of the first window, i.e. 

the 1000th to 5096th points. This procedure resulted in 6 

scans and 6 Fourier transforms for each set of data acquired. 

In total, for a particular object, the procedure provided 36 

sets of Fourier transforms for a specific tool speed. Half of 

these transforms contained information about the dynamic 

behavior of the FSR sensor output during the forward motion of 

the object and the rest were for the reverse motion. A 

consistency in the amplitude spectral contents of these 

Fourier transforms would verify the repeatability, consistency 

and any bandwidth limitations of the acquired data. When 

such consistent behavior was established, it would indicate 

the integrity of the FSR sensor and its use for slippage 

detection. 

3.4 AMPLITUDE SPECTRAL PLOTS 

This section contains amplitude spectral plots obtained 

for the various objects. As described in the previous 

section, there were thirty-six amplitude spectral plots for 

each object at a particular speed of the robot arm. A careful 

study of each of these plots over the entire bandwidth (10,250 

Hz) indicated that dynamic phenomena were present in the 0 to 

100 Hz region. This region of 0 to 100 Hz was carefully 

studied for all the objects and at all speeds of the robotic 

arm. This study confirmed that, indeed, the dynamic 
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phenomenon was well represented by this region alone. 

A set of plots obtained at rest with no object on the FSR 

element are presented in Figures 3.2 and 3.3. This is 

followed by a set of plots with smooth surface of aluminum 

block at rest on the FSR sensor (Figures 3.4 and 3.5). 

These amplitude spectral plots contain spectral contents of 

both 10,250 Hz and 100 Hz regions. These two sets are for 

comparison with the spectral contents during object movement. 

The spectral plots during rest and with any of the objects 

resting on the sensor are the same for all the objects within 

random fluctuations. For the first object (aluminum block 

with smooth surface), two plots are presented. One plot is 

for the spectrum over the entire band of 10,250 Hz, and the 

other plot is the same spectrum restricted to 0 to 100 Hz. 

This was necessary as the first 100 Hz of the spectrum repre-

sented most of the dynamic phenomena. As such, the plots for 

the remaining objects consist of amplitude spectral plots in 

the region 0 to 100 Hz for 10%, 50% and 100% speed trials 

presented in that order. The plots at other speeds were 

comparable to the results presented here. 

In all these plots units for the amplitude (Y axis) are 

volts and units for the frequency (X axis) are Hz. The speed 

of the robot is expressed in percentage of its maximum speed 

(0.5 meters/second). 
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Figure 3.2: Spectral contents while FSR element is at rest 

(0 to 10,250 Hz). 

0.4 

0.3 
laJ 

I 

0.2 

0.1 

04 
0 10 20 40 S0 so 70 

FREQUENCY 
00 00 100 

Figure 3.3: Spectral contents while FSR element is at rest 

(0 to 100 Hz). 
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Figure 3.4: Spectral contents of FSR output when the aluminum 

block was resting on FSR element with its smooth 

surface in.contact. 
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Figure 3.5: Spectral contents of FSR output when the aluminum 

block was resting on it (smooth surface in cont-

act, 0 to 100 Hz). 
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3.4.1 Amplitude spectral plots for aluminum block-smooth 

surface 

Figures 3.6 to 3.11 show the spectral contents of the FSR 

output signal when the experimental object was the aluminum 

block with the smooth surface in contact with the sensor. The 
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Figure 3.6: Spectral contents of FSR output when the aluminum 

block was moving at 10% of the maximum speed of 

the robot arm (smooth surface in contact). 
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Figure 3.7: Spectral contents of FSR output at 10% of the 

maximum speed of the robot arm for the aluminum 

block (smooth surface, 0 to 100 Hz). 
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plots presented here contain amplitude spectral plots over a 

bandwidth of 0 to 10 kHz and the portion of it between 0 and 

100 Hz. 
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Figure 3.8: Spectral contents of FSR output when the aluminum 

block was moving at 50% maximum speed of robot 

arm (smooth surface in contact). 
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Figure 3.9: Spectral contents of FSR output at 50% maximum 

speed for the aluminum block (smooth surface, 0 

to 100 Hz). 
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3.4.2 Spectral plots for the aluminum block-rough surface 

Figures 3.12 to 3.14 represent spectral plots for experi-

ments conducted with the same aluminum block as in Section 

3.4.1 but with the rough surface in contact with the sensor. 

113 
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FREOUDICf 

Figure 3.12: Spectral contents of FSR output at 10% of the 

maximum speed of robot arm for aluminum block 

with it's rough surface in contact (0 to 100 

Hz). 

0.3 

0.2 

0.t 

0.0 
0 40 50 

FREQUENCY 

Figure 3.13: Spectral contents of FSR output when the alum-

inum block was moving at 50% maximum speed of 

the robot arm (rough surface in contact, 0 

to 100 Hz). 
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Figure 3.14: Spectral contents of FSR output when the 

aluminum block with it's rough surface in 

contact, was moving at 100% maximum speed of 

robot arm (0 to 100 Hz). 

3.4.3 Amplitude spectral plots for the flat file 

One of the objects chosen for the experiment was a flat 

file. Figures 3.15 to 3.17 show the spectral contents of the 
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Figure 3.15: Spectral contents of the FSR output when the 

flat file was moving at 10% of the maximum 

speed of the robot arm (0 to 100 Hz). 
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FSR output under different conditions. This file had a trap-

ezoidal shape. Only the middle surface of the file where the 

shape was nearly rectangular was used for these experiments. 
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Figure 3.16: Spectral ,contents of the FSR output when the 

flat file was moving at 50% of the maximum 

speed of the robot arm (0 to 100 Hz). 
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Figure 3.17: Spectral contents of FSR output when the flat 

file was moving at 100% of the maximum speed 

of the robot arm (0 to 100 Hz). 
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3.4.4 Amplitude spectral plots for the round file 

The round file was the last object of these experiments. 

Figures 3.18 to 3.20 show the spectral plots of these exper-

iments under different conditions. 
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Figure 3.18: Spectral plot of FSR element output when the 

round file was moving at 10% of maximum speed 

of the robot arm (0 to 100 Hz). 
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Figure 3.19: Spectral plot of FSR element output when the 

round file was moving at 50% of maximum speed 

of the robot arm (0 to 100 Hz). 
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Figure 3.20: Spectral plot of FSR output when the round 

file was moving at 100% of maximum speed of 

the robot arm (0 to 100 Hz). 

3.5 SALIENT FEATURES OF SPECTRAL PLOTS 

A study of these spectral plots and those at all the 

other speeds confirms the presence of a time-varying signal at 

the output of the FSR element when an object is moving across 

its surface. The plots showing the spectra when the FSR 

element is at rest or when the object is resting on it do not 

indicate the presence of any significant signal below 100 Hz. 

All the other plots indicate the presence of some other signal 

energy below 100 Hz. The region below 100 Hz contains all 

the significant energy of the FSR element output signal during 

the presence of a dynamic phenomenon. This more than 
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justifies the 10 kHz band limitation of the signals during the 

experiments. The region between 0 to 100 Hz forms our region 

of interest for future considerations. 

For objects with rougher surfaces, the spectral contents 

are more prominent in the region of interest than the spectral 

contents for the objects with smoother surfaces. The 

amplitude of the spectra for rougher surfaces was larger for 

the same tool speed than for smooth surfaces. This is 

indicated by the respective plots of the aluminum block for 

smooth and rough surfaces. The surface of the round file was 

rougher than that of the flat file. Respective plots for 

these two objects (flat and round files) also indicate the 

same results for the amplitude of the spectra. Generally the 

amplitude of spectral contents in the region of interest, 

seemed to increase with increase in the speed of movement of 

the object. This was predominant for objects with smoother 

surfaces. However, this increase was neither linear nor 

monotonic in nature. 

These results confirm the fact that there is a time-

varying signal present at the output of the FSR element, 

during the presence of a dynamic phenomenon. This indicates 

the potential use of FSR element for slippage detection. 
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3.6 SPECTRAL ENERGY PRESENT IN THE REGION OF INTEREST 

As mentioned in the previous section, the information 

contained in the region of interest (0 to 100 Hz) was valuable 

only to detect slippage. As the spectral contents did not 

indicate any linear or monotonic behavior, this information 

was inadequate to determine the rate of slippage. The 

knowledge of rate of slippage is more useful for controlling 

slippage. A study of spectral energy present in the region of 

interest was done to see if its behavior was favorable for 

slippage control. 

Since the experiment was concerned only with the time 

varying signal, the region of study was restricted to between 

5 and 100 Hz. Spectral energy from the discrete Fourier 

transform coefficients was computed as a summation of squares 

of each discrete component present in the region of interest. 

As resolution here is 5.0 Hz, the summation involves 20 

discrete components. 

100 2 
Spectral Energy = v (0 

f=5 
(3.1) 

where V(f) represents the amplitude of the coefficient in 

volts corresponding to the frequency f. 

Figure 3.21 shows the spectral energies calculated for 

different spectral plots at different speeds for respective 
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objects. 

The spectral energy plot shown in Figure 3.21 indicates 

that there is more spectral energy present in the region of 

interest for objects with rougher surfaces except for flat 

file. This is evident from the plots for aluminum rough 

and round file objects. 
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Figure 3.21: Spectral energies for all the objects tested 

at all the speeds. 

At the maximum speed of the robot tool, the variation in the 

energy for different objects is fairly insignificant. These 

spectral energy plots do not indicate any linear or monotonic 

behavior for any of the objects. This study indicates that 

consideration of spectral energy variation to control slippage 
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is not really promising either. 

3.7 CONCLUSIONS 

The results of the experiments described in this chapter 

indicated the presence of a time-varying signal at the output 

of the FSR sensor when an object was moving over its surface. 

The spectral characteristics of this signal were different for 

different objects. It was established that objects with 

rougher surfaces contributed more to the spectra than 

smoother objects. This study also established the region of 

interest for slippage detection. This region was below 100 Hz 

as most of the energy of this time-varying signal occurred in 

this band. The signal's spectral characteristics did not show 

any linear or monotonic behavior as the speed of the object 

moving over the FSR element's surface was linearly increased. 

This was a cause of concern as this kind of behavior 

restricted FSR sensor's use for controlling slippage. 

A study of the spectral energy present in the band from 

5 Hz to 100 Hz was undertaken. This study was aimed at using 

spectral energy variations to control slippage. The results 

of this study confirmed the facts established by earlier 

spectral studies of the time-varying signals. That is, 

objects with rougher surfaces showed more spectral energy 

compared to objects with smoother surfaces. This study also 

indicated that the variations in spectral energy were neither 



44 

linear nor monotonic with respect to time. 

The results presented in this chapter establish the fact 

that the FSR sensor can be used effectively for slippage 

detection. The results also indicate the FSR element's use 

for slippage detection is not limited by the size, shape and 

texture of the object being gripped. The results fail to 

support the FSR element's possible use for accurate control of 

slippage as the output signal spectra and spectral energy 

variations in the region of interest were neither linear nor 

monotonic in nature with respect to time. This puts severe 

limitations on using the FSR sensor for closed-loop control of 

slippage. 



4. SIMULATION OF SLIPPAGE AND DETECTION 

In the previous chapter the presence of a time-varying 

signal at the output of the FSR sensor during the movement of 

an object over its surface was established. The possible 

use of this signal for slippage detection and control had to 

be further investigated. This further investigation was done 

by simulating slippage. This chapter describes the experi-

ments conducted to simulate slippage and the system designed 

for its detection. The signal processing and system design 

for detecting slippage are also explained. 

4.1 COMPOSITE SIGNAL FOR SLIPPAGE DETECTION 

In Chapter 3, presence of a time-varying signal at the 

output of the FSR sensor was established for a single sensor 

unit. Eight such sensors were involved in the gripping 

process, i.e. 4 sensors of each finger for two fingers. It 

was necessary to monitor the output of all these eight FSR 

sensor units for slippage detection. The presence of a time 

varying signal at the output of every one of these eight FSR 

sensor units, during object slippage, was verified. Buffered 

outputs of these eight FSR sensor units, were monitored using 

eight different oscilloscope traces. During slippage, all the 

eight FSR sensor signals exhibited the presence of a time-

varying signal. In order to simplify the signal processing 

for slippage detection, it was decided to combine all these 

45 
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eight different signals into a single composite signal. This 

was accomplished by using an eight input analog summing 

amplifier. The buffered outputs of all eight FSR sensor 

units were D.C. coupled as inputs to the summing amplifier. 

Although the slippage detection signal was time-varying in 

nature, this D.C. coupling was necessary to have identical 

gripping force during different experimental trials. The 

voltage at the output of the summing amplifier was used to 

measure the force applied to grip the object. This force had 

to be the same for a set of experiments. A detailed dis-

cussion of this aspect of the experiment is presented in the 

experimental procedure section of this chapter. 

The FSR sensor output was buffered by a unity gain 

voltage follower so that the output voltage was equal to the 

input voltage. A TL-074 quad op-amp chip was used for these 

buffer circuits. 
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Figure 4.1: Summing amplifier schematic. 
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Figure 4.1 gives the schematic for the summing amplifier. 

The relation between output of the summing amplifier, Vsum, 

and the eight input voltages (Vint to Vin8) is given by: 

Rf 

V sum =
D  + V. \ 

sum Lxin m8) 
(4.1) 

The output of the summer is an inverted, weighted sum of all 

the eight inputs. The ratio of feedback resistor to the 

input resistor defines the weight. For constant voltage 

signals, when all the FSR elements are subject to the same 

force, all the input voltages here are approximately the same. 

This is valid since the constant current source driving the 

FSR elements is the same for all the eight elements. By 

choosing a ratio of 1:8 between feedback resistor and input 

resistance respectively, we can achieve the relation: 

Vsum = - Vin 

This relation is true as Vin = Vinl =   = Vin8 are the 

outputs of FSR elements. However, for time-varying signals 

this relation may not hold true at all, since these signals 

are random in nature. The time-varying signals are the 

result of slip occurring at each of the FSR elements. For 

these time-varying signals, the output of the summing ampli-

fier is an inverted, weighted sum of all the inputs. As a 

result, during the presence of slip, the output of the summing 

amplifier contains both time-varying and constant signals. 
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One disadvantage of using a single amplifier for both the 

time-varying and constant signals is that, the sensitivity of 

the slip signal was reduced by a factor of 8. However, this 

was addressed by adjusting the gains of the following stages 

which treat only the time-varying signals. 

4.2 DETECTION OF SLIPPAGE 

In Chapter 3, it was established that the spectral 

characteristics of the FSR output signal did not indicate any 

linear or monotonic behavior as the rate of slippage 

increased. In order to detect slippage, it was sufficient to 

detect the presence of the time-varying signal at the output 

of the FSR sensor. This signal was dominant in the region 

below 100 Hz. The spectral energy during slippage was always 

found to be more than that at rest in the region of interest. 

It was decided that an increase in the spectral energy above 

a threshold in the region of interest was the best way to 

detect slippage. The system designed to detect slippage used 

the mean absolute value of the time-varying signal for 

detection of slippage. 

The hardware system designed to detect slippage had the 

following features: 

1. a wideband bandpass filter, 

2. a precision full-wave rectifier, 

3. an integrator, and 
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4. a single stage inverting amplifier. 

Each of these stages is described in detail in the following 

subsections. 

Although study of spectral energy in the region of 

interest indicated no definite method for controlling slippage 

(Section 3.6), this slippage detecting signal was studied for 

its characteristics which could help in the control of 

slippage. 

4.2.1 Band-pass filter 

The region of interest for slippage detection was below 

100 Hz. This necessitated band-limitation of the output of 

the summer to 100 Hz. Slippage detection dealt only with the 

time-varying signal of the FSR output. The d.c component of 

the FSR output had to be eliminated. This signal blocking 

could have been achieved by using an a.c. coupled summing 

circuit to get the composite signal. However, the output of 

the d.c. coupled summing circuit was used to measure the 

applied force during slippage simulation. A bandpass filter 

(1 to 100 Hz) with a lower cutoff of frequency of 1 Hz was 

used to eliminate the constant signal, and to establish the 

region of interest for the time-varying signal. 

Figure 4.2 shows the schematic for the active bandpass 

filter circuit. Theoretically, the filter was designed to 
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have a bandwidth of 99.0 Hz, a lower cutoff frequency of 1.0 

Hz and a higher cutoff frequency of 100 Hz. Another require-

ment that was desirable for the bandpass filter was constant 

gain over the entire passband. For small quality factors 
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Figure 4.2: Bandpass filter schematic. 

such as in these designs, a wideband filter provides constant 

passband gain. A wideband filter was chosen to obtain the 

required passband and eliminate the constant signal. To 

achieve effective elimination of the contact force signal, a 

60 dB rolloff per decade was chosen. The wideband filter 
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consisted of two cascaded, third-order Butterworth, equal 

component, Sallen-Key filters. The first stage consisted of 

a high-pass filter with a cutoff frequency at approximately 1 

Hz. The second stage consisted of a low-pass filter with a 

cutoff frequency at approximately 100 Hz. Standard passive 

circuit elements available in the laboratory were used to get 

the nearest possible value of the desired cutoff frequency 

value. 

A third-order Butterworth, high-pass filter was realized 

by cascading a first-order Butterworth filter section and a 

second-order Butterworth filter section. The cutoff fre-

quencies for both these sections of the filter were the same 

and given by: 

f— 
1

2nRC 

where f = cutoff frequency in Hz, 

R = resistance in ohms, and 

(4.2) 

C = capacitance in farads. 

The low-pass Butterworth filter stage was also realized in the 

same way as the high-pass stage and the cutoff frequencies of 

the first and second-order filter sections were given by 

Equation 4.2. 

The passive components for the low-pass filter stages 

were a resistance of 3.3 kilohms and a capacitance of 0.47 
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microfarads. These values were practical and, theoretically, 

yielded a cutoff frequency of 102.6 Hz. The high-pass filter 

stage had a resistance of 330 kilohms and a capacitance of 

0.47 microfarad as passive elements to yield a theoretical 

cutoff frequency of 1.026 Hz. As these resistors had 5% 

tolerance and capacitors had 20% tolerance, the range of 

possible cutoff frequencies were within 30% of these calcu-

lated theoretical values. 

The damping factor (alpha) for the second-order filter 

stage of a third-order, Butterworth, low-pass or high-pass 

filter is 1 [18]. A gain, G, of 2 (6 dB) was selected for 

both sections (low-pass and high-pass) of the wideband filter. 

This was achieved by choosing a gain of 1 (0 dB) for the 

first-order filter and a gain of 2 (6 dB) for the second order 

filter of each section. The feedback resistors, Ra and Rb, 

of the second-order filter stage were selected according to 

the relation [18]: 

= (G - a) = (2.0 - 1.0) = 1.0 
Ra 

(4.3) 

A value of 15 kilohms was selected for both Ra and Rb. The 

calculations were identical for both the high-pass and lowpass 

sections of the wideband band-pass filter. Two LM-1458 dual 

op-amp chips, one for each section of the band-pass filter, 

were used. A bread-board circuit was assembled in the labora-
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tory, and the filter circuit was tested for its satisfactory 

performance. 

The total gain of this wideband band-pass filter section 

is given by the product of gains of the low-pass and high-pass 

sections. According to the design low-pass and high-pass 

section gains are equal and each is 2 (6 dB). This gives the 

total gain of the bandpass filter section as 4 (12 dB). This 

was the minimum possible gain and was chosen so as not to 

drive the op-amps of the next stages into saturation. 

4.2.2 Precision full-wave rectifier 

The output of the band-pass filter was rectified to 

obtain the absolute value of the slip signal. A precision 

full-wave rectifier of Figure 4.3 was used for this purpose. 

This circuit achieves rectification through feedback switching 

around the first operational amplifier. 

For positive input signals D2 is off and D1 conducts the 

feedback current to connect the first operational amplifier as 

an inverter. This inverted signal is summed with the 

original input signal by the second operational amplifier. As 

the input resistor for the inverted signal is one half of the 

input resistor for the original signal, the output is the same 

as input as shown in Equation 4.4. 
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Figure 4.3: Precision full-wave rectifier schematic. 

When the input is negative D1 is off and D2 conducts the 

feedback current to the first operational amplifier. This 

holds the input to the first operational amplifier to its 

virtual ground. This results in the second operational 

amplifier acting as an inverter, and the output is an inverted 

input signal. 

Vout = - Vin 

A LM 1458 dual op-amp chip and general purpose rectifier 

diodes (1N400) were used for the rectifier circuit. A circuit 

was assembled and tested for its satisfactory performance in 

the laboratory. 
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4.2.3 Integrator 

The output of the rectifier was integrated to obtain the 

approximate mean absolute value of the slip signal. This 

integration function was realized by the circuit of Figure 

4.4. The output of the integrator is given by: 

V - 
OUt 

1 

in 

Vm 

Vin • dt 

330 kcAny 

RR 

31.3 WARR 

Rs 

047 

Cl 

330 MM., 

(4.5) 

Figure 4.4: Schematic of the integrator circuit. 

The resistor connected to the non-inverting input of the op-

amp minimizes the offset error. The shunt resistor across 

the feedback capacitor, Cf, provides a dc path for the bias 

current and prevents it from causing drift at the output of 

the integrator. A value of 3.3 megohms was chosen for the 

shunt resistor as it satisfied the recommended 1:10 ratio of 

Rin and Rf. The time constant for the satisfactory operation 

of the integrator is determined by the minimum frequency of 

the input signal. In this case, the minimum frequency is 

approximately 1 Hz and the values of 330 kilohms and 0.47 
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microfarads were chosen as circuit elements. The theoretical 

minimum frequency for these values was: 

f (min) — 1
2 it Rin Cf 

1000 
— 1.026 Hz 

2 IC * 330 * 0.47 

(4.6) 

A value within 30% of 1.026 Hz was acceptable as it was 

reasonably close. 

4.2.4 Inverting amplifier 

The amplitude variations of the slip signal depended on 

the rate of slippage. This was seen in the amplitude vari-

ations of the spectral plots of Section 3.4. The output of 

the FSR sensor signal needed some amplification during slow 

slippage. The inverting amplifier provided the amplification 

needed for these signals during low slippage rates. A bread-

board circuit in the laboratory provided a gain of 2 as a good 

compromise throughout the entire range of slippage. In 

addition to providing the needed gain, this inverted the 

integrator's output signal. Figure 4.5 shows the schematic 

of the inverting amplifier. The role of this inverting 

amplifier in establishing a suitable threshold for slippage 

detection is discussed in Section 4.5.4. A TL-062 dual op-

amp chip was used for the summing amplifier of Section 4.2 
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and the inverting amplifier circuits. 

30 kohms 

R2 

15 kohms 

—I/ 2 o 
RI TL-06 

Vout 

Figure 4.5: Inverting amplifier. 

4.3 EXPERIMENTAL SET-UP AND PROCEDURE 

Figure 4.6 shows the experimental set-up for slippage 

simulation. Two fingers were fixed to the jaws of a bench-

vice. An opposing pair of FSR sensor groups were selected 

for the experiments. Each of these groups consisted of four 

FSR sensor elements covered by the finger-shaped neoprene 

rubber as shown in Figure 2.3 of Section 2.4.2. 

The experimental procedure involved gripping an object 

between the jaws of the bench-vice and pulling it at diff-

erent speeds between two fixed points. This was repeated for 

different speeds with the same gripping force. The CRS robot 

[19] was used for pulling the objects. One end of the object 

involved in the experiment was tied to a cable. The other 

end of this cable was fixed to the end-effector of the CRS 
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robot. The object was positioned adjacent to the neoprene 

rubber of the fixed jaw of the bench-vice. A fixed gripping 

force was applied by tightening the other jaw of the bench-

vice. The voltage appearing at the output of the summing 

amplifier at this stage of the experiment was used as a 

measure of the applied gripping force. The object was pulled 

by the robot vertically. The speed of the robot arm was 

increased normally in steps of 10 to 15 percent of its maximum 

rated speed (500 mm/s), and the object was pulled at this 

speed. For each speed the output of the summing amplifier, 

bandpass filter, rectifier and integrator were recorded during 

the event in real-time using four channels of a TEAC XR-310 

f.m. recorder. The tape speed used for recording this data 

was at 48 mm/s. This speed covered a bandwidth of 1250 Hz for 

recording. 

The bandpass filter restricted the signal bandwidth to 

approximately 100 Hz. This resulted in output of the 

rectifier containing a signal of approximately 200 Hz. A 

bandwidth of 1250 Hz for recording was quite adequate for 

these signals. The objects used for these experiments were 

an aluminum block (Section 3.2) with smooth and rough surfa-

ces, a wooden block, a neoprene rubber cylinder and a recta-

ngular methyl methacrylate (plastic) piece. The outputs of 

various stages when the object was properly gripped with no 

slippage were also recorded for comparative study. These 
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experiments were also conducted for very slow rates of 

simulated slippage. During these trials the robot arm 
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Figure 4.6: Experimental set-up for slippage simulation. 

was pulling the objects at 1 to 5 percent of it's maximum 

rated speed. For each trial the start and end of the object 

movements were identified. The 'EXECUTE' signal (carriage 

return) of the CRS robot controller was used for this purpose. 

4.4 DATA ACQUISITION AND ANALYSIS 

The real-time events recorded were played back and 

sampled at a rate of 2500 samples/second. A 12 bit analog to 

digital converter, ADQ-32, was used for this purpose. Five

thousand to eight thousand samples were acquired for the 

output of each stage and stored in data files using the 
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Interactive Data Acquisition Tools (IDAT) of Vax-lab software 

[20]. 

4.4.1 Analysis of data 

All the data files were plotted and outputs of the 

different stages were observed for desired performance. These 

plots were examined for the time delay involved in the 

transmission of the slippage detecting signal. A quick 

system response was essential for effective slippage detection 

and control. The output peak of the integrator output was 

studied at different speeds to determine the required thresh-

old for slippage detection. The mean absolute value associ-

ated with each integrator plot was calculated to study the 

relation between it and the rate of slippage energy. For 

comparative purposes, the area under the curve of the 

integrator output was calculated by summing the sampled signal 

amplitudes. Five thousand samples in the active region were 

selected for the calculation of this area. 

4.4.2 Plots of outputs of different stages 

The results of the experiments conducted with the plastic 

piece at sixty percent of the maximum speed of robot are 

presented in this section. Figure 4.7 shows the plot of the 

summing amplifier output. The robot was instructed to 

start pulling the object at Sample 1701. This is indicated by 

a vertical grid line at the start point. The completion of 
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the event is marked by another vertical grid line at the 
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Figure 4.7: Plot of summing amplifier output at 60% of 

maximum speed of the robot for the plastic 

piece. 
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Figure 4.8: Plot of band-pass filter output at 60% of maxi-

mum speed of the robot for the plastic piece. 
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Sample 2151. The whole event spanned 450 samples and lasted 

0.18 seconds. A window of five thousand samples spanning 

equally on either side of this 

active region. This region was 

of Section 4.5.1. Figure 4.8 

event was considered as the 

used for calculating the area 

represents the output of the 

band-pass filter during the event. Figure 4.9 shows the 

output of the precision rectifier stage during this event. 
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Figure 4.9: Plot of rectifier output at 60% of maximum 

speed of the robot for the plastic piece. 

The output of the integrator is shown in Figure 4.10. This 

output was studied in detail for its salient features as it 

forms the slippage detecting signal. Figure 4.10 indicates 

that the response of the integrator is excellent and slippage 

is indicated at its onset. The decay of the integrator 
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Figure 4.10: Plot of integrator output at 60% of maximum 

speed of the robot for the plastic piece. 
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Figure 4.11: Plot of integrator output when the object is 

properly gripped and there is no slippage. 
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output is not terminated at the conclusion of the event. This 

could be a concern for controlling slippage. By choosing a 

suitable threshold for detecting slippage and adjusting the RC 

time constant of the integrator discharge circuit, the effects 

of this poor decay could be minimized. This delay in decay 

could also be a favorable factor in controlling slippage, if 

the gripping mechanism has mechanical inertia. 

Figure 4.11 shows the output of the integrator at rest 

when the object was properly gripped and there was no slipp-

age. This along with the previous response (Figure 4.10) 

show the potential for use of integrator output for slippage 

detection. 

A sample plot of the integrator output for each object is 

presented below. These plots represent the experimental 

trials conducted at fifty percent of the maximum speed of the 

robotic arm. The maximum speed of the robot arm is 0.5 

meters/second. The units for the integrator output is 

'volts'. The output for the aluminum block with its smooth 

surface in contact with the FSR sensors is shown in Figure 

4.12 . 

Figure 4.13 shows the output of the integrator for the 

aluminum block when its rough surface is in contact with the 

FSR sensors. The output of the integrator for the wooden 
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Figure 4.12: Plot of the integrator output at 50% of the 

maximum speed of the robot for the aluminum 

block with its smooth surface in contact with 

the FSR sensors. 
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Figure 4.14: Plot of the integrator output at 50% of the 

maximum speed of the robot for the wooden 

block. 
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block is given in Figure 4.14 . Figure 4.15 shows the 

output of the integrator for the neoprene rubber cylinder. The 

integrator output for the plastic piece was discussed in 

detail earlier in the beginning of this section. 

All these integrator output plots indicated .a very small 

transmission delay in the slippage detecting signal. The 

slippage event lasted for about 0.18 seconds. The 

transmission delay associated with the slippage indicating 

signal was about 0.5 milliseconds. 

4.4.3 Mean absolute value area plots for objects at diff-

erent speeds. 

The area under the mean absolute value curve associated 

with the integrator outputs at different speeds for all the 
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objects is shown in Figure 4.16. This figure confirms the 

fact that the mean absolute values do not indicate either 

linear or monotonic behavior. This non-monotonic behavior 

may be attributed to the nonlinearity in the FSR output 

characteristics at increased loads. These plots also indicate 

that the maximum mean absolute value is indicated at speeds 

around fifty to seventy percent of the maximum speed of the 

robotic arm 

4.4.4 Peak amplitudes of the integrator output at different 

speeds 

Peak amplitudes of the integrator output were studied to 

establish a suitable threshold value for slippage detection. 

It was observed that for lower speeds the peak amplitude of 

the integrator output was smaller than that for higher speeds. 

A detection of slippage at lower speeds required a very low 

threshold setting. On the contrary, a low threshold would 

falsely indicate slippage during the decay of integrator 

output. As a compromise, an additional inverting amplifier 

stage of Section 4.2.4 was introduced at the output of the 

integrator circuit. A gain of 2 for 

detection of slippage at lower speeds. 

peak amplitudes of the integrator output 

for different objects. 

this stage allowed 

Table 4.1 gives the 

at different speeds 

According to Table 4.1, in order to detect slippage 



Table 4.1 Peak Amplitudes of Integrator Output at Different Speeds for Different 

Objects 

, 

OBJECT 

PEAK AMPLITUDE IN VOLTS 

AND SPEED IN PERCENTAGE OF MAXIMUM SPEED OF THE ROBOT 

1 5 10 20 30 40 50 60 70 80 90 100 

ALUMINUM-SMOOTH 1.55 - 0.65 - 1.33 1.98 2.9 1.84 1.52 1.82 1.04 0.89 

ALUMINUM-ROUGH 1.45 - 0.92 - - - 1.05 - - - - 1.27 

WOODEN BLOCK 0.81 2.88 2.09 - 3.26 - 3.81 - 4.36 - - 3.88 

PLASTIC PIECE 0.22 0.87 - 1.87 - 2.46 - 2.5 - 2.7 - 2.33 

RUBBER CYLINDER 1.56 1.30 2.27 - 2.96 - 3.97 - 3.13 - - 3.28 
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successfully, for all these objects, at these speeds, the 

threshold has to be set at 0.4 volts. This value is 

obtainedfrom the lowest peak value of the integrator output 

available from the table. It corresponds to the plastic 

piece at one percent of the maximum speed of the robotic arm. 

The output of the inverting amplifier for this trial was 0.44 

volts, which is higher than the threshold value. 

4.5 MEAN ABSOLUTE VALUE STUDY FOR SURFACE ROUGHNESS OF AN 

OBJECT 

An aluminum block was selected to study the effect of 

surface roughness on area under the curve of the integrator 

output at various speeds. The object's surface roughness was 

measured by the method explained in Section 3.2. It was 

found to be 1.5 micrometers. The slippage simulation 

experiment of Section 4.3 was repeated with this object. The 

object was then polished in 3 stages and experiments were 

repeated for each stage with roughnesses of 0.48 micrometers, 

0.24 micrometers, and 0.16 micrometers, respectively. The 

data analysis was done on the acquired data. Figure 4.17 

shows the variation of the area under the integrator output 

curve as the surface roughness varied. It is noticeable 

from this figure that the mean absolute value for very 

smooth(0.16 micrometers) and very rough (1.5 micro meters) 

surfaces is lower than the moderately smooth or rough 

surfaces. This observation is reinforced in Figure 4.16 for 
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the various objects. The wooden block had relatively smooth 

surface in comparison with the aluminum block's rough surface. 

The plastic piece, the aluminum block's smooth surface and the 

neoprene rubber cylinder had smoother surfaces than the wooden 
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Figure 4.17: "Areas under the curve" for the aluminum block 

with different surface roughness at different 

speeds. 

block. The surface area that is in contact with the finger 

shaped neoprene rubber during the motion is reduced for 

smoother objects. This could be the cause for lower mean 

absolute values. These area plots do not indicate any 
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linear or monotonic behaviour. The maximum spectral energy 

is obtained for speeds around fifty to seventy percent of 

maximum speed of the robotic arm. Table 4.2 gives the peak 

amplitudes of the integrator output at different speeds for 

the same object with different surface roughness for these 

experiments. 

Table 4.2 Peak Amplitudes (in Volts) of Integrator Output 

for the Aluminum Block at Different Speeds. 

ROUGHNESS IN 

MICRO METERS 

SPEED IN PERCENTAGE OF MAXIMUM 

SPEED OF ROBOT 

1% 5% 20% 50% 70% 100% 

1.5 0.83 1.06 1.79 1.31 1.9 1.38 

0.48 0.38 3.87 2.24 4.70 2.37 1.64 

0.24 1.17 0.98 2.17 2.94 4.04 2.77 

0.16 1.36 2.26 0.88 0.76 0.7 0.72 

The peak amplitude values of table indicate successful 

slippage detection of the aluminum block for the threshold 
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value mentioned in Section 4.4.4

4.6 CONCLUSIONS 

This chapter dealt with slippage simulation and detect-

ion. The time-varying signal at the output of the FSR 

elements was isolated, and the signal was conditioned to 

obtain the mean absolute value. The experimental set-up for 

slippage simulation at different rates was aimed at studying 

the relationship between this mean absolute value and the rate 

of slippage at a constant gripping force. The study of time 

delay involved in the transmission of the slippage detecting 

signal indicated that the information about slippage was 

available without much delay (the total duration of the event 

was 0.18 seconds and onset of slippage was indicated within 

0.5 milliseconds). The study of the mean absolute value 

obtained at the output of the integrator showed the 

possibility of false slippage indication with the slow decay. 

The amplitude peaks of the integrator output during various 

trials were studied to determine a suitable threshold value 

for slippage detection at all possible speeds of the robot 

arm. An effective threshold for successful detection of 

slippage at low speeds was achieved by adding an extra 

inverting amplifier stage with a gain of 2. This also 

eliminated the side effects of the slow decay of the 

integrator output at higher speeds. As a result, a value of 

0.4 volts was selected as the threshold value for effective 
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slippage detection. 

The effect of surface roughness on this mean absolute 

value for the same object was studied. The results of these 

experiments indicated a greater peak mean absolute value for 

moderately rough surfaces than very smooth or very rough 

surfaces. These results corroborated the observations made 

with the other objects. The peak mean absolute value for the 

wooden block, which had a moderately rough surface, was 

greater than that obtained for aluminum smooth (smoother), 

aluminum rough (rougher) neoprene rubber (smoother) and 

plastic piece (smoother) objects. The area under this mean 

absolute value curve was studied to see its variation with 

respect to different rates of slippage. It did not show any 

linear or monotonic behaviour for any of the objects studied. 

The results presented in this chapter indicate the 

possible use of this mean absolute value, at the output of the 

integrator, for effective slippage detection. The nonlinear 

and non-monotonic nature of this mean absolute value (slippage 

indicating signal) indicates possible limitations for 

proportional slippage control. A very small transmission 

delay of less than 0.5 miiliseconds shows the merit of the 

hardware system for slippage detection. A slow decay at the 

output of the integrator indicates some limitations of the 

system designed for slippage detection. 



5. IMPLEMENTATION AND EVALUATION OF A CONTROLLING 

STRATEGY 

The possible use of the mean absolute value of the time-

varying signal present during slippage for slippage detection 

was explained in Chapter 4. This chapter describes the 

detection and control of slippage at a robotic gripper using 

this slippage detecting signal. In Chapter 4, the nonlinear 

and non-monotonic nature of this slippage detecting signal, 

and resulting limitations for controlling slippage, was 

described. The robotic grippers available for testing 

detection and control of slippage had their own limitations. 

These grippers are described in detail here. This chapter 

presents a control strategy developed to accommodate the 

limitations of the slippage detecting signal and the gripper 

driving mechanism. The strategy for detection and control of 

slippage was implemented and tested on one of the available 

robotic grippers. The chapter concludes with a discussion on 

the control strategy used, hardware and software design, their 

limitations, the system's effectiveness in detecting and 

controlling slippage, and the limitations of the available 

resources. 

5.1 ROBOTIC SYSTEMS AVAILABLE 

Two robotic systems were available in the laboratory to 

test the detection and control of slippage at the gripper. 
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They were a CRS industrial robot and a Mitsubishi Movemaster 

RM-101 educational and hobby robot. 

The CRS robot had a pneumatically activated binary 

gripper attachment [19]. The command 'open' opened the 

gripper wide and command 'close' closed it completely. These 

commands controlled the solenoid valve controlling the air 

flow to the gripper. There was no provision to mount the FSR 

fingers on this gripper. This and its binary nature prevented 

it from being of any use for slippage detection and control. 

The Mitsubishi Movemaster RM-101 included a parallel 

finger gripper [21]. This gripper was activated by a cable 

and pulley arrangement. The pulley was driven by a stepper 

motor. Two thousand pulses were needed to completely open 

the gripper. A coil spring was used to close the gripper. 

The maximum force that could be applied at the fingers was 

determined by this coil spring. Figure 5.1 is a photograph 

of this gripper assembly and the robot. 

A parallel finger gripper which could increase and 

decrease gripping force continuously would be the ideal choice 

for controlling slippage. As none of the available grippers 

had this facility, the Mitsubishi Movemaster RM-101 robot was 

favored over the CRS robot for verifying detection and control 

of slippage. The gripping force at this gripper was 
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increased in steps, and the control strategy was modified 

accordingly to accommodate this. Another advantage with 

the Mitsubishi Movemaster RM-101 robot was that it could 

be interfaced with an IBM-PC parallel port and therefore pro-

grammed for its motions. The fingers with the FSR elements 

and finger-shaped neoprene rubber piece were mounted on the 

parallel fingers of the RM-101 robot. 

Figure 5.1: Mitsubishi RM-101 robot with its parallel 

• finger gripper. 

5.2 SLIPPAGE CONTROL STRATEGY FOR THE MITSUBISHI RM-101 

GRIPPER 

The detection and control of slippage was divided into 

three separate steps. The first step involved determination 

of the object's contact with both the parallel fingers. The 

second step involved lifting the object with the minimum 
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possible force and observing for slippage. The final step 

involved increasing the gripping force if slippage was 

detected. These steps were performed recursively until one 

of the four possible conclusions was reached, namely: the 

object was not in position, the object slipped out during 

lifting, the object was lifted successfully and the 

object requires more force to lift than the gripper was 

capable of providing. The following sections describe the 

hardware and software developments done to accomplish these 

steps. 

5.2.1 Determination of the object contact with the fingers 

The output at the FSR sensors decreased when they were 

subject to the application of a force. This phenomenon was 

used for detecting the object's contact with both the fingers 

before lifting. A four input, d.c coupled, summing ampli-

fier was used to sum the FSR output voltages of each finger 

(Figure 5.3). The output of this summer, Vsum, was given as 

a weighted sum of the input voltages (Vin1,.,Vin4). The ratio 

of feedback resistor, Rf, to the input resistors Rin, determi-

ned the weighting. A ratio of 1:4 was chosen to obtain the 

average value of the input voltages. When the FSR elements 

were not subject to any force this average value was the same 

as each one of the inputs. 

The output of the summing amplifier was compared with a 
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threshold to determine the application of gripping force on 

the object. A comparator was used for this purpose for each 

summing amplifier. The outputs of these two comparators were 

fed to an AND gate (Figure 5.2). The output of the FSR 

element was 8.9 volts for zero force. The threshold was 

selected to be 8.5 volts. A logical HI output at the AND 

gate indicated that the object was in contact with both the 

fingers. 

A dual op-amp chip LM-1458 was used to realize the 

summing amplifier circuits. A LM-311 chip was used for the 

comparator for threshold comparison. A SN-7408 quad, two-

input AND gate chip was used for the AND gate. 
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Vet r4. --- "^. 
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4.21 - 311 

•A'=1/4 of SN 7408 

Figure 5.2: Circuit schematic for establishing an object's 

contact with both the fingers. 
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5.2.2 Detection of slippage while lifting 

The slippage detection circuitry was discussed in detail 

in the previous chapter. However, the non-inverting summing 

amplifier which summed all eight FSR signals was modified 

slightly. The reason for having this summing amplifier d.c. 

coupled was explained in the previous chapter. Since 

slippage detection was concerned with only the time-varying 

portion of the FSR output, this summing amplifier was modified 

to be a.c. coupled in order to sum only the time-varying 

signals. 

Figure 5.3 shows the circuit schematic for this a.c. 

coupled summing amplifier. The combination of input resis-

tor, Rin, and capacitor, Cin, determined the lower cutoff 

Ch Rin 

Vint 0--1 
In Rh 

Vin2 
Ch Rin 

Vino •---1 

Ch Rln 

Vin4 
Cin Rin 

Vine 
Cin Rin 

Vine 6-1 I—WA--• 

Ch RI n 

Vin? 0- 1 H AAN\-- "—"e 

Ch 

Vine 0--H 

NRinn

RI= 330 kohms 

V2 of 
TL -06 

C in = 0.47 u F Rin = 330 kohms 

Figure 5.3: Circuit schematic for the a.c. coupled summing 

amplifier. 
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frequency of the input signal. The gain of the circuit was 

determined by the ratio of the feedback resistor, Rf, and the 

input resistor, Rin. In order to effectively eliminate the 

d.c. component of the input signal, a lower cutoff frequency 

of 1 Hz was chosen for the design. The circuit elements 

selected to achieve this were, a resistance of 330 kilohms and 

a capacitance of 0.47 microfarad. Since these passive 

elements had a tolerance of 5 to 20%, the practically attained 

lower cutoff frequency was within 10 to 30% of the designed 

value. A gain of one was chosen for each input to retain the 

sensitivity of the slippage indicating signal. The a.c 

coupled summing amplifier was realized using a TL-062 dual op-

amp chip. A breadboard circuit was assembled in the labora-

tory and tested for its satisfactory performance. The testing 

done with the breadboard circuit indicated no gain adjustments 

were required at the inverting amplifier stage after the 

integrator stage (Section 4.2.4). A gain of two, for this 

inverting amplifier provided excellent performance. 

Rectifier Integrator Inverting 
amplifier 

0.4 V 

LM-31 

V out 

Figure 5.4: Schematic of comparator stage to detect slip-

page. 
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In Section 4.4.4 it was shown that a threshold of 0.4 

volts was necessary to detect slippage. A comparator with 

this threshold voltage was added at the output of the inver-

ting amplifier stage (Figure 5.4). A positive output at this 

comparator indicated slippage. 

5.2.3 Interfacing to a personal computer 

A personal computer (AT&T, IBM-XT compatible) with a 

parallel printer port and a digital input/output port inter-

face was chosen for controlling the Mitsubishi Movemaster RM-

101 robot and for interfacing different signals (object in 

contact with both the fingers, object slipping). The robot 

was connected to the parallel port using a special cable. The 

digital input/output had three ports A, B and C. The "object 

in contact with both the fingers" signal, (the output of the 

AND gate of Section 5.2.1) was connected to the least signifi-

cant bit (LSB) of port A. The slippage detection signal (the 

output of the comparator of Section 5.2.2) was connected to 

the least significant (LSB) bit of port B. Although two bits 

of the same port could have been used for these signals, two 

same bits (LSB) of the available two ports were used for 

convenience. 

The robot's movements were programmed and controlled by 

a "slippage detection and control" algorithm. This algorithm 

scanned ports A and B for objects contact with the fingers and 
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slippage occurrence. 

5.3 DETECTION AND CONTROL OF SLIPPAGE 

Detection and control of slippage at the parallel finger 

gripper involved development of an algorithm to carry out the 

various steps and arriving at some conclusion as described in 

the previous section. The algorithm was developed and coded 

using the "QUICK BASIC" language. This language was chosen as 

most of the robot motion control commands involved sending a 

character string through the printer port to perform the 

function [21]. The "LPRINT" command was recommended for 

this purpose. 

The slippage detection and control for each object was 

carried out twenty times. The position of the object place-

ment on the table was defined. The 'home' position of the 

robot was defined around this object placement area so as to 

return the robot to its 'home' position at the end of each 

trial. The gripper was 75% opened as all the test objects 

could be grasped with this much opening. It required 2000 

pulses to open the gripper completely. The object to be 

lifted was positioned. The gripper was then instructed to 

close in steps of 100 pulses. The least significant (LSB) 

bit of port A was examined for a high bit. This procedure 

was repeated until the LSB went high. This indicated that 

the object was in contact with both the fingers and some 
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gripping force was applied on the object by the fingers. 

The robot was then instructed to lift the object by 10 

steps. The LSB of port B was examined for the presence of a 

high bit. The presence of a high bit indicated slippage. If 

slippage was detected, then the gripper was instructed to 

close by 130 steps. The LSB of port A was verified for the 

presence of a high bit. On verifying this, the object was 

lifted by another 10 steps. The LSB of port B was examined 

for the presence of a high bit. This procedure was repeated 

until the end position of the tool was reached. 

During the lifting process, if the LSB of port A showed 

a low bit, then the process was halted. The conclusion 

"object slipped out during lifting" was printed on the screen 

of the PC monitor. While closing the gripper from its 75% 

open position, the number of pulses used in closing was 

accumulated. If this accumulation reached 1500 pulses and 

the LSB of port A was verified for a low bit then the process 

was halted. The conclusion "object not in position" was 

printed on the screen of the monitor. When the accumulation 

reached 1500, and the LSBs of both port A and B indicated a 

high bit, the process was stopped. The conclusion "object 

cannot be lifted even with maximum force" was printed on the 

screen of the monitor. The last possible conclusion "object 

lifted successfully" was printed on the screen of the monitor 
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when the accumulator had less than or equal to 1500 pulses, 

port A LSB was high and port B LSB was low at the end position 

of the tool. 

The flow chart for the above algorithm is shown in Figure 

5.5. The high level language coding is also provided in the 

Appendix B. The detection and control of slippage as 

explained here was carried out for different objects. 

The objects used for testing were a styrofoam coffee cup, 

the aluminum block with smooth and rough surfaces, the wooden 

block, the plastic piece and a video tape cartridge. Each 

object was lifted twenty times to test the accuracy and 

repeatability of the system. The system performed very well 

for slippage detection and control. The styrofoam coffee 

cup was compliant. Its slippage was detected, and it was 

lifted with just adequate force. The aluminum block could 

not be lifted even with maximum gripping force. Both linear 

and rotational slippage was detected for the plastic piece. 

The tests were repeated for all possible conclusions and 

showed satisfactory results. 

One important observation during these trials was that, 

the gripping force was applied through the coil spring 

pulling the fingers together. The amount of force that could 

be applied for gripping decreased in proportion with the width 



86 

START 

HONE POSITION 

OPEN GRIPPER UFT .0 STEPS .0 

CLOSE GRIPPER BY 100 STEPS 
STEPS STEPS + 100 

NO 

IS 
TEPS >,15 

VYES 

NO 

PRINT 
'OBJECT NOT 

IN POSITION' / 

STOP 

NO 

PRINT 'OBJECT SUPPED OUT WHILE LIFTING/

STOP 

A YES 

IS A 1 = 1? YES 

IS A 1 = 1? 

IS STEPS < 1500 ? 

YES 

NO 

YES V ---111E---

LIFT OBJECT 
BY 10 STEPS 

LIFT 
LIFT + 10 

IS B 1 = 1 ? 
NO 

CLOSE GRIPPER BY 130 STEPS 
STEPS . STEPS + 130 

IS
LIFT > 500 7 

YES y

NO 

RINT •OBJECTP UFTED SUCCESSFULLY' 
/ 

STOP 

PRINT' OBJECT CAN NOT BE 
LIFTED EVEN WITH 
MAXIMUM FORCE - 

A 

STOP 

Figure 5.5: Flow chart for slippage detection and control 

algorithm. 
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of the object being gripped. In other words, less gripping 

force was available for thinner objects. All the objects 

selected for testing were at least wide enough that they were 

in contact with the fingers with about 10% of the complete 

width remaining between the fingers. This also prevented the 

false information of "object in contact with the fingers" as 

a result of mutual contact of the fingers. 

5.4 CONCLUSIONS 

This chapter described implementation of results from the 

previous two chapters for detection and control of slippage. 

One of the robotic grippers available, a Mitsubishi Movemaster 

RM-101, was selected for implementing detection and control of 

slippage. This robotic gripper had parallel fingers driven 

by a stepper motor and the fingers with the FSR elements were 

mounted on these fingers. 

The strategy for detection and control of slippage 

involved collection of information from both the time-varying 

and constant signals. The contact of the object with both 

the fingers was realized using the constant part of the FSR 

output signal. The average of all the four FSR signal 

outputs had to be less than the threshold voltage of 8.5 volts 

before the object could be lifted. The information about 

slippage was obtained by the mean absolute value at the output 

of the integrator. A mean absolute value above the 
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threshold voltage of 0.4 volts indicated slippage. 

The "object in contact with the fingers" and "object 

slipping" signals were interfaced with the personal computer 

using a digital I/O port. A logical HI at the least sig-

nificant bits of ports A and B indicated the occurrence of the 

above events respectively. The algorithm developed for 

detection and control of slippage regulated the movements of 

the Mitsubishi Movemaster RM-101 robot according to the 

information available about the object's contact with both the 

fingers and slippage. 

In conclusion, slippage of various objects could be 

detected and controlled using the FSR sensors and the control 

strategy presented here. One of the disadvantages of the 

gripper used was that the gripping force was proportional to 

the width of the object being gripped. This was due to the 

coil spring-cable-pulley arrangement that was driving the 

parallel fingers. 



SUMMARY AND CONCLUSIONS 

At the University of Saskatchewan, a tactile sensing 

system using "force sensing resistors", has been developed. 

This development was part of another project involving 

development of a proper engineering strategy for grasping 

techniques at the robotic gripper. The three main tasks of 

the project, as explained in Section 2.4, dealt with correct 

positioning of the object, determining the correct amount of 

force for proper gripping and prevention of slippage while the 

object was being lifted. The development of the sensing 

system accomplished the first phase of the project. The aim 

of this project was to determine the suitability of this FSR 

sensing system for the remaining phases of the project. The 

work described here, therefore, deals with the study conducted 

to determine the use of FSR sensor for detection and control 

of slippage. 

A survey conducted by Harmon [2], strongly proposed 

need for a tactile system at the robotic gripper. Further, 

the desired properties for the tactile system mentioned were 

based on human tactile perception (Section 2.4). A brief 

account of the human tactile sensory system was given to 

understand and to compare different existing tactile sensing 

system designs. A detailed study of a FSR sensor arrangement 

in the fingers and their electrical characteristics were 

89 



90 

presented. Even though the FSR tactile sensing system was to 

be tested for its use as a slippage detector, some of the 

currently available slip sensors and their limitations were 

described. A major disadvantage of these slip sensors was 

that they were not a part of the tactile sensing system. The 

possible use of the FSR tactile system for slippage detection 

provided a significant advantage as it would eliminate the 

external slip detectors. 

The FSR element was driven by a constant current source. 

Under steady conditions, when there was no force applied or 

when there was a constant force applied, the output of the FSR 

element was constant. During a dynamic phenomenon, such as 

slippage, the FSR element was subject to constantly variable 

forces. The possibility of the presence of a time-varying 

signal at the output of the FSR element as a response to this 

dynamic phenomenon formed the theoretical basis for the 

experiments of Chapter 3. The characteristics of this time-

variying signal were studied for its consistency, 

repeatability and response for object's size, shape, texture 

and material. 

The results of these experiments indicated the presence 

of a time-varying signal at the FSR sensor output. The 

significant activity during the occurrence of the dynamic 

phenomenon was well represented in the frequency region of 0 
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to 100 Hz This 0 to 100 Hz region became the prime region 

of interest for further investigations. The presence of a 

time-varying signal at the FSR output indicated potential use 

of the FSR sensor for slippage detection. To investigate 

the possible use of the FSR element for the control of 

slippage, the study of spectral energy present in this region 

of interest (0 to 100 Hz) was done. This study indicated 

neither a linear nor a monotonic relationship between the rate 

of slippage and the spectral energy, and did not confirm the 

possible use of FSR element for the control of slippage. 

The time-varying signal available in the region of 

interest (0 to 100 Hz) at the output of the FSR sensor during 

the presence of dynamic phenomena was isolated using a 

bandpass filter. This bandlimited signal was rectified and 

integrated in time to obtain the mean absolute value of the 

time-varying signal. It was decided to use this mean 

absolute value for the detection of slippage. Slippage was 

simulated for different objects at different speeds to study 

the behavior of this mean absolute value. These experiments 

indicated a less than 0.5 ms transmission delay for the 

slippage detecting signal which was quite acceptable. A 

value of 0.4 volts was selected as the threshold value for 

slippage detection. The area under the curve of the 

integrator output was studied to determine if it had any 

favourable relationship with the different rates of slippage. 
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This study also indicated a nonlinear, non-monotonic behavior 

between the area under the integrator curve and the rate of 

slippage. The effect of surface roughness on the area under 

the curve for the same object, at different rates of slippage, 

was studied. It indicated that the area was more, for moder-

ately rough surfaces, than for extremely smooth or extremely 

rough surfaces. The potential of the FSR sensing system for 

slippage detection, but not for proportional control of 

slippage, was indicated by these slippage simulation experi-

ments. 

The parallel-finger gripper of the Mitsubishi Movemaster 

RM-101 robot was selected for implementing and testing 

detection and control of slippage using the FSR sensors. The 

circuitry was modified to provide information about "object in 

contact with the fingers" and "object is slipping" in the form 

of logical HI signals. These logical signals were interfaced 

to the personal computer used for controlling the Mitsubishi 

Movemaster RM-101 robot using digital I/O ports. The 

algorithm developed for the detection and control of slippage 

had to accommodate the step-wise movement of the parallel 

finger gripper. It instructed the gripper to lift the object 

once the "object in contact with the fingers" signal was 

present. The gripping force was increased by a certain 

amount (in steps) if slippage was detected and then the object 

was lifted again. These functions were performed repetitively 
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until one of the four possible conclusions was reached. Test-

ing of the algorithm was done using different objects such as 

a styrofoam cup, a wooden block, an aluminum block with smooth 

and rough surfaces, a plastic piece and a video cassette 

cartridge. The performance of the algorithm was quite 

satisfactory for detection and control of slippage for these 

objects. 

The possible limitations for the use of the FSR element 

for slippage control were indicated by the nonlinear and non-

monotonic behaviour of the FSR output signal. This nonlin-

ear and non-monotonic behavior of the FSR element could be due 

to it's nonlinear output characteristics with hysteresis. 

The research work presented here provided information 

about the potential use of the FSR element for slippage 

detection. Slippage could be detected and adjusted during 

gripping accordingly to control slippage using the FSR sensor 

system. As the FSR system was developed to be used as a 

tactile sensing system in an industrial environment, its use 

for slippage detection and gripping force adjustment adds 

another dimension. 
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APPENDIX A 

FSR SENSOR ARRAY HARDWARE FEATURES 

The main features of the FSR sensor array hardware design 

[5] are described below: 

1. The overall dimensions of the sensor array pad for each 

finger is 50 mm X 15 mm. 

2. Each sensing site consists of an interleaved pattern of 5 

mm X 5 mm square area with the pattern providing nearly 

equal area of conducting path for the sensor signal and 

ground lines. 

3. Four of the sensing sites are grouped together in a 2 by 

2 array constituting the area under a sensor pad. Two 

such adjacent areas are separated by 1 mm and two of the 

two areas are separated by 2 mm distance. 

4. Adequate space is provided at the corners of the pad to 

the front side of the finger. The signal and ground 

lines totalling 17 per finger are brought out at the back 

side of the pad, using standard double sided printed 

circuit board (PCB) technology. 

5. The FSR sensor elements are laid in position over the 

conducting pattern (Figure 2.3) and a compliant neoprene 
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rubber cut in a shape resembling a human finger tip is 

laid over the sensors. The gripping forces are trans 

mitted to the sensors through this rubber material. 

6. The FSR elements were cut to dimensions 5 mm X 5 mm and 

laid accurately to minimise interference from adjacent 

channels and crosstalk. 
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APPENDIX B 

PROGRAM CODE FOR DETECTION AND CONTROL OF SLIPPAGE 

AT THE ROBOTIC GRIPPER 

The high level language program code listing for detec-

tion and control of slippage at the robotic gripper of the 

Mitsubishi Movemaster RM-101 robot is given here. The 

language used for coding is "QUICK BASIC". 

5 REM:MOVE JOINT 2 BY 100 STEPS, UPWARD 
10 LPRINT "10,100,0,0,0,0" 
15 REM: BASE MEMORY LOCATION ADDRESS FOR DIO PORTS 

20 B = (3*16*16* + 5*16) 
30 LET K = 0 
35 REM: ASSIGN HOME POSITION 
40 LPRINT "H" 
50 LET C1 = 0 
55 REM: MOVE JOINT 2 DOWNWARD BY 350 STEPS, OPEN 

GRIPPER 
58 REM: DETERMINATION OF OBJECT CONTACT WITH FINGERS 

60 FOR I = 1 TO 15 
70 LPRINT "10,0,0,0,0,100" 
80 X = INP (B) 
90 PRINT X: Cl = C1 +100 
100 IF X > 0 THEN GO TO 140 
110 NEXT I 
120 PRINT "OBJECT IS NOT IN POSITION" 
130 GO TO 360 
140 K = K + 1 
145 REM: SLIPPAGE DETECTION AND CONTROL 
150 LPRINT "10,0,0,0,0,30" 
160 C1 = Cl + 30 
170 IF K > 1 THEN PRINT "OBJECT SLIPPED OUT 

DURING LIFTING " : GO TO 360 
180 PRINT "OBJECT IS TOUCHED, IT IS BEING LIFTED" 
190 FOR J = 1 TO 50 
200 LPRINT "10,10,0,0,0,0" 
210 Z = INP (B) 
220 IF Z < 1 THEN GO TO 70 
230 Y = INP (B + 1) 
240 IF Y > 0 THEN PRINT "OBJECT IS SLIPPING", Y 
250 IF Y > 0 THEN LPRINT "I0,0,0,0,0,130": C1 = C1 + 
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130 
260 IF Cl > 1500 THEN GO TO 310 
270 NEXT J 
280 E = INP (B) : F = INP (B + 1) 
290 G = E AND F 
300 IF G = 0 THEN PRINT "OBJECT IS LIFTED SUCCESS-

FULLY" : GO TO 360 
310 PRINT " MAXIMUM POSSIBLE FORCE APPLIED, DO YOU 

WANT ME TO LIFT ", Cl 
320 INPUT A$ 
330 IF A$ = "Y" THEN LPRINT "10,0,0,0,100,0" 
340 Al = INP (B) 
350 IF Al < 1 THEN PRINT "OBJECT CANNOT BE LIFTED 

EVEN WITH MAXIMUM FORCE" 
355 REM: RETURN TO HOME 
360 LPRINT " N " 
370 END 
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