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Design Fundamentals of a ReconfigurableRobotic Gripper 3) handle objects of varying shapes and sizes up to<33tft;
System 4) integrate with commercial manipulators (AdeptOne, Adept-
Three) robot arms.

Ramesh Kolluru, Kimon P. Valavanis, Stanford A. Smith, and  The rest of the paper is organized as follows: The overall design
Nikos Tsourveloudis is discussed in Section II. A detailed static and dynamic analysis is

presented in Section lll. Results of theoretical analysis, validated and

verified using the Integrated Design Engineering Analysis Software

(I-DEAS) simulation software, are presented in Section IV. Theoretical

Abstract—This paper discusses the design and modeling fundamentals 5 41ysis coupled by simulation-based verification justifies the RGS de-
of a multi-degree-of-freedom reconfigurable robotic gripper system (RGS), . -
sign. Section V concludes the paper.

designed to automate the process of limp material handling, reliably
and without distortion, deformation, and/or folding. The reconfigurable
gripper design draws upon the authors' previously reported flat surfaced,
fixed-dimensions gripper system [1]. The design consists of four arms
in a cross-bar configuration, with a flat surfaced, fixed dimensions, suc- 1I. DESIGN AND DEVELOPMENT OF THERGS

tion-based gripper unit mounted on each of the arms. The kinematic and ) ] )

dynamic performance of the reconfigurable RGS is analyzed theoretically ~ The RGS mechanism consiststbé gripper system, the robot arm,
and then validated using Integrated Design Engineering Analysis Software and the suction generation system

(I-DEAS) simulation software.

Inde)_( Terms—AppareI, dynamic analysis, limp material, robotic grip- A. The Gripper System
pers, simulation, static analysis.

The RGS has four arms at right angles to each other in a crossbar
configuration. Each arm consists of a linear actuator on which a suction
cup is mounted, as shown in Fig. 1. The suction cup may be translated
along the length of the arm, under the control of an actuating mecha-

nism, which consists of a stepper motor and a low-level stepper motor

This paper discusses the design fundamentals of a reconfigura@iatroller. The stepper motor controller determines the magnitude and
robotic gripper system (RGS), capable of handling deformable linglirection of the displacement of the four suction cups. Itis possible to
material without distortion, deformation and/or folding. The RGS incontrol the movement of each of the suction cups independently or in
dustrial requirements, set by the American Apparel Manufacturer's Ascoordinated manner.
sociation (AAMA) and the Textiles and Clothing Technology Corpo-
ration, [TCF, are that the system must operate with a reliability oé
approximately 99%, and, be capable of manipulation rate of approx-
imately 10-12 panels per minute. The RGS is integrated with an AdeptThree robot arm, shown in

As a first step, a prototype flat-surfaced, fixed-dimensions gripp€ig. 1. While designing the RGS, it is necessary to consider the ef-
system, shown in Fig. 1, has been built and integrated with commégets of robot accelerations, as justified below.
cially available robot manipulators. This prototype design consists of
a 9-in x 12-in rectangular chamber that uses suction to handle mate-
rial panels whose shape and size match its dimensions. Details of the
prototype design, and review of commercial limp material handling de- syction is generated as a consequence of pressure differential devel-
vices such as the Walton picker, the Singer gripper and the Clupickgfed within the suction cup when a panel of material is held against
has already been presented in [1] and [2]. its surface. The controller determines the amount of suction and acti-

The flat-surfaced, fixed-dimensions gripper has been proven capafigion or deactivation of suction through each of the suction cups. For
of exceeding the specified system requirements [1]. However, in ordge system to perform reliably, it is necessary that the suction gener-
to handle material panels of various shapes, sizes, and weight, a mulféd be greater than the weight of the material and overcome the shear
degree-of-freedom RGS has been designed. The RGS consists of fgktfes due to robot accelerations to guarantee grasp stability.
arms in a crossbar configuration, with a miniature version of the fixed Consider that the robot arm is accelerating at a rate,afnda,, in
dimensions gripper mounted on each of the arms, as shown in FigtHe horizontal and the vertical directions, respectively. The equilibrium

|. INTRODUCTION

The Robot Manipulator

The Suction Generation System

The RGS is required to demonstrate the ability to: of forces in the horizontal and the vertical direction, as shown in Fig. 2,
1) manipulate single/multiple panels without distortion, deformanay be resolved 8s:. F, = —Fy = ma, and,>_ F, = P, — W —
tion, and/or folding; N = ma, where,m is the mass of the material. The frictional force
2) handle a load of 10 Ibs; F¢ holds the material on the gripper during the translation. The value

of the normal forceV is determined by the equilibrium of forces in the
vertical plane. Consequently, the magnitudefgf is determined by

. ) o . the equatior; = N, wherep is the coefficient of friction.
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Fig. 1. Prototype fixed-sized (left) and reconfigurable (right) robotic gripper systems.

:,—T 2 Step 3) Compute the maximum deflections produced under the
a —l given loading conditions and kinematic constraints.

! 1) Worst Case Stress!Yielding” failure occurs when the distor-
‘L v o tion energy at any point on the mechanism exceeds a critical value, as

determined by the von Mises stress postulation. The mechanism tends
to yield if the combination of stresses exceeds the yield strength of
the material. For the selected steel alloy, this value is 36 000?lb/in
For mechanisms subject to cyclic loads and accelerations, a factor of
safety of 2.0 is generally recommended. Thus, the maximum allowable
Fig. 2. Forces acting on the material during vertical and horizontal motiongtress for mechanism is given bytaximum allowable stress Yield

streséFactor of safetyThe maximum allowable stress for mechanism

is found to be 18 000 Ib/i beyond which the mechanism is prone
system requirements, the dimension of the largest object to be haffail. Since the gripper mechanism will undergo millions of load cy-
dled by the RGS is 3 fk 3 ft. To accomplish this, the design incorpo-cles during its lifetime, the fatigue analysis must be based on infinite
rates a four-arm crossbar configuration, allowing for a 12-in diametgfe. Fatigue failures occur when the maximum stress developed within
tool flange. A miniaturized version of the existing gripper prototypehe mechanism is greater than the ultimate or tensile strength of the
weighing less than 2.5 Ibs is mounted on each of the arms, servingh@erial. The mechanism, subject to cyclic and repetitive loading de-
the suction cup. A total required payload of 10 Ibs is divided amonggélops fatigue. The fatigue strength of the mechan$snis based on
the four suction units, contributing to a payload of 2.5 Ibs, picked bfie endurance limis’ of the material with which the mechanism is
each suction cup, and an overall load of 5 Ibs acting on the lead scriiiyricated. The value of!. depends on the materials' ultimate tensile
mechanism. The conceptual design parameters of the overall RGS&fength,S:rr, in accordance with the equatiofii = 0.504 % Sy.
theoretically validated and then verified, as presented in Section Bince the ultimate tensile strength for mild steel is 54 000 IBste
Performance analysis and theoretical validation of the RGS under st&ligjurance limit of the material is 27 216 Ib/iThe endurance limit

w

and dynamic conditions is presented next. of the mechanism, at room temperature and under no stress concen-
tration conditions, is calculated usirt} = kokpkckakeS., where
IIl. ANALYSIS OF THERGS ka, kv, ke, kq, andk. are mechanism specific constants such as sur-

. . . . . face finish factor, size factor, load factor, temperature factor, and fa-

Kinematic constraints require that the system be considered af, a . .

cantilever beam, fully constrained on one end, with a point load—congue stress concentration factor, respectively. The value of the mech-
' ! anisms' endurance limit has been found to be 14 204 hsiinwhich

sisting of the gripper self-weight and external load acting on the frge. . . : o
end. Static analysis [3] is used to determine the likelihood of Syste(?%tlgue failures are possible. Since the loading involves stress fluctua-

. . —_tions about a non-zero mean value, additional analysis is performed to
failure due to fatigue stresses, under load. Once the mechanismi |§ .
proven to be statically robust, dynamic analysis of the mechanismdg ermine actual stresses developed.
erformed ' 2) Actual Stresses Developed in the RGBhe effect of an external
P ' load on the gripper is similar to the effect of an external point load on a
cantilever, fixed at one end, and free at the other. The effects of bending
stresses due to external and internal loads and torsional stresses due to

Static analysis of the RGS mechanism consists of the followiRfle motor are evaluated. Consider the situation in which an external

A. Static Analysis

steps: load acts on the cantilever beam aside from the uniformly distributed
Step 1) Determine the fatigue strength and yield strength of tlself-weight of the beam. This results in a bending steessalculated
mechanism. aso = (FL+ an/4d*pL(L/2))/(n/32d*), where the length of the

Step 2) Calculate the actual torsional and bending stresses deledd screw is 12 in, diameter is 0.5 in, and specific weight of mild steel
oped within the system. If the value of the developed stre&s0.283 Ib/irf . Based on loading characteristics, the maximum bending
is found to be less than the maximum allowable stress, tiseress,s; is found to be 5248 Ibs/m while the minimum bending
mechanism is said to be robust. stressg is found to be 2786 Ibs/fy well within tolerance limits. The
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torsional stress induced in the mechanism because of motor torque mMhg natural frequency for undamped, free vibrations of the mechanism
be calculated as,, = 16T/ d®, whered is the diameter of the beam, is given by:w, = /k/M.g, wherek is the stiffness and/.¢ is the
andT is the torque generated by the motor. The value of torque (froeffective mass of the system. The stiffneBsfor a cantilever beam
motor specifications) is 2.187 Ib-in. By substituting into the equatiofixed at one end is given by the following equatidn:= 3EI1/L?

the torsional stress has been calculated as 89.63 Iiive combined whereF is the Young's modulus of elasticity for stekis the moment
stressg’ due to bending and torsional stresses (von Mises minimuafiinertia andL is the length of the beam. The valuelois found equall
distortion-energy theory) may be determined using the equatios: to 154.46 Ibs/in. The next step is to determine the effective mass of the
\/o? + 372,. The value o, was found to be 5250 Ib/ipand the system under two conditions:

value of minimum overall stress,,;, was found to be 2790 b/ 1) when the gripper is unit is unloaded, thus only a 2.5-b self-
As stated earlier, the yield strength for the selected material is 36 000  \eight of the gripper is acting on the cantilever;

Ibs/in”. Thus the maximum stress of 5250 I/igives a factor of safety  2) the cantilever has an additional 2.5 Ibs payload due to the object
of 6.86 Since this is greater than the minimum required safety factorof  picked by the gripper.

2.0,the system may be considered safe with regard to yieldifge  rqr the unloaded casdf.q = 0.00758 Ib-s2/in. SubstitutingV’ = 5
mechanism's mean;..., and alternatingz.. stresses may be deter-jys for the loaded case, we find that.s = 0.0141 Ib-s2/in. Once,

. . _ ! ! — / / . .
mined asvumean = (Tmax +0min) /2, @NA0ait = (Timax —0min)/2).  the effective mass is computed, the natural frequency may be calcu-

The mean stress alternating stress values were found to be 4020 IbS4fe. In accordance with the above, the natural frequency of the mech-
and 1230 Ibs/if. The alternating stress value needs to be less than thesm under no external load conditions is found to be 142.60 rad/s
maximum allowable alternating stress,, at which the mechanism is o 25 ¢ycles/s. With an additional 2.5-Ib load mounted on the mecha-
prone to fail due to cyclic loading. This value is calculated using thgsm the natural frequency is found to be 104.77 rad/s, or 16 cycless.
following equation:S. = (Sut * 5.)/(Sur + Se * (0mean/0alt)).  For damped vibrations, we have, = w, /1 — (2 wherew, is the

From this equation, the valueT of maximum allowable alternating stre%%mped frequency or the resonant frequency of the mechanism with a
Sa,was found t(? be 7558 IbsAnSince the developed alterngting Stresaamping facto. Assuming a conservative value of 0.1 for damping,
a1 due to cyclic loading was found to be only 1230 Ib$/ithe de- e find the unloaded and the loaded damped frequencies of the system
signed mechanism may be considered safe from fatigue stres®és ;e 141 .88 rad/s and 104.24 rad/s. If the mechanism starts to vibrate

a factor of safety of 6.15. , , , at these frequencies under the effect of external forces, resonance could
3) Maximum Deflections due to Static Loadinghe self-weight ..,

of tge steel cantilever beam may be computedVésight of beams= Next, we determine the dynamic displacements, due to the accelera-
(wd”pL)/4. It has been found that the total weight of the beam is 0.6, of the robot arm. Lety anda s represent the maximum accelera-
Ibs, which may be considered as a uniformly distributed load (UDL) 9fyp, of the robot in the vertical and horizontal plane. It is experimentally
0.055 Ibs/unit length of the beam. Further, a point load of & maximufnq that the:y is 77.16 in/d andazr is 379.85 in/é. The effective

of 5 Ibs may be acting upon the cantilever. These loads will cause dgrcesry, and Fy; are found to be 1.09 Ibs and 5.35 Ibs, respectively.
flections of the beam which need to be low in order to obtain 9goq§ynamic displacements represent the maximum amplitude of oscilla-

positioning accuracy and reliability. Deflections resulting due to th&j,, of the mechanism from its mean position. The peak response to an
self-weight of the beam are computed as followsi; = wlL*/8EI, excitation of magnitudé, is

wherew is the UDL due to the beam self-weigltit, is the length of

the beamF is the Young's modulus of elasticity for steel, ahi the F, o—Cwnt ‘

moment of inertia of the cylindrical beam. The value of deflection has v=a 1T ng cos(v/1 — (Fwpt — @)
been found 0.0015 in. Deflection of beam due to an external point load

on the cant_llever IS given bﬁp"}“t = WL"/3E1, whereW IS the where Fy is the exciting force £v or Frr), w, is the natural fre-
external point load of 5 Ibs, acting on the beam. The deflection due&ﬁency and; is the phase angle, given byn o = <./\/m.
external load has been calculated as 0.031 in. The overall deflectioRjg, ma:ximum dynamic displacem’ent in vertical and horizontal planes
given by the Sur_m“‘)“al = Spoint "'_5““" Itwgs nurr_lerl_cally found that is found to be 0.0252 in and 0.0051 in, respectively. Dynamic dis-
the total deflection of the beam is 0.0325 in, which is adequate for tB?acements vary over a period of time, as a function of the damping
pick and place operation for which the system is being designed. ,esent in the system. The larger the value of damping, the faster the
rate decay of free oscillations. The value of logarithmic decrement, rep-
B. Dynamic Analysis resented by, is used to quantify the rate of decay. The logarithmic
ecrement, represented as the natural logarithm of the ratio of any

Dynamic analysis [4] has been performed in order to determine t Yo successive amplitudes, depends on the damping coefficient. Thus,

behavior of the system, under the effect of external loads and forcgs._ In(er/a2) = 7¢/y/1— C2. Substituting? = 0.1, we find
= 1/T2 = —(°. = .1,

The steps involved consist of: thaté = 0.6315; the amplitude ratio of two consecutive cycles is
Step 1) Determine the natural frequency of the mechanism: COMy/ay = ¢ = 2315 = 1.8804. This indicates that between two
pute normal modes of vibration, and, damped/resonant frggccessive cycles, the value of dynamic displacement decreases by a
quency of the mechanism. factor of 0.531802. Since the mechanism frequency is 16 to 22 cycles/s,
Step 2) Evaluate the effect of acceleration of the robot on the p@fis evident that the initial maximum dynamic displacement of 0.0252
formance of the system: compute dynamic displacemenisreduces to less than half within 16th of a second. It is evident that
and resultant dynamic stresses resulting from robot arm agthin much less than 1 s, the dynamic displacements in the horizontal
celeration. and vertical directions will subside, and become negligible. Thus, there
Step 3) Compute the logarithmic decrement to determine the r&& o need for any additional delays or dwell period between two suc-
of decay of oscillations due to external disturbances.  egsive pick and place cycles of the RGS.
1) Natural Frequency:All systems possessing mass and elasticity To summarize, the design is found to be capable of mechanically
are capable of free vibration when disturbed. The frequency with whisbund and robust behavior under static and dynamic conditioA$
the body vibrates is known as the natural frequency of the system. Theugh the design is proven to be mathematically robust, further vali-
natural frequency is a function of the mass and stiffness of the systatation and verification is performed using a finite element tool called
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DISPLACEMENT - MAG MIN: O.0QE+00 MAX: 3.29E-02 .
DEFORMATION: 21- B.C. 3,DISPLACEMENT_21,L0AD SET 1
DISPLACEMENT ~ MAG MIN: O.00E+00 MAX: 3.29E-02

FRAME OF REF: PART

VALUE OPTION:ACTUA!

Fig. 3. Deflection of the beam due to load and self-weight (maximum deformation: simulation—0.0329 in).

Integrated Design Engineering Analysis Software (I-DEAS) software 2) Solution: The finite element model is solved. Finite element
package [11], widely used for modeling, design, and analysis of meahedeling divides the structure into a grid of elements, which model
anisms. the real structure. Displacements of the nodes and the stresses in each
element of the node are calculated. During dynamic analysis, the
natural frequencies and normal modes of vibration are determined.
IV. SIMULATION ANALYSIS AND RESULTS 3) Post-Processing:In the post processing step, all results are dis-

- . . ) _played.
Finite element analysis of mechanisms consists of the following The analysis has first been carried out considering the drive mech-

three steps:

anism as a cantilever beam of length 12 in and having a diameter of

Step 1) pre-processing 0.5 in. The following are the steps involved in the analysis:

Step 2) solution 1)

Step 3) post processing.

1) Pre-Processing:This consists of three processes discussed in
the following.

a) Creating the modelThe purpose of finite element modeling is
to build a model that behaves mathematically like the structure being
modeled. A finite element model has been created using beam ele-
ments.

b) Meshing:The model has been meshed using beam elements.
There are 12 beam elements along the length of the model of the mech2)
anism.

¢) Boundary conditionsA UDL has been applied on all the ele-
ments along the length of the beam, which represents the self-weight of3)
the mechanism. After specifying the constraints and loads, a “load set”
is created, which has a list of all the constraints, restraints and loads on
the model. This load set is used for the calculations while solving the
model.

A UDL equal to the weight of the beam has been applied on the
model. According to the finite element solution, the deflection
has been found to be 0.00155 in. From theoretical calculations,
the deflection due to self-weight of the lead screw has been ob-
tained as 0.0015 in, which validates the result. Next, a point load
of 5 Ibs has been applied on the free end of the lead screw, in
addition to the self-weight of the mechanism. The deflection in
this case has been found to be 0.0329 in, as shown in Fig. 3, cor-
roborating theoretical value of 0.031 in.

The stress obtained from the analysis, shown in Fig. 4, is found
to be 5210 Ibs/ih, while stresses from theoretical results have
been found to be 5250 Ibsfin

For the dynamic analysis, the loads applied on the body are
not considered for determining the natural frequencies and the
normal modes of vibration. Solving the model yields the fol-
lowing modes of vibrations and corresponding natural frequen-
cies. The 1st mode of vibration is shown in Fig. 5.
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RESULTS: 22- B.C. 3,STRESS_22,L.0RD SET 1
MAGNITUDE - MIN: 4.01E-11 MAX: 5.21E+03 VALUE OPTION:ACTUA
Data component: VYON MISES STRESS at maximum point

4.01-111

Fig. 4. Stress acting on beam due to load and self-weight (maximum stress: simulation—5219) lbs/ in

TABLE | required for vibrations due to robot arm accelerations to die down has
THE FIRST Six NORMAL MODES been calculated to be less thati 6th of a second. Itis evident from the

— foregoing, that the effect of accelerations of the robot arm on the vibra-
Normal Mode of Vibration Natural Frequency tions of the RGS is minimal, and that the RGS is dynamically stable.
First/Second 98.24
ThirdFourth 35414 V. DESIGN SPECIFICATIONS
FR/Sih TR Ir_l_sur_nmgry, _t_he theoretical an_aIyS|s_ coupled by S|mu_lat|on-ba_sed

verification justifies the RGS design with accurately derived design

parameters, as summarized in Table II.

From Table I, we conclude that the predominant mode is the first
mode (frequency of 98.24 rad/s). The damped frequency is 98.73 rad/s,
which should to be avoided during excitation, to prevent resonanceThe design and modeling fundamentals of a reconfigurable robotic
These values correspond to theoretically derived values of 104.77 ragtipper have been presented. The design of the system has been ana-
(natural frequency), and 104.24 rad/s (resonant frequency). Iytically validated for static and dynamic behavior that the RGS may

To avoid resonant vibrations due to periodic motion of the robot arrbe subjected to in normal operational conditions. The design of the
vibrations from the first cycle should diminish before the vibrations dugystem has been proven mechanically robust and stable. Further val-
to the second cycle get super-imposed on the previous one. The timetkgion of the system design has been provided by the use of I-DEAS
required between two cycles is determined by the logarithmic decsmulation software. A fully validated design for the RGS mechanism
ment, which is defined as the natural logarithm of any two successivas been derived. The overall reconfigurable gripper system design has
amplitudes. Considering the ratio between two successive amplitutbegn proven kinematically and dynamically robust, indicating that the
to be 5%, the time lag between two successive cycles may be calculagedper, once developed, will be capable of reliable manipulation of
as:zy = xge”““»! wherex; anda, are the values of two successivelimp material. The analytical study has resulted in defining parameters
amplitudes( is the damping ratioy,, is the natural frequency, arid for the fabrication of a reconfigurable gripper, currently under devel-
is the time period of the vibration. From the above equation, the tinepment.

VI. CONCLUSION
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Fig. 5. First normal mode of vibration (natural frequency: simulation—98.249382 rad/s).

TABLE I

DESIGN PARAMETERS OF THERGS MECHANISM
Length of each arm (L) 12 inches
Diameter of each arm (d) 0.5 inches
Payload on each arm Max. 5 Ibs
Maximum stress (Loaded) Theoretical: 5250 Ib/in®, Simulation: 5210 Ib/in’
Maximum deflections (Unloaded) Theoretical: 0.0015”;” Simulation: 0.00155
Maximum deflections (Loaded) Theoretical: 0.0317; Simulation: 0.0329”
Natural frequency of each arm Theoretical: 98.24 rad/sec; Simulation: 104.77 rad/sec
Damped frequency of each arm Theoretical: 98.73 rad/sec; Simulation: 104.24 rad/sec
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so the robot may move through and out of the cell. With a maximum
potential at the robot's initial position and the sole minimum at the de-

By . X -~/ sired goal point, an EPF is created in which most of the current flow
collision free path planning problem for an autonomous mobile robot uti- .. £ (1 - . di h of
lizing an electrostatic potential field (EPF) developed through a resistor net- 'S_'n_ areas of (least) m'n'mum reS|§tance, Corrgspon '_ng to a path o
work, derived to represent the environment. No assumptions are made on Minimum occupancy in the real environment while moving to the goal
the amount of information contained in the a priori environment map (it point. Stated differently, the optimum path minimizes the sum of swept
maly bedCO”&p'etﬁ'K emPtXI’) and ?”Ithe shape f;f tlze ObStaC'%S- The We“r']for‘ occupancies (the total swept occupancy); the MR is pushed away from
mulated and well-known laws of electrostatic fields are used to prove that . . i
the proposed approach generates an approximately optimal path (based on t_he bogndary of obstacles while _belng attracted towards the gpal_ posi
cell resolution) in a real-time frame. It is also proven through the classical t'(?n- Itis shown that the complexity of the EPF geﬁgrated path is linear
laws of electrostatics that the derived potential function is a global naviga- with respect to the number of obstacle edges within the environment,
tion function (as defined by Rimon and Koditschek [11]), that the field is (O (mn ), where m is the total number of polygons in the environment

free of all local minima and that all paths necessarily lead to the goal posi- s i ; i H
tion. The complexity of the EPF generated path is shown to b&(mmn ), andn,y is the maximum number of sides of a polygonal object.

where m is the total number of polygons in the environment andn,, isthe 1€ rest of the paper is organized as follows: Section Il summa-
maximum number of sides of a polygonal object. The method is tested both rizes related work and discusses the fundamental laws of electrostatic

by simulation and experimentally on a Nomad200 mobile robot platform  potential fields, used as justification for the proposed solution. Sec-

Abstract—This paper proposes a solution to the two-dimensional (2-D)

equipped with a ring of sixteen sonar sensors. tion Il presents the path planner solution, Section IV identifies simi-

Index Terms—Electrostatic potential field, mobile robots, navigation. larities of the proposed approach with dynamic programming, and Sec-
tion V presents simulation and real-time results. Section VI concludes
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