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Position and Suction Control of a Reconfigurable Robotic Gripper*

Nikos Tsourveloudis Kimon P. Valavanist, Ramesh Kolluré, and loannis K. Nikolos

Abstract: This paper discusses position and suction control of a multi-degree-of-freedom reconfigurable robotic
gripper system (RGS) consisting of four arms in a crossbar configuration, with a flat surface, fixed dimensions,
suction unit (cup) mounted on each of the four arms. A fuzzy logic based controller has been implemented to
regulate, coordinate and maintain the amount of suction generated through each of the suction units and the po-
sitioning of the suction cups along each arm length. The RGS is integrated with AdeptOne and/or AdeptThree
commercial manipulators and used to automate limp material handling, reliably, without distortion, deformation
and/or folding. Extensive simulation results indicate that the RGS control system is robust, reliable and accurate,
and meets a set of system requirements specified by the industry. A prototype system is being built, based on the
derived design and model of the system.
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1. Introduction

HIS research is the outgrowth of previously reported

work in the area of designing and prototyping robotic
grippers for limp (deformable) material manipulation. The
central objectives of such grippers are, first, the ability to
manipulate single and/or multiple panels of varying shapes
and sizes without material distortion, deformation and/or
folding, and second, easy integration with commercially
available robot manipulators [1]-[5], [12].

After a review and comparison of existing commercial
and research limp material handling systems and gripping
mechanisms (electrostatic, suction, thermal, chemical ad
hesion)[3], it was obvious that suction (due to its non-
intrusive and non-incisive characteristics) offers high grip-
ping strength, low cost and ease of implementation and it
is the most appropriate mechanism to handle delicate de
formable material. Therefore, as the first step, a prototype
flat-surfaced, fixed-dimensions gripper system was built
and integrated with AdeptOne and AdeptThree robot ma-
nipulators Fig. 1). This first prototype gripper design con-
sisted of a 9% 12" rectangular chamber with circular per-
forations on the pickup surface. The gripper used suction

to handle material panels whose shape and size matched 0_[. . . .
were smaller than its dimensions. Design details and e%" ity to manipulate single and/or multiple panels of vary-

perimental performance evaluation have already been p\%g .shapes and sjzes (up to 3&6") W.ithOUt material dis-
sented in [3]. tortion, deformation and/or folding with a total payload ca-

However, in order to handle material panels of varfaclty of 10 pounds. ,
ous shapes, sizes and weight, the multi-degree-of-freed nj he overall RGS control architecture has three modules,

RGS of Fig. 2 was designed, tested and integrated Witﬁﬂe gripper system, the robot arm, and the suction gen-

AdeptOne and/or AdeptThree commercial manipulato@ration systemas shown inFig. 3 (details are presented

Industry requirements [12] dictated that the gripper has tft%([ezkfjﬂbglozr]lg o-rrhAe deer;)rt'_?ﬂf:g éﬂg?gafocrggrlgﬁgll::]zsthe

interfaces built to integrate the reconfigurable gripper with
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Fig.1 The existing gripper system
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Table 1 Design parameters of the RGS

sl ‘_ﬁ. "‘-HTH*._-._-«. Length of each amL) 12 fin]
e : '1.___% g :1 Diameter of each arrfd) 0.5[in]
ﬁ v - : l Payload on each arm Max. 5 [Ib]

e i Theoretical Simulation

Maximum stress (Loaded) 5250 [Ib/ir’] | 5210 [Ib/ir’]

Maximum deflections (Unloaded) 0.0015[in]| 0.00155 [in]

Maximum deflections (Loaded) 0.031 [in] 0.0329 [in]

Natural frequency of each arm | 98.24 [rad/s]| 104.77 [rad/s]

Damped frequency of each arm| 98.73 [rad/s]| 104.24 [rad/s]

Given the above constraints and determined design spec-
ification parameters, we focus on the control aspects of
the multi-degree-of-freedom reconfigurable robotic gripper
system (RGS), concentrating on the position and suction
control modules shown ifrig. 4. Fuzzy control formal-
ism is introduced for the positioning of the suction cups. A
detailed discussion on the airflow is presented (needed to
generate adequate grasping force through the suction cups)
together with justifications for the use of knowledge-based
methodologies for suction control.

Fig.2 Design of the reconfigurable gripper system

2. Control Fundamentals

As shown in Fig. 2, the reconfigurable gripper consists
of four arms in a crossbar configuration, with flat surfaced,
fixed dimensions, suction unit (cup) mounted on each of
the four arms. The suction cup may be translated along the
length of the arm, which is a linear actuator drive mecha-
nism. Each suction cup is a rectangular chamber with cir-
cular perforations on the bottom pickup surface.

The Adept robotic vision system is used to identify in-
coming panels and to calculate the center of gravity of
the panel (object) and its second moments of inertia. The
Fig.3 The reconfigurable gripper prototype mounted on an Adept robplast-fit ellipses are calculated and the candidate grasp lo-

arm cations on the panel-object for the four suction cups are

determined. The position control system transforms the de-

tated that the design of the RGS be such that its total sedfred grasp points from the world coordinate system to the
weight is minimized to maximize effective payload capaaequired suction cup positions with respect to the gripper
ity. Kinematics constraints required that the system be carpordinate system. The suction generation system consists
sidered as a cantilever beam, fully constrained on one enfla continuously operating 2.5 HP air blower. Suction is
with point load (consisting of the gripper self-weight angienerated as a consequence of pressure differential devel-
external payload) acting on the free end of the cantilevaped within each suction unit when a panel of material is
Static analysis [6] determined the likelihood of system faikeld against its surface. When the generator is operating,
ure due to fatigue stresses under load and kinematics cair-flows from the atmosphere into the suction cup through
straints. Stresses developed and the deflections causepdrforations on its pick up surface, then through the pipes
the body due to the self-weight of the cantilever and extanto the motor impeller casing and then out through the
nal loads were calculated. Once the mechanism was prowerilet opening of the suction generator. A 3-way diverter
to be statically robust, dynamic analysis of the mechanisralve controls the activation or deactivation of suction to
was performed to evaluate the effect of accelerations of tie RGS. By adjusting the main valves, one can regulate
robot arm on the dynamic displacements and the dynantiice amount of suction applied to the material through each
stresses generated within the RGS. Dynamic analysis [I0the four suction cups.
resulted in determining the mechanisms’ natural frequencyThe controller testbed is shownhiig. 5. The system uti-
and system modes, and in evaluating the effects of dynalizes two Compumotor AT-6400 microprocessor based 4-
ics of the robot arm on dynamic displacements and dgxes indexers that are integrated with an IBM Workstation.
namic stresses generated within the mechanism. Theorg&tie position controller uses four stepper motors for posi-
cal analysis coupled by simulation-based verification usirigning of the suction cups, and the suction controller uses
I-DEAS [11], resulted in a specific RGS design with accuiour stepper motors to regulate suction through each of the
rately calculated design parameters [12] as showirable four suction cups by controlling the corresponding regulat-
1 ing valves. The angular position of each motor is sensed
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Fig.4 The RGS hierarchical control architecture

using the shaft encoder. The indexer sends the “move” sif-the robot, generates the torque required to move the lin-
nals to the driver to control the motor motion. The indexezar actuator. The selection of the actuating mechanism is
has a 2 millisecond update frequency and capabilities foased on the amount of torque needed to move the suction
encoder feedback and motor position capture for accuraigp along the length of the arm. The torque required to
positioning. The driver receives step input signals from thmove the load7,, is given by:
indexer and converts them to motor currents to drive the
motor. The stepper motor converts the digital input sig-
nals into fixed mechanical motion increments. The encoder . .
serves as a position verification device that feeds back #{B8€ré7ac. is the torque to accelerate the 1084 .iction iS
extent and the direction of motion. Matlatizzy Logic the torque required to overcome the effect of friction, and
Toolbox[8] running on a PC Workstation is used to generFS is the factor of_safetylt has been found that in order
ate the high level instructions to control the motor movd® actuate the suction cup, a motor that generates a torque
ments. of 22.90 oz-in or higher is needed

It has been experimentally found that the suction re- The stepper motor controller determines the magnitude
quired for material manipulation depends Rorosity (IT) and direction of the required displacement of the suction
and Weight(1) of the material, Robot Spegd’), and CUPS on each of the four axes. The movement of egch suc-
Distance of Trave(D). The robot's speed is an importantion cup may be controlled either independently or in a co-
factor for the determination of the ideal holding force that igrdinated manner, to perform effective material manipula-
achieved by regulating the airflow through the four valveldon of various shapes. . _
of the RGS. A fuzzy logic based controller has been imple- L&t ya be the desired position of each suction cup, and
mented to regulate, coordinate and maintain the amountéfthe actual position of the cup. Then the position control
suction generated through each of the suction units, and fﬁgmu_latlon for .each of the four cups is described by the
positioning of the suction cups along the length of each &llowing equations:
the axes of the reconfigurable gripper.

Tsys = [Tacc + Tfriction] FS (1)

e(k) = ya(k) — yc(k) 2)

3. Position Control Ae(k) = e(k) —e(k — 1) (3)

The suction cup is translated along the arm under the g(k) = Gle(k), Ae(k)] 4)
control of an actuating mechanism. The linear actuator u(k) = u(k —1) + ¢ (k) (5)

drive mechanism consists of a lead screw, an aluminum
carriage and polyacetal nut, and a ball rail and end platesk) is the tracking error at timé&, Ae(k) is the change
The lead screw drives the carriage and the polyacetal nutain error, andw(k) is the control action. The term
which the suction cup is mounted. The length of the lea@[e(k), Ae(k)] represents a nonlinear mapping as de-
screw is 12 inches and it has a diameter of 0.5 inch. TBeribed by the fuzzy If-Then rule-base, agidk) is the po-
positioning accuracy of the lead screw is achieved by usisgion correction given by the fuzzy inference. The deriva-
acme threads. Acme threads have a very low lead angien of ¢’ (k) is described in what follows in term of the
minimizing backlash. standard terminology of fuzzy logic systems ([7],[10]).
The stepper motor, mounted underneath the tool flanflee mappingG is formally represented by rules of the
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Fig.5 Testbed for the overall position and suction control system

form:

IF e(k) is T, AND Ae(k) is T, THEN g(k) isT, (6) 4. Suction Control

L The valve controller is schematically presente&i 6.
whereT,, T,. andT, are the linguistic term sets @{k), The suction generator is connected to the RGS, via a series
Ae(k), andg(k), respectively. Since the inputs of Eq. (Ehf pipes terminating in a hub, mounted on the outer joint
are crisp measurementsfuzzificationprocess is needed, of the robot (as shown earlier in Fig. 3). From this cen-
i.e., transformation of input readings into fuzzy sets. Bya| hup, flexible hoses are used to attach to the four suc-
assuming thate andcAe are the fuzzified input readings.tion cups. A valve integrated with each of the four hoses

i /g i . . .
the correctiory’ is determined by: may be used to independently regulate suction to each of
;L the four units. The valves are integrated with the enhanced
g = F-[(ce, cire), (e, Ae, g)] O robot controller which determines the amount of suction

WhereF_) represents a fuzzy inference method_ Equa“(_ﬂ‘pd aCtiVation or deactivation Of SUCtion through eaCh Of
(7) combines the actual values of error and change of &€ suction cups. In order for the system to perform reli-
ror with the heuristic knowledge included in (6). Applying@Ply. the grasp needs to be stable. It is necessary that the

the max-min compositional inferenf& on the member- Suction generated be greater than the weight of the material
ship functions domain of Eq. (7), we have: and overcome the shear forces due to robot accelerations to

guarantee grasp stability.
Hg (y) = maxminpice cae(x), te,ne,q(z,y)] (8) The airflow (and consequently the suction force) is ad-

* justed through the main valves. In the fluid mechanic anal-
where pg (y) is the membership grade of the positiorysis presented in the sequel, one can see that the simulta-
correction, p.. cac(z) is the membership grade of theneous control of the four valves is nonlinear with coupled
fuzzified observation, and. a. 4(x,y) is the membership parameters involved. Further, some of the parameters can-
grade of the fuzzy implication. It is necessary to computet be accurately modeled. Thus, control methodologies
the value ofy’ (k) of Eq. (5). Sincey/ (k) is a real number, that require accurate mathematical modeling of the suction

g (y) should bedefuzzifiedas follows: system are not appropriate. On the other hand, knowledge-
based formulation has been proven to work effectively in
= > Y kg () g) real-world systems, and it is recommended[7],[10]. Be-
g (k) : 9) \ . . )
> Mg () fore discussing these issues, we briefly present the forces

. L, acting on each of the cups and the material.
Equation (9) determineg’(k) as the center of the area Consider that the robot arm accelerates at a raig ahd

within the combined membership functign (y). Based a, in the horizontal and the vertical directions, respectively.

on this formulation, itis p_os;@le o smu_ltaneously and ""the equilibrium of forces in the horizontal and vertical di-
dependently control the individual positions of each of the

. . réctions, as shown iRig. 7, may be resolved as follows:
four suction units. It should be noted that the actual posi- 9 y
tion accuracy is based on the number of threads of the lead

screw and the resolution of the driver. > Fp=—Fy =ma, (10)
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Fig.6 Schematic of the suction control system

E Fy=P;,—W —N =ma, (11) equation:
1 1
P+ §p0% + APimp =P+ 5003 + APloss (12)

. . . wherep is air densityc is the mean flow velocityA P, i
where,m is the mass andV is the weight of the mate- erep is air de St.yﬁ S.t € mean flow veloc ty4} imp 1S
the total pressure rise inside the impell&?;, . is the to-

rial. The frictional forceF's holds the material on the SUC- . hressure loss alond the pibe. with point (1) correspond-
tion unit during the translation in the horizontal plane. The P 9 PIPE, b P

value of the normal forc&V is determined by the equilib- Ing to the starting point of the streamline and point (2) to

: ) . the impeller’'s outletig. 8). In Eqg. (12) the gravitational
rium offorces in the vertical plane. Consequently, the Matrms have been neglected, due to the small elevation and
nitude of F¢, is determined by the equatiofty = uN, '

: L 7 the low density of air.
wherey. is the coefficient of friction. The static pressure at points (1), (2) is the atmospheric
For grasp stability, it is necessary tHgt<u/N. The suc- P P ' P

tion force, P, generated at the suction unit must be Suﬁgre_ssurePat, while velocity ¢, 1S eq“"’?‘.“’ zero, as the
) : air is at rest at the corresponding position. Consequently,
cient to overcome the slippage effect due to the acceleratllt:)n (12) becomes (for each brandh
of the robot arm, and also the weight and slippage of the
material, as computed using Egs. (10) and (11). Further, 1, 1,
these equations may be used to determine the minimum e} mp = 5°¢ T APloss = 5pc; + APy + AP (13)

2
fective area of the.s.gctlon unit, based on the known Suctigiiere the total pressure loss inside the pipe is analyzed in
generation capabilities of the generator. As mentioned

. The fi h in pi
2.5 HP blower, capable of generating 6.0 inches of Hg byo parts. The first corresponds to the main pipét) and

. . o second to the branck) of the suction deviceAP;) (i
suction has been selected. Assuming no losses, it is foqa e AP (

that in order to handle the desired load. the mini es values from 1 to 4). The pressure losses inside a pipe
atin order o handie t.e esired payload, the minimug} , peinear (or major)losses, due to the friction with the
effective area of suction is 5.3 fih

: , ipe’s internal surface, aridcal (or minor) losses, which
The above formulation assumes no suction losses du

. . . ) ; associated to the irregularities of the flow in the vari-
air leaks, material poro.sny,.et_c., making th? p.hyS|caI modg s special parts of the pipe (bends, valves, porous media,
of the system overly simplistic and unrealistic. These pg; gles, joints, etc.). All losses are functions of the square
rameters, though experimentally measurable, are diffiCld ! ’

0 be i ted into th th tical model of th the mean velocity (or volume flow rate). Assuming con-
0 be incorporated into the mathematical model of the Sygg, ¢ pipe diameter in each part (main pipe and brahch
tem. This is shown next, where an analytic modeling

i ing th lytical ions f i
the air flow through the pipe lines of the RGS, has be%{]ﬁ);nstg;dlécc;n?lt:g)ebirgﬁgs expressions for the two kinds
presented. T '

The generalized Bernoulli equation (Energy equation) is 1, Lo 1 5
used for the calculation of the fluid flow through pipes, ~ ~Fime =50 + fOD_O +ko | 5pc
along a streamline, for steady state conditions and incom- L. 1
pressible flows. Assuming a streamline, starting from a dis- + | fim- + ki ) 5pc + APsuc;.  (14)

. ) ; . D; 2
tance of the suction entrancgig. 8), at a point where air
is at rest, going through the pipe line and ending at the irBy rewriting Eq. (14) as a function of the corresponding
peller's outlet, we have from the generalized Bernoulli'golume flow rate€), and@; (with £ denoting the various
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w
Fig.7 Forces acting on the material during vertical and horizontal mcﬁnd r.eSUIt In a system of six nonImear ethJatIOI’]S. By solv-
tion ing this system one can compute the five different flow rates
and the pressure rise inside the impeller, provided that all
pipe cross-section areas), we have the loss coefficients are modeled. It must be emphasized

that the loss coefficients are also implicit functions of the
1/ Qo \? Lo 1 /Qo\?> flowrates, due to the connection of Reynolds number with
2P (Eout> + (fOD_O + k:0> 2P (E_0> the flow velocity.
2 Equation (18) shows that the flow rates in each branch
L 1 Qi : :
+ (fi— + ki) —p <_> + APsuc; (15) of the pipe are coupled. Further, the pressure losses in each
D; 20\ Ei branchAP; are also coupled, as can be seen by subtract-
wherei =1, 2, 3, 4,f, and f; are the friction factors of the ing the four Bernoulli equations (as given in Eq. (13) or
main pipe and the corresponding branch (complex empfd: (19)):
ical functions of Reynolds number and the relative rough-
ness of the internal pipe surfacd), and L; are the cor- APy = AP, = AP; = AP,
responding pipe lengths, whilBy and D; are the corre- _ (fi% n ki) %pc? + APsuc,. (19)

APimp =

sponding pipe diameters. Minor losses are determined by
ko andk;, which are the sums of the local loss coefficients.

These two last coefficients are CompIeX empirical fUnCtionSA Change in the flow rate causes a Change in the pressure
of the Reynolds numbei{e = cD /v, c: velocity, D: di-  |ossesA Psuc; at the corresponding branch, as Eq. (16) in-
ameter,v: kinematic viscosity) and the geometry of thejicates. Additionally, in order to satisfy the system of six
parts (bends, joints, etc.). The last tethP’suc; corre- equations, changes in the flow rates and pressure losses at
sponds to the pressure losses due to the porous media @thther branches are produced (includig suc;, which

the position of the control valve, and can also be model@l practice indicates how closed or opened the valve is).

as: By closing one of the valves (in order to reduce the suc-
1, tion force) the suction forces in the other three branches
APsuc; = k?sucigpci are increased, due to the increased flow rate. This effect
1 70:\? must be manipulated, using the corresponding actuators in
= k:sucigp (ﬁ) , i=1,---,4 (16) order to close the three valves. Consequently, valve posi-
K3

tions are highly and nonlinearly connected to each other

where k... ; is the local loss coefficient, determined byand achange in the position of a valve must be followed by
material characteristics and valve position. It should B&1anges in the positions of the other three valves, provided
noted that, in contrast to the other terms of the right part 8at a desired suction level (which may be different at each
Eq. (15), which can be adequately modeled (theoreticaljjanch) has to be achieved. _ _
or using experimental data} Psuc; is highly varying and ~ The control problem is to model the interactions between
extremely difficult to be modeled with an adequate genefalves’ positions and the corresponding pressure fluctua-
ality. tions due to the variation of valves’ positions. As men-
The total pressure rise inside the impeller (for a constafi@ned above, this is a nonlinear problem with coupled

rotating speed) is a nonlinear function of the total volumgomponents for which we employ fuzzy logic modeling.
flow rate Qo given by The knowledge base contains some simple facts in an IF-

THEN rule form. For example:

APimp = F(Qo) 17)
whereF is the characteristic function of the impeller's per- ' (N€ PESSUTe error iscgative b_ig o
formance and can be experimentally evaluated. AND the change of the error is als@gative big
Equations (15) and (17) are coupled with the continuity THEN open the valve fast
equation
4 where the expressiomgegative bigandopen fastare ap-
Qo = Z Qi=0Q1+Qs+0Qs+Qu (18) propriately selected membership functions. Details on the
P fuzzy logic controller architecture can be found in[1], [5].
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NB N NS OK PS P PB LF L LS Stop RS R RF

Input variable "position error" Output variable "speed/direction”

Fig.9 Membership function plots, where for position error, NB: negative big; N: negative; NS: neg-
ative small; PS: positive small; P: positive; and PB: positive big, whereas for speed/direction,
LF: left fast; L: left; LS: left slow; RS: right slow; R: right; and RF: right fast

5D
5. Testing and Results __) )
5.1 Position control § :: M > M -\)|
H A ot Change| "
The suction cups are independently translated along each T ki sae of Error b 1
arm towards the goal position. The use of stepper motors

with shaft encoders simplifies the implementation of the

positioning control since the position error is calculated ev-

ery time instant from the information given by the encoders Fig.10 Schematic of the RGS suction controller

and the proximity sensors mounted on each suction cup.

Details on the sensor-based positioning algorithm for the

existing gripper prototype shown in Fig. 1, can be founslystem, which consists of two modules as showFign 10:

in[4]. i) The Suction Determinatioi(SD) module; and ii) The
Each cup’s translation profile contains an accelerati@uction GeneratioSG) module.

period at the begining of the motion and a deceleration oneSD-module is an off-line process that is used to deter-

at the end. The acceleration rate depends on the positiome the amount of suction, based on the above mentioned

error and described by fuzzy rules, as for example: material and plant characteristics as inputs, whereas the
» i SG-module is an on-line component that achieves the value
IF the position error igositive big of the desired suction, as determined by the SD-module
AND the change-of-error isegative big [5]. Itis the responsibility of the SG-module to attain and
THEN move right fast. mallintain this value, by simultaneously adjusting the four
valves.

Similarly when the “error is negative” the controller Simulation results obtained using MATLAB'S
changes the direction of motion and the suction cup “movesMULINK simulation software find that all four suction
left” towards the target point. The corresponding membegups reach their respective desired set points without any
ship functions are shown ifig. 9. major overshoot or erroiF{g. 11). In Fig. 11(a), all suc-

The position controller’s rule-base is similar to the ongon cups have to achieve and maintain the same amount
created for the control of the main suction valve. The integf suction (dotted line). In practice this corresponds to a
ested reader is referred to [1], [5]. material with constant porosity and weight. Further, the
distance from the center of the RGS should be the same
for all suction cups. A more complicated case is shown in

It has been experimentally found that the suction ré&ig. 11(b). Each cup has to achieve different levels of suc-
quired for material manipulation depends on the followintion: 0.1, 0.3, 0.5 and 0.75 respectively. Indeed, based on
parametersi) Porosity(II) and 2) Weigh{1/) of the ma- object parameters (geometry, porosity, etc.), it may be pos-
terial, 3) Robot Spee@l/), and 4) Distance of TravélD). sible that different values of suction are needed through the

four cups. It can be seen that by opening a valve the suc-

Once the RGS suction units are aligned with the desiréidn force is increased at this suction cup, and the same mo-
grasp locations on the object, suction is activated througtent is decreased at the other three cups (since the blower
the suction cups, in order to enable material manipulatioworks at a constant rate). Because of the fact that all suc-
This operation is governed by the overall suction contrtibn cups use suction from the same generator, the problem

5.2 Suction control
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Fig.11 Simulated performance of the 4-valve controller for various set-points

becomes highly coupled, as evident from the figures attttough the suction cups. The position controller uses sen-
was expected after the Bernoulli equation analysis. The sery and motor feedback to accomplish positioning of the
teractions can be clearly seen in Fig. 11(c) and 11(d). Thaction cups on the object at the desired grasp locations.
sinusoidal set-points in these figures may be attributed The suction controller, first determines the amount of suc-
the external disturbances due to robot's movement. The ¢isn needed for material manipulation, and then, generates
cillations in the controller’'s output are due to the selecteahd maintains suction at the desired level. The performance
simulation accuracy and step size. However, the amountaifthe control system has been simulated and validated us-
fluctuation is very minor and considered satisfactory for tieg MATLAB software.
purpose of material manipulation. In all figures, suction is The overall reconfigurable gripper system has been
normalized and time is measured in seconds. proven to be capable of reliable and rapid manipulation
The behavior of the fuzzy controller is compared to af limp material without causing distortion, deformation
PID controller as shown ifrig. 12 The PID jumps faster and/or folding of the material. A major limitation of the
to the set point but causes overshooting in three valvB&S is that because of its rectangular cross-bar configu-
(Fig. 12(c)) while the fourth valve remains closed. Thigation, it can handle only a limited number of geometrical
results in pour grasp stability since only three cups pighapes and sizes of objects. Further designs will be inves-
the object for almost 5 seconds. With the fuzzy controlldigated into, as necessary.
all four cups simultaneously pick the object, as shown in
Fig. 12(a). It should be noted that the PID gains were ex- Acknowledgments
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Fig.12 Fuzzy and PID controller’s performance and error comparison
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