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ABSTRACT 

 

ARTICLE INFO 

  The automobile industries has long relied on industrial robotic washing system that guaranty the 

efficient cleaning of identical work pieces. End-of-Arm Tooling (EOAT) is an essential part of an 

industrial robotic washing system that enables the robot to do a particular task. Previous 

automation based system found to be relatively inflexible to accommodate variation in work 

pieces. It also refers to very high cost being used for variety of work pieces. This paper presents 

the design and analysis of EOAT for accomplishing firm and stable gripping and manipulation of 

four different types of cylinder heads having different geometrical properties at a time when 

comes in batch production using change part concept. The proposed EOAT is a gripper 

comprised of two parallel fingers that can be folded and unfolded by the action of pneumatic 

actuator.  The design of EOAT is obtained through a systematic modeling. This designed EOAT 

has been analyzed on various factors so that it will not fail or component will not drop down from 

fingers. The device design is validated through Finite Element Analysis (FEA) model correlation 

studies. The CAD modeling is carried out on Solidworks tool and FEA analysis is carried out on 

ANSYS tool. This paper also aims at laying a solid theoretical and technical foundation for 

general procedure of design of EOAT. 
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I. INTRODUCTION 

The automobile industries has long relied on transfer 

stations that guaranty the efficient and timely processing 

and cleaning of identical work pieces. When work pieces 

are less than clean, they will not operate to their fullest. 

Even the tiniest chip which might be left after the 

mechanical production process or any trace of oil or dirt 

would detract from the quality of engines. But in order to 

clean and process parts effectively, stations required very 

finely tuned elements that traditionally have been relatively 

inflexible and difficult to adapt to different parts. To 

overcome this problem, the new kind of cleaning module 

has been developed which has been more flexible than 

older system.The new cleaning module combines cleaning  

 

methods with the flexibility of a fully automatic 6-axis 

robot integrated into treatment module.The robot is 

equipped with a newly developed gripper which can be 

easily adjusted to accommodate different work pieces 

having irregularly shaped cavities or drill holes with weight 

up to 70 kgwhose design is a primary objective.  

 

Balkeshwar Singh et al described robot technology and 

goes into more depth about robots are used [1][2]. Samson 

Khoo Hock Chye et al presented the design and analysis 

of robot gripper for 10kg payload [3]. BurakDoganet al 

presenteddesign and development of two fingered gripper 

and four fingered multipurpose gripper actuated by 
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pneumatic actuator along with the design of motion control 

card for control of pneumatic valves [4].  

Yimin Song et al providesoptimal design of 1T3R parallel 

manipulator on the basis of kinematic analysis. By means 

of the screw theory and the displacement group theory, 

they have analyzed the mobility and formulated 4x4 

Jacobianmatrix [5].  

QiangZeng et al presented the structural design process of 

Tri-pyramid robot. They have analyzed kinematic position 

solutions and evaluated workspace with variation of 

structural parameters [6].  

Z. Doulgeri Li et al showed an asymptotic convergence of 

the applied force error. They have presented an adaptive 

position force controller for a robotic finger with a soft 

hemispherical tip in contact with a rigid surface [7].  

Joong-Jo Park et al developed the 6-axis force/moment 

sensor for an intelligent robot’s gripper using parallel-plate 

beams (PPBs) that measure the forces Fx, Fy and Fz and 

moments Mx, My and Mz simultaneously [8].  

V.C. Moulianitis et al presented an approach for the 

modeling of the evaluation process in the conceptual design 

phase. They have presented mechatronics index in terms of 

intelligence, flexibility and complexity of design 

alternatives [9].  

R. Saravanan et al proposed use of intelligent techniques 

like Multi-objective Genetic Algorithm (MOGA), Elitist 

Non-dominated Sorting Genetic Algorithm (NSGA-II) and 

Multi-objective Differential Evolution (MODE) to solve 

the problem [10].  

Mohammed Khadeeruddinet allpresented the design and 

analysis of jaw actuated pneumatic gripper. The force and 

torque for the gripper have been calculated for different set 

of conditions [11].  

SonghuiNie et al presented a general study of the 

kinematic configuration analysis of planar mechanisms 

with R-pairs. They have described an efficient and reliable 

approach for type identification of Basic Kinematic Chains 

(BKC) [12]. Jyh-Jone Lee et al proposed path synthesis of 

a gripper-object mechanism with two rolling pairs. They 

have derived the design equations for kinematic synthesis 

[13]. DaliborPetkovic et al in their work designed an 

adaptive under actuated compliant gripper with distributed 

passive compliance which can grip objects of any shape. 

They have used iterative finite element method 

optimization process along with An Adaptive Neuro-Fuzzy 

Inference System (ANFIS) to obtain an optimal topology of 

gripper [14]. Rim Boughdiri et al presented a design of a 

multi fingered robot hand having five fingers with 20 DOF. 

Numerical and 3D simulation results have been used to 

prove that model based controller can achieve high 

positioning accuracy [15]. Sandeep Krishnan et al 

presented a design and development of micro-clasp gripper. 

The experimental validation confirms that irregularly 

shaped micro particles can be successfully grasped and 

repositioned regardless of their initial orientation and 

position [16]. ArockiaSelvakumar A et al presented a 

model of 3 DOF parallel manipulator (Tripod and Tri-Glide) 

using screw joints for very accurate positioning. Authors 

have performed the position analysis of same manipulator 

[17]. GualtieroFantoni et al presented a methodology for 

supporting the selection of gripper including information 

about grasping principles, releasing strategies and problems 

concerning the automatic assembly. This paper described 

the basic information regarding the development of an 

expert system for the selection of robot gripper [18]. 

AlaaHassana et al presented a design of robot gripper 

which can be used in pick and place operation in various 

automation processes. Kinematic model is found and 

singular configurations are identified [19]. Yi Lu et al 

presented a design of novel 6 DOF 3 UPS parallel 

manipulator. Kinetostatic analysis of the same manipulator 

is carried out which is different than normal analysis and 

jacobian and Hessian matrices are derived [20]. Nobuaki 

Nakazawa et al presented the force control of a robot 

gripper that is modeled on the basis of human grasping 

schemes [21]. Olivier Millet et al presented the gripper 

design based on the combination of ground-links and 

moving pin-joints with the principle of the amplification 

mechanism. Kinematics characterization of different types 

of grippers is determined [2

 

 

II. DESIGN OF EOAT 

A. Component Description 

. 

Fig. 1 Gripper and locator positions on component 

 

The component to be washed is an engine cylinder head of 

gasoline and/or diesel engine having weight upto 70kg. 

There are two critical areas in engine cylinder head namely 

oil galleries and water jackets. These areas have to be clean 

properly and precisely for efficient operations of engine 

heads. EOAT should be positioned in such way that 

gripper’s top finger and bottom finger support pads should 

be positioned accurately and precisely at their respective 

positions. 

 

A. Types of Grip 

The grips are generally of two types namely Friction grip 

and Encompassing grip. 
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Fig.2 Forces acting on friction grip 

Friction grip rely totally on the force of the gripper to hold 

the part, the ―squeeze‖ of the gripper does all of the work. 

Stronger inertial forces are applied to a work part by 

gravity and moments. 

 
When the friction coefficient μ is between 0.1 and 0.2 with 

2 fingers and factor of safety to be consider as 4, 

 
F = (10~20) x mg   (1) 

Therefore necessary gripping force for friction grip must be 

10 to 20 times the component weight or more. 

Encompassing jaws add stability and power by cradling the 

part. Encompassing jaws provide a major advantage 

because the jaws must be driven open for a part to be 

dropped from an encompassing grip. It requires less force 

to hold the object. 

Confirm that the vertical load applied to each finger is the 

allowable load or less. Calculate moments Ma and Mc 

using L1 and moment Mb using L2. Confirm that the 

moment applied to each finger is the maximum allowable 

load moment or less. Allowable external force when the 

moment load is applied to each jaw. 

 
As per Rule of Thumb, The encompassing grip requires 

one fourth the force required to hold the same object as in 

case of a friction grip. 

 
Fig. 3 Forces acting on Encompassing grip 

 

B. Criteria for Stable Gripping 

The principle objective of the gripper is to grip the 

componentfirmly having weight up to 70 kg so that it will 

not fall or damage while going through various washing 

operations like injection fluid (up to 2 bar), specific wash, 

high pressure wash(up to 60 bar) and compressed air blow. 

The maximum speed of the robot will be 2 m/s and it is 

required that total washing cycle should be complete in 109 

seconds. Hence gripper should be designed in such way 

that it will not fail due to robot speed or due to inertia while 

going through various washing operations. Failure of the 

gripper leads to failure of total washing machine module. 

 

C. Fig. 4 EOAT with component 

EOAT consists of a pneumatic gripper having definite 

stroke of 150mm. Stroke of the gripper can be adjusted as 

per the component size. There are top and bottom fingers 

for gripping purpose which can be folded and unfolded. 

Top fingers have two pins which will get inserted into 

respective holes on component. This will lead to the 

encompassing grip which will cradle the part. Lower finger 

have two support pads which are located exactly opposite 

to the pins. The EOAT has been designed in such way that 

being self-centring gripper, force exerted by the top finger 

pin will be balanced by two resting pads on bottom finger 

as shown in Fig. 4. This will give stable gripping. 

 

D. EOAT Concept Generation to Obtain Rated Flexibility 

For proper and precise gripping of component, XYZ 

axes of component should exactly match with XYZ axes of 

gripper as shown in Fig. 5. Component should be picked up 

by the robot in such a way that top finger pins should be 

inserted in desired holes and bottom finger resting pads 

must be placed on opposite side of inserting pins.  This 

should be carried out repeatedly.Proper gripping of 

component is also ensured by subassemblies like Poke 

yoka plate, component aligner unit, Singling unit and 

lifting table. If it is does not match exactly then either 

component may fall from gripper or it may leads to wrong 

gripping. 
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E. Fig. 5 EOAT concept 

As system is used for four different types of components 

at a time, by adjusting the stroke of the pneumatic cylinder 

different types of components can be handles. Hence 

required flexibility can be achieved and no need to change 

gripper for each type of component. For each of the 

component, stroke will be changed as per the locations of 

the holes on component for insertion of pins.As shown in 

Fig. 6, Let maximum stroke of gripper be (a+b). Suppose 

for the component 1, distance a, b and (a+b) can be 

adjusted by photo sensors arrangement which is located on 

entry side conveyor. These sensors gives input to the 

gripper sensors regarding which component is to be grip 

and accordingly stroke of the gripper is adjusted to 

accommodate required component. Stroke of the gripper 

will be adjusted equally on both sides of the zero line as 

shown in Fig. 6. 

 
Fig. 6 Flexibility of EOAT 

 

F. Gripper Orientations With Object 

When gripper with encompassing grip along with firmly 

held component is moving in working space, its 

orientations and forces acting on it are shown in Fig. 7. As 

shown in (a) When gripper is moving vertically along Z 

axis, moment Mx is acting on gripper. Moment Mx should 

be less than allowable moment. There is no prominent 

effect of frictional force Fr on gripper finger when moving 

in upward or downward direction but due to component 

weight Mg and tooling length L, moment of (Mg x L) will 

act on gripper finger. When gripper is moving horizontally 

along X axis, frictional force Fr will try to drag out the 

component from finger. This may lead to drop down or 

failure of EOAT. To avoid this failure, gripping force 

should be sufficiently large to overcome frictional force Fr. 

 

Fig. 7 Orientations of gripper with object 

Another gripping position as shown in (b). When gripper is 

moving horizontally along X axis, moment Mz is acting on 

gripper. Value of this moment Mz should be less than 

allowable moment. Component weight Mg and tooling 

length L will exert a moment of (Mg x L) on gripper finger. 

When gripper is moving vertically along Z axis, frictional 

force Fr along with component weight Mg will try to push 

out the component from finger. gripping force should be 

sufficiently large to overcome a force caused due to 

frictional force Fr and component weight Mg. 

 

G. Orientations and Part Shape 

 

Fig. 8 Component orientations 

Component orientations are as shown in Fig. 8. Flow of 

component on entry side and exit side conveyor is from left 

to right in batch production. Component is resting on 

compression face with front side leading. Resting pads are 

positioned on compression face or block contact face and 

top finger pins are located on opposite side face of 

compression face. Weight of the components to be handled 

is up to 60kg. 

 

H. Environmental Conditions 

Being washing operations, working conditions will be wet 

and humid. Operating temperature will be in the range of -

28
o 

to +82
o
, operating pressure will be 4 bar (2 bar to 8 

bar). 

 

I. Tooling Length 

    Tooling length is the distancebetween jaw surface and 

grip point. Jaw tooling should be designed so that the grip 

point is as close to the jaw surface as possible. As the grip 

point is moved away from the jaw surface, the applied 
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moment causes jaw friction to increase, resulting in 

reduced effective grip force. 

 
Fig. 9Tooling length 

 

J. Gripper 

 
Fig.10 Pneumatic gripper, (PHD, USA) 

Gripper is selected based on type of application, working 

conditions, component weight, size, shape and speed of the 

robot.  Selected gripper is of PHD, USA make. (US Patent 

#7,490,881) designated as GRR 1 2 – 6 – 63 x 150 - Z1 - 

H47 

 

K. Grip Force 

 
Fig. 11 Total grip force Vs Tooling length (PHD, 

USA) 

Grip force per jaw equals half of the total grip force. Grip 

force selected from Fig. 11 with tooling length of 350 mm 

andoperating pressure of 4 bar is 1770 N. Tooling length 

factor of 0.79 is selected.  

Maximum allowable forces and moments are obtainedfrom 

gripper catalogue as 

Fa= 15570 N 

Mx = 880 Nm  

My = 715 Nm  

Mz= 715 Nm.              

(3) 

As system is employed to washing environment with wet 

surrounding, material selected is AISI 309S. 

 

L. Jaw Cross-Section Selection 

 
Fig. 12 Jaw cross-section and free body diagram 

Length (L) = 300 mm   (4) 

Factor of safety (FOS) = 2 

Component weight (Wc) = 70 kg = 686.7 N 

Total gripping force (Gf) = 1770 N 

Total force acting on finger (Wt) = Wc + Gf = 2456.7 N     

(5) 

Number of fingers (N) = 2 

Forces P1 = P2 =  = 614.18 N   (6) 

Support reaction at A (Ra) = P1 + P2 = 1228.36 N (7) 

Moment at point A,  

Ma = (P1 x 145) + (P2 x 300) = 273310.1 N-mm  (8) 

Shear Force Diagram: 

Shear force between (B-C) = - 614.18  (9) 

Shear force between (A-B) = -(614.18 + 614.18) = -

1228.36 N 

 
Fig. 13 Shear Force Diagram 

Bending Moment Diagram: 

Bending Moment at point C = 0 

Bending Moment at B = -(614.18 x 155) = 95197.9 N-mm 

Bending Moment at A = - [(614.18 x 145) + (614.18 x 300)]  

= - 273310.1 N-mm  (10) 

 
Fig. 14 Bending Moment Diagram 

 

As FOS = 2,  

Working Stress (σ) =  = 102.5 MPa                  

(11) 

Moment of inertia (I) =      (12) 

Section modulus (Z) =  ; As y = , Z =    (13) 



www.ierjournal.org                    International Engineering Research Journal (IERJ) Special Issue 2  Page 51-60, 2015, ISSN 2395-1621 

   

 
© 2015, IERJ All Rights Reserved  Page 6 

 

Working stress (σ)=  =   (14) 

This gives,  a = 25.19 mm 

Taking into consideration 5 million cycles of operations, 

selecting next cross-section size which is 32 mm. 

Hence selected cross-section, a = 32 mm. 

 

M. Stress Analysis of Fingers 

 
Fig. 15 EOAT block diagram 

Stress Analysis of Bottom Finger: 

 
Fig. 16 Free body diagram of bottom finger 

Total force acting on fingers, 

Wt= [(Component weight + Finger weight) x 9.81] + 

Gripping force = 2626.51 N   (15) 

Number of fingers (N) = 2 

Load on each finger (P) =   = 1313.25 N   (16) 

Therefore, P1 = P2 = =  = 328.31 N 

Support reaction at A, Ra = P1 + P2 = 656.62 N  (17) 

Moment at A,  

Ma = (P1 x 145) + (P2 x 300) = 146097.95 N-mm  (18) 

 

Shear Force Diagram: 

Shear force between (B-C) = - 328.31   

Shear force between (A-B) = - (328.31 + 328.31) = - 

656.62 N 

 
Fig. 17 Shear force diagram of bottom finger 

Bending Moment Diagram: 

Bending Moment at point C = 0 

Bending Moment at B = - (328.31 x 155) = 50888.05 N-

mm 

Bending Moment at A = - [(328.31x 145) + (328.31 x 300)] 

  = - 146097.95 N-mm   (19) 

 

 
Fig. 18Bending moment diagram of bottom finger 

 

Moment of inertia (I) =  = 87.38 x 10
3
 mm

4
  (20) 

Section modulus (Z) =  = 5.461 x 10
3
 mm

3
 (21) 

Stress on finger (σ)=  = 26.75 MPa(22) 

Shear stress (τ) =  = 3.847 MPa 

For deflection, M = EI  = -146097.95 

This gives, Deflection y = 0.35 mm  

 

Stress Analysis of Top Finger: 

Fig. 19 Free body diagram of top finger 

Total force, Wt = [(Component weight + Finger weight) x 

9.81] + Gripping force = Wt = 2626.51 N         (23) 

Number of fingers (N) = 2 

Load on each finger (P) =   = 1313.25 N   (24) 

Therefore, P1 =  =  = 656.625 N  

Support reaction at A, Ra = P1 = 656.625 N    (25) 

Moment at A, Ma = (P1 x 210) + Mb = 203553.75 N-mm 

Shear Force Diagram: 

Shear force between (A-B) = - 656.625 N   (26) 

 
Fig. 20 Shear force diagram 

Bending Moment Diagram: 

Bending Moment at point B = 0 

Bending Moment at point A = - (656.625 x 210) + 65662.5 

  = - 203553.75 N-mm (27) 
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Fig. 21Bending moment diagram 

Stress on finger (σ)= = 37.27 MPa   (28) 

Shear stress (τ) = = 3.847 MPa(29) 

For deflection, M = EI  = - 203553.75  (30) 

This gives, Deflection y = 0.24 mm 

 

Analysis considering inertia 

  (31) 

Force due to inertia (Fi) = (Component weight + Finger 

weight) x a = 698.48 N (32)   

Moment produced due to inertia force (Mi) = Fi x 0.35 = 

244.47 N-m     (33) 

This leads to safe design compared to maximum allowable 

moment. 

Maximum force = [(Component weight + Finger weight) 

x9.81] + Fi = 1554.99 N  (34) 

This leads to safe design compared to maximum allowable 

force. 

 

N. EOAT CAD Model 

 

Fig. 22 EOAT CAD model with fingers 

O. Bolted Joint Design 

 
Fig.23. Primary and secondary shear forces 

Top and bottom fingers are fastened to the gripper through 

mounting plates by bolted joint. Bolts of high strength steel 

are subjected to eccentric loading in shear and eccentric 

loading perpendicular to axis of bolts. 

 

Eccentric loading in shear 

Permissible shear stress 

         

(35) 

 

Primary and secondary shear forces 

r1 = r2 = r3 = r4 = r = 79.06 mm          

(36) 

Primary shear forces with 4 numbers of bolts,  

= 656.63 N  

Secondary shear forces, 

  (37) 

Resultant shear force 

Ө = 34.70
0
 

 
P2 =   = 3466.95 N   

(38) 

 

Size of the bolt 

            (39) 

dc = 8.15 mm      

Eccentric loading perpendicular to axis of bolt 

Direct shear force in bolt 

 

(4

0)                             

 

Tensile stress in bolt 

  (41) 

 
 

Principle stress in bolt 

 
Allowable tensile stress in bolt is 50 N/mm

2
 

Gives A = 88 mm
2
 

From table of Basic dimensions of ISO metric screw 

threads, with dc = 8.15 mm and A = 88 mm
2
, bolts of M12 

are selected. 
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III. FEA ANALYSIS 

ANSYS 14.5 has been used to do the computational 

analysis. It is general-purpose finite element analysis 

software which enables the product development process at 

less computational and financial expenditure. 

A. FEA Analysis of Bottom Finger 

 

TABLE I 

Boundary conditions for bottom finger 

 

Input Description 

Element type Brick element 

Element size  2 mm and 4 mm 

Material  AISI 309S 

Young’s modules 210 x 10
3
MPa 

Poison’s ratio 0.29 

Forces 1, 2, 3, 4 328.31 N 

 

 
Fig. 24.Meshing of bottom finger 

 

 

Fig. 25.Boundary conditions of bottom finger 

 

 

Fig. 26.Stress plot of bottom finger 

 

 

Fig. 27.Deformation plot of bottom finger 

 

From the results ofFEA analysis, it can be seen that 

analytical value of stress for bottom finger is 26.75 MPa 

and FEA analysis value is 28.74 MPa. Similarly, analytical 

value of deformation is 0.35 mm and FEA analysis value is 

0.18 mm. 

B. FEA Analysis of Top Finger 

 

TABLE 2 

Boundary conditions for top finger 

Input Description 

Element type Brick element 

Element size  4 mm 

Material  AISI 309S 

Young’s modules 210 x 10
3
MPa 

Poison’s ratio 0.29 

Forces 1, 2 656.625 N 
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Fig. 28.Meshing of top finger 

 
Fig. 29.Boundary conditions of top finger 

 

 
Fig. 30.Stress plot of top finger 

 

 
Fig. 31.Deformation of top finger 

From the results of FEA analysis, it can be seen that 

analytical value of stress for top finger is 37.27 MPa and 

FEA analysis value is 34.86 MPa. Similarly, analytical 

value of deformation is 0.24 mm and FEA analysis value is 

0.098 mm ~ 0.1 m

 

IV. CONCLUSION 

In this work, design of EOAT has been studied. A new 

kind of EOAT consisting of a pneumatic gripper along with 

parallel fingers has been analyzed on given conditions. 

This EOAT can accommodate dimensional variations in 

components and provides rated flexibility when used in 

batch production. Flexibility is achieved through 

compliance unit under change part concept by varying 

stroke of gripper. This newly design EOAT can withstand 

pressure variations during washing operations without 

failure. 

TABLE 3  

Result table 

No Quantity Analytical 

Value 

FEA value 

1 Stress on bottom finger 

(σ) 

26.75 MPa 28.74 MPa 

2 Deflection in bottom 

finger (δ) 

0.35 mm 0.18 mm 

3 Stress on top finger (σ) 37.27 MPa 34.86 MPa 

4 Deflection in top finger 

(δ) 

0.18 mm 0.1 mm 
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NOMENCLATURE 

F: Gripping force 

FOS: Factor of safety 

L: Tooling length 

M: Moment 

P: Eccentric load 

W: Weight of the component (W=mg) 

e: Eccentricity 

g: Acceleration due to gravity 

m: Component weight 

n: Number of Fingers 

μ: Coefficient of static friction 

y: Deflection in finger 

Fa: Total for both jaws  

Mx: Allowable moment, measured from jaw mounting 

surface  

My: Allowable moment, measured from jaw geometric 

center  

Mz: Allowable moment, measured from jaw mounting 

surface 
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