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ABSTRACT

This paper presents a design of serial - paraltipulator for transferring heavy billets
for a hot extrusion forging process. To increase gkructural rigidity and restrict the end-
effector of the robot moving in direction parallgith the ground surface, parallel links were
added in between serial links of the manipulatorvalidate the design, the kinematic modeling,
the kinematic performance analysis and the streagtilysis for the robot were taken into
account. With respect to the parallel links, thestmint equation was written and put together
with the kinematic model. Based on the model foated, the inverse kinematic, the
transferring time, the reachable workspace, thdedigx and the manipulability index of the
robot were analyzed and discussed to demonstsakaimatical performance. These results are
important to assess the working capability and owprthe parametric design for the robot. In
addition, for verifying the end-effector designterms of the strength and displacement, the
stress distribution and the static deflection of #nd-effector module were computed and
analyzed by using the computer-aided finite elemagthod (FEM).

Keywords:. robotics, mechatronics system, industrial robaigte

1. INTRODUCTION

Forging is a manufacturing process involving theapmhg of metal using localized
compressive forces. In general, a hot forging@tatisually composes of a heating furnace and a
forging machine that uses either a hydraulic pogssiechanical press for the billet extrusion.
Consider a specific hot forging station described-ig. 1. At the beginning of a processing
cycle, workers grip a billet, weighted about 60 kgpm the billet loading area (Position 1),
move and place it onto the heating furnace (PasR)o When the temperature of the billet in the
furnace reaches to 11U the workers grip the billet again and transfénto the die mounted
on the forging machine (Position 3). After that tbeging operation stars to extrude the billet as
required.
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Figure 1. Layout of the extrusion forging station.

Figure 2. CAD model of the manipulator. Figure 3. The schematic diagram of the
manipulator.

This manual transferring method increases the davenand consumes the energy and
manpower. Therefore, an industrial manipulatoreeded for supporting the workers handling
the billet. Figure. 2 shows the 3D manipulator gesand Fig. 3 presents the schematic diagram
of the robot. The design consists of a fixed ks 9 links jointed by kinematical joints with
one degree of mobility. The prismatic joint 1, rgtgoints 3 and 4 are driven by hydraulic
actuators, respectively. Link 33, link 34 and lid4 are added to close two local kinematics
chains. These additions are to increase the loactmgcity of the structure and restrict the
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orientation of the end-effector (link 6). In allses, the end-effector moves in parallel with the
horizontal ground surface. The restriction of timel-effector's orientation makes it convenient
when the robot picks up a billet and releases tb dhe heating table. In other words, this
advantage could help to reduce the complexity @& dontrolling procedure. Though the
proposed design of the hybrid serial-parallel lisk®ws its advantages mentioned, it possesses
complexity in modeling and controlling.

For designing and controlling the robot, the kindota modeling and kinematics
performance analysis play a central role that nedx considered specifically. In particular, the
static deflection of the end-effector, the strasd the displacement distribution on the the end-
effector should be taken into account since theipudator suffers a heavy payload. The
kinematic of general serial manipulators has béenfindamental problem. Further studies in
this area could be found in the literature suchhaskinematics design of manipulator [1], the
kinematic of the redundant robot [2], the kinematicthe parallel robot [3, 4]. Modeling and
analyzing the design of serial manipulators sufigtieavy payload, there has been a number of
researches [5 - 8]. However, a few researchersesite in modeling and analyzing the hybrid
serial - parallel robot structures. In the areataflying on the elastic deformation of the robot
structure, the related researches mostly focub®mtathematical modeling of displacement and
control of flexible robot [9, 10]. The paper [9]gmoses a systematic approach to assess the
accuracy of a parallel kinematic machine subjecsttactural errors and then to effectively
compensate for them. Analytical models were coottdi for both the nominal and actual
structures. The literature review on the statehefdrt for flexible manipulators [10] reveals that
the dynamic analysis and control of flexible matapars is an emerging area of research in the
field of manufacturing, automation, and robotice do a wide spectrum of applications starting
from simple pick and place operations of an indalstobot to micro-surgery, maintenance of
nuclear plants, and space robotics. Using the ctemqauded finite element approach, researches
presented in [11, 12] consider the analysis of hlog stress and displacement distributed on
links designed with given geometry and materialwigeer, the analysis models in [11, 12] need
more detailed calculation of applied torques anads for links which require the strength
analysis specifically. Putting the entire designdeloof the complex manipulator into finite
element calculation and simulation would cause derily in analyzing alternatives.

This paper presents a validation for the desigrhef robot. The numerical method is
employed to analyze the forward and inverse kingmaghavior of the system. Kinematic
performance of the design is investigated and dsstl also. Finally, the maximum static
deflection and the stress distribution on the difiector are computed by using the computer-
aided finite element approach (FEM). The presemedhodology could be economical and
useful for checking up the strength and the loadiqgacity of the same manipulators designated
to handle heavy billets.

2. KINEMATICSMODELING

In Figure 4 we denotg=[d, d, d; g, ds q6]T as the vector of joint variables.

O, =(OpXoYZo) is the reference frame;O,,0,,..., andOg are the link frames,

correspondingly. The coordinate systems 1’ andr® added to write all the homogeneous
transformation matrixes of the whole system in shene formulation by Denavit-Hartenberg,

H; (d,di,ai,ai). The matrix H ;; characterizes the homogeneous motion of the frame
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indexedi with respect to the preceded frame indexedwhere 8, d,, & and g; are the

kinematical and geometrical parameters refer tantiex i ; for the kinematical model , all the
parameters are listed in Tab. 1.
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Figure 4. Kinematical model.

Table 1. Kinematical and geometrical parameters.

i a d 8 a;

1 0 d 0 -71/2

1 0 &y 0 0

2 o dp a 72

3 Oz 0 ag 0

4 Qs 0 ay 0

5 % |0 a | —72

5 0 dg |0 0

6 % ds |0 0

In the reference frame, the homogeneous transfamatatrix of the end-effector can be
written as
A r
Hoe = =R (1)
0 1

T " . .
where rg :[XE Ye ZE] represents the position (the reference point) #gk is the
rotation matrix of the end-effector.
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Multiplying all the transformation matrixes yields
Hoe = Hor(dl)H 1 12(q 2)H Aq QH 3((31 )H 4';('q )5H s a(eﬂ )( (2)

Substituting the parameters in Tab. 1 into Eq.{@)dg

Hoe _{AOG(Q) roe(Q)}

10 1

Therefore,

{AOE rE} _ {Aos(q) roe(qq 3)

0 1 0 1
Equation (3) describes the forward kinematic refahip of the robot.

If we denotepg = [xE Ye Zz ¥ ,B]T representing the general position of the end-

effector inQ,, where y is the yaw angle and3 is roll angle of the end-effector, Eg. (3) can
be rewritten as

pe =f(q) . @)

Due to the motion feature of the two parallel linfar every configuration of the system,
the relative position of the frame®,, O; andO, is shown in Fig. 5. Based on this special

topology relationship, the constraint equationtfer system motion can be written as

T
%="0"0" )

Figure 5. The relationship among, ¢, and ds .

Eqution (5) shows that the joint variabdg is dependent. Therefore, the Eq. (4) has only 5
independent variables. Physically, the joint 5dasgive; there is no actuator needed for deriving
the joint. Substituting Eq. (1) into (5), and salyifor p; yields
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cosq, [, cosf; +0a, Ha, cosy+a,+d+dg ]
a, Sin(q3+Q4)+a3 Si|’]q3,‘}'a-1_"315‘+‘d 2

pe =|—sing,[a, cosfl; + 0, Ha, cosl;+a,+d+dg }-d,
0,
Os

(6)

3. INVERSE KINEMATIC AND KINEMATIC PERFORMANCE DISCUSSION
3.1. Inverse Kinematic Analysis

To keep the temperature of the heated billet dutfiregtransferring, the robot must move
fast enough so that the transferring time is neatr than 22s. In order to analyze the time
transferring, and determine the joint variablesoading to the given task, the inverse kinmatic
model needs to be analyzed.

Based on Eq. (6), the inverse kinematic probleforimulated as

q=f"(pe)- ()
Given pg, solving Eq.(7) yields the analytical solutionté inverse kinematic as follows.
b =B, (8)
o =Y. )
d, = Xz tang, + z¢, (10)
X ? 2
A *(e-B) -a -4
_1| \ cosq,

g, =cos : (11)

2a5a,

— 2 _
G = tan-{ b+ V;’a 4acj, (12)

whereA=a, +ds+ds; B=a —as+d,; a=-(yz -B)" +(a,cosq, +a,)";
b = 2a, sinq, (a, cos), +a,). c=—(yg - B)’ +&Zsin’q,

Equations (8)-(12) show that for any poipt =[XE Ye Z ¥V ,B]T given in the
workspace, we can determine the valueQofanalytically. It is noticeable that the inverse
computation found is independent of time. For temaé control programming, the time-varying
history of joint variablesq (t) must be determined according to the required éedtor

trajectory, pe (t), represented in time domain. Therefore, the ddgrathpe (t) should be
planned. The planning procedure can be summarizéollaws.
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Based on the control poin&,, P, P,,..., andP, chosen in the workspace, a parametric

curve, Pg (u) representing the end-effector path is formulatedhere u D[O,:I] . Calculating

the arc length op (u) yields s(u) = \/( J (dyej ( J du. Based on the required
-([ du du du

velocity profile $(t) of the end-effector along the path, the arc lergfth) is also calculated as

s(t)zj'g(t)dt. Based ons(t) and s(u) numerically computed, the time-varying parameter
0

u(t)is determined by some numerical interpolation sashthe functionsplineavailable in
Matlab: u(t,) = spline[ s(t;),t,s(u )] Substltutlng{ } into pe (u) yields pe (t) .

Consider the designing robot. The geometric pararseif the links are given as

4 =011m,d=025m, a=0.1m, a=0.73 m, a= 0.63 m, a=0.81 m; d = 0.03 m and
ds = 0, 43 m. Suppose tha‘;(t) =0.15m/ sec is the velocity of the end-effector in the steady

motion state. The parametric curve representingréleired pathpg (u) is planned on the
selected control points as

=[1.7062 0.662 0.5 0.0 0.', P, =[1.114 0.843 0.5 0.0 0.4',
=[0.7844 0.822 05 0.0 0.4,

and P,=|0.1054 0.8883 B501 77 - /Z]T

By using the presented procedure, the requiredecurv
)=[xe () ve() z() () BT

is obtained. Based on the inppt (t), the outputd, (t), 0, (t), ds(t), a,(t), andgg(t) are

calculated by implementing Egs. (8) - (12). Figérehows such the numerical solution to the
inverse kinematic equation of the Robot.

Curves of Joint Variable
3

2 R e e ,7, ; ,,,,,,,,,,,,,, -

e

rad) r —
4 [rad]

15

Time [sec]

Figure 6. Time history of joint variables.
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In the case of transferring billets for the forgm@cess, none of the joint variables changes
outside their feasible range. By using this analyschnique it is important to show that at the

given velocitys(t) = 0.15m/ sey, the transferring time period is 15s.

3.2. Reachable Workspace Analysis

Based on the forward kinematic equation, the bogndé the reachable workspace is
determined with respect to the specification ofkimematic configuration and the feasible range

of joint variables such ad,,, >d,>d 2kr=0q,,qs 2 -2k and Q,, 20,20, . The
following Fig. 7 shows the workspace volume in tbase thatd, =1m, d, . =0,
Q,, =771/ 2, g, =0 and g, = 0. Notice that the end-effector always locates iaghk space
found for all casesthdd>q, >-m andr=0q, 277/ 2.

1 max 1min?

1 max 1min

Reachable Workspace

T SO

i]

® [m] - ’ Z]m]

Figure 7. Reachable workspace.

It can be observed that the designing Robot caelted! the positions required (Position 1,
Position 2 and Position 3) to sever the forgingcpes, even it can be used for other extended
applications.

3.3. Dexterity Analysis

The kinematic manipulability indem=+/det(33"), where J(q)=%DR5X5 is the

Jacobian matrix, plays an essential role in theriatical performance analysis since it indicate
of how close the manipulator configuration is te g#ingularity. It should be shown that in which
region of ¢, the index is large enough to avoid singularitierd within this region, the

manipulator operates under the desirable dexteatgition. The index for the Robot design is
calculated as

W= a,a,|sing, cosy,|. (13)
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Eq. 13 shows that the index depends gn and g, only. The singularity of the Robot is
independent ofd,, g,, and g;. As seen in Fig. 8, the Robot should operate abttie joint
variables ¢, and g,change outside the regions arougd=+7/2, q,=0 and ¢, =-77 .
w - max if g, =0 andq, =-77/2.

Omega

qd [rad) e o2 [rad]

AL B

Figure 8. The manipulability index vsg, and g, .

In addition, Eqg. (13) shows that the manipulabilibdex depends on the geometric
parameters a, and a,. The index varies along with the ratka=a,/a,, in the case that

a, +a, =constand g, is given. The value oka effects not only on the dexterity, but also on

the structural parametric of the manipulator. ka increases, the indeso will increase, but the
stability margin of the system could decrease siee horizontal distance from the gravity

center of link 4 toO";, the link's mass and inertia increase. In comtrisa smallerka is

chosen, the lower limitation of the range @f should be extended to maintain the dexterity of

the Robot. For the designing Robot, the length wksl 3 and 4 is chosen as
a, =0.73n;a, = 0.63n. The lower limitation ofg, is checked withg,,;, =—1.97%ad .

4. ANALY SIS OF STRESSAND DISPLACEMENT DISTRIBUTION ON THE END-
EFFECTOR

Focusing on the structural deformation and strergtluctural analysis is a key part of the
engineering design of robot structure. For simpleictures of manipulator, the stress and
displacement fields distributed on components cbeldletermined analytically to check up the
strength of the designed parts. However, for compteuctural manipulators, the use of robust
computational techniques aided by computer revitaifficiency and accuracy for the analysis.
For the considering Robot, the end-effector's giteneeds to be considered because the heavy
payload is applied. In this section, the statiesgrand displacement distribution on the end-
effector module are computed and simulated by usiegfinite element method integrated in
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CAE software Autodesk Inventor (Ansys Machenic&ipnsequently, the maximum value of the
stress and the deflection of the end-effector aterchined to exam the safety factor and the
loading capability of the Robot. Figure 9 presedhis 3D model of the end-effector module

acted by the external force® = 589 N (the billet gravity), R, =981 N (the force that the

billet reacts to the griper, = 677 N (the end-effector gravity), an®R (the force that the ball
bearing reacts to the structure).

Figure9. Structural analysis model for the end-effector nied

To determine the unknown forc&, the following structural model in Fig. 10 is
considered.

Mo

Pe=677 N Pe=589 N

R

Ko
256 %99 340

" |

Figure 10. Simplified model to determind& .

Denote VY;(2), Y,(z) and y,(z) as the displacements along three segmdRR

(256 mm), RP, (99 mm), andP,R (340 mm). The constantEJ characterizes the elastic

property of the material. Solving the followinguations (14) - (18), in which Egs. (16) - (18)
represent the continuous vertical displacement ohe t end-effector yields

R =277N,R= 156N , andM,= 23637mm.

R=R+R+R (14)

(256+ 99 P + ( 256r 99 34R = 256+ M, (15)
- (2 MZ RZ) 0<z<256

%(2)= [EJ]( > 6 j (16)

yz(z) = yl(z)_ (E_]:]j[w:l' 256< z< 35t (17)

-P. (z-256- 99° c
y3(2)=y2(z)—(E—1J]{ Lz 5 9]355“56& (18)
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Figure 11. The stress distribution.

Figure 12. Displacement of the module.

Assigning all obtained values of moment and for@ed running the analysis model on the
software, the distribution of the stress, safetstdaand displacement are yielded and they are
shown in Figs. 11 and 12, respectively.

As depicted in Fig. 11, the maximum stress is 68/ph that is much lesser than the yield
strength of the designated materfa#;] = 99 MPa. As seen in Fig. 12, the maximum value of

the displacement is 0.3237 mm. The simulation alsmws that the minimum safety factor is
3.85 that is greater than 2.73 - the allowed safatyor. These results manifest the loading
capacity of the designed end-effector with respeds material and geometry designed.

5. CONCLUSIONS

In this paper, the design of the serial-parall&otec system handling billet for a given hot
forging extrusion station was analyzed in term&inématic and strength aspects. The kinematic
modeling and analysis clarify the advantage ofkihematic chain designed. By considering the
parallel links, the kinematical constraint equatienwritten and put together with the kinematic
model which shows the reduction of the number dftjwariables and restriction of the
orientation of the end-effector as desired. Thestures thus reduce the complexity of the robot
control program; the robot grips and releases lathih an efficient and simple manner. The
inverse kinematic analysis shows that the manipulaeds only 15s to transfer a hot billet from

the heating furnace to the forging die, providedt the velocity of the end-effector 1M /s,
The workspace and the dexterity analysis depias for the given task of transferring billets
between the required positions (see Fig. 1), theipo#ator is capable of working flexibly. In
the active range of joint variables, the manipuigbindex analysis reveals that no kinematical
singularity arises when the robot operates. Besitihes dexterity analysis could be useful for
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selecting the proper ratio of the length of linksu® 4. Finally, by using the finite element
method integrated in CAE software, the static strsd displacement distributed on the end-
effector are analyzed. The maximum value of thesstrand the static deflection of the end-
effector computed assess the strength, the saietiyrfand the loading capability for the robot.

10.

11.

12.
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