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A Dexterous Part-Holding Model
for Handling Compliant Sheet
Metal Parts

Material handling of compliant sheet metal parts significantly impacts both part dimen-
sional quality and production rate in the stamping industry. This paper advances previ-
ously developed material handling end effector layout optimization methodology for rigid
point end effectors [1] by developing a dexterous part-holding end effector model. This
model overcomes the shortcomings of the rigid point part-holding end effector model by
predicting part deformation more accurately for various modes of deformation and for a
set of part-holding end effector locations. This is especially important for handling sys-
tems which utilize vacuum cup end effectors widely used for handling of large sheet metal
parts. The dexterous end effector model design method and an algorithm for estimation of
model parameters are developed. The algorithm combines data from design of computer
simulations and from the set of experiments by integrating finite element analysis and a
statistical data processing technique. Experimental studies are conducted to verify the
developed model and the model parameter estimation algorithm. The developed method-

ology provides an analytical tool for product and process designers to accurately predict
part deformation during handling, which further leads to minimization of part deforma-
tion, improvement of part dimensional quality and increase of production rate.
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1 Introduction (@) Part nesting error—error of positioning/dropping parts into
Compliant sheet metal parts are widely used in automotivtehe die(installed in th_e_ stamping presgPart e_Iastlc (_jeformatlons
; . . . . mi;\y cause part positional variation in a die, which can further
aerospace, aircraft, appliance, and furniture industries. Materig| . ; f - h ai i line
handling of compliant parts poses much greater challenge than gaise mis-stamping of parts in eac pressldistamping line for
. o . . Pge automotive parts usually has 4-5 presseg/diéese small
handling of rigid parts since the compliant parts can deform du&

ina the handling process. Figure 1 shows an example of a mater'eviations of the part in each die accumulate and can eventually
g the 9p -9 . pie o t8lse very large dimensional variation of the final part or even
handling system for compliant parts used in a production stamlg-

ing line. After a sheet metal part is stamped in one press station i[oduce scrap and/or cause line downtime. For automotive closure
9 : p P p nels this large accumulative part variation can be on the level of

is picked up and transferred forward to the next press station Ry "\ "0 aven largefas measured by 6-sigma
the material handling system. In general, large, flat sheet metakb) Part distortion during die contact—parts are usually

parts deform when they are transferred from one press stationyi, e into the die at the end of the material handling process. If
the next. The magnitude of part deformation depends on a numbgbassive elastic deformations occurs, the contact force between

of part and process design parameters such as: part complianggt ang die can be so unevenly distributed that the part can be
material handling transfer speed, and end effector layout. The (ﬁfe'rmanently damaged.

formation of parts strongly impacts part dimensional quality and () part-obstacle interference—part elastic deformation during
productivity. The impact of material handling on part quality caansfer increases uncertainty in planning a part transfer trajectory.
be described on two levels: This may, in effect, cause unexpected interference of the part with

1 Direct impact—through permanent part deformation occu]be surrounding environment and therefore, damage tne part. And
ring during the handling process; It can even cause reduction of production rate to avoid potential

2 Indirect impact—through part elastic deformation occurrin§itérferences.

during the handling process. The lack of ability to accurately predict part elastic deformation

Permanent deformation results in damaging a part and thusdféring the material handing process can cause design intended

not allowed in design of the material handling process. Based ensional quality of parts unachievable during production. Ad-

extensive studies conducted previoukly-3|, part elastic defor- itionally, the part transfer path may not be the optimal one, and
! . : é@? handling time between stations may not be the shortest thus,

on both part dimensional variation and rate of production. Maté@SUIting in reducing the overall rate of production. Therefore,

rial handling has been identified as one of the top five reasons FHFd'Ct'.On of part e_Iastlc de_formatlon IS one of the most critical
part dimensional variation in the automotive indudtty-3|. One ISSUEs In the mate“?" handling of Comp“?‘”t sheet metal parts. In
of the intrinsic reasons is part elastic deformation occurring du’it:"S paper, all considered part deformations are assumed to be
ing part handling operations. elastic.

Part elastic deformation during material handling affects paré/lilnn s\/i)i?neaseigfai’ g;lz Q;fitﬂtcélrolg Ogu??srts?;fi?;ngt'%ldlﬁggi% tin)a;]n-
subassembly dimensional quality in the following ways: gwih ag . | ayQ ) predic
of workpiece deformation during fixture design process. Fixture

i modeling and design has been thoroughly studied and significant
*Corresponding author. results have been achievid]. Based on the part characteristics
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Press 1 Press 2 straint on precise part deformation prediction, and further limited
the improvement of part dimensional quality and production rate

r—ir e rencte | e —le— [ caused by material handling.
This paper attempts to resolve the aforementioned challenges
L p— ) *** by developing a dexterous part-holding mode_l which r_nodels the
vacuum cup type of end effectors as several linear springs config-
e EA ured in a 3-D space. By the term “dexterous,” we mean that the
;; effector - 3\\\ Die model incorporates flexibility necessary to reflect the real charac-

teristics of the industrial end effectors. This dexterous model dif-
fers from dexterous hand study in robotic research, where the
Fig. 1 An example of a material handling system in a stamping robot hand has many degrees of freedom and each finger and joint
line can be individually and independently drivEal]. In this paper,
the presented research is focused on developing an accurate part-
holding model to precisely describe the characteristics of a given
vacuum cup-type of end effector, and therefore, to precisely pre-
parts, the functional configuration of fixture is often based oglict part deformation during the material handling process.
kinematic and mechanical methods such as screw t&gyand In order to develop such a model, first, the structure of the
force equilibrium equation§7]. In his research on constructingdexterous part-holding end effector model needs to be designed.
force-closure grasps based on the shape of the grasped ob@stond, values for some of the critical but unknown parameters,
Nguyen [8] classified the locators as frictionless point contackuch as cup stiffness and effective diameter, need to be estimated
hard-finger contact and soft-finger contact. DeMg@3rexpanded based on the handling motion direction and velocity profile, part
the fixture design research by considering the planar, spherical angight and other handling factors. The accurate estimation of dex-
cylindrical surface contacts between the workpiece and fixtuterous model parameters is critical for the development of the
elements. Different approaches have also been developed for fixadel.
ture design optimizatiop10—-12. This paper is organized as follows: Section 2 presents the struc-
Much less research has been done on fixturing for compliaiire design of the dexterous part-holding model. Section 3 pre-
parts. Lee and Hayn¢43] proposed a finite element model of thesents the methodology for the dexterous model parameter estima-
fixturing system analysis for prismatic parts. This research consiibn. The developed methodology is then validated through a case
ered workpiece deformation and stresses as well as the frictistudy and experiments, which are presented in Section 4. Finally,
between the fixture element and the workpiece. Based on ti§iection 5 presents summary and conclusions.
finite element analysis model, many approaches to the optimal
fixture design for compliant sheet metal parts have been devel- The Dexterous Model Structure Design

oped[14-17. Most recently, Ceglarek et dl1] extended the tra- s .
ditional fixture design scenario to the material handling of sheetThe methodology for development of dexterous part-holding

metal parts by adding movability conditions. Although their engnd effector model includes the dexterous model structure design

I e nd the model parameter estimation. In this section, we present
effector layout optimization methodology can significantly reduc; %w to build a dexterous model geometry for a given cup diam-

part deformation during the handling process, the end effecto%rter and cup height

were modeled as rigid points. This can be applied to materi Ny .

handling systems that use shovels or fingers as end effectors. deirr? ;r: :‘V;?] dlfilr?dso?fsﬁzgihr?:gzgf] e;?siﬁe;togfaéommﬂmg-
However, a significant number of material handling systems u g p pIng fine:

vacuum cup type of end effectors to handle large stamped spidguum cups and fingers or shovels. Fingers or shovels are usu-

metal parts. The vacuum cups have some translational andct?y used to transfer small and rigid parts. Vacuum cups are usu-

. ; i . y used to transfer large and flat sheet metal parts. In general,
sional motion flexibility in 3-D space relative to the part handle P]%re are three types of commonly used vacuum suction cups:

The rigid point model does not represent these characteristics Sr
thus cannot predict part deformation accurately. Furthermore, w?t%unq’ round convoluted, and oval cups, as shown in Fig. 2.
This paper develops a model for the round vacuum cups. The

rigid models, the prediction accuracy of part deformation is n(ét veloped methodology can be easily expanded to model the con-

consistent in the whole domain of end effector holding position
layouts. For some end effector layouts, the rigid model is ever?IlJtEd and oval cups. The key parameters for the round vacuum

; h . .~ tups arei(l) cup material,(2) cup diameter, and3) cup height.
unable to estimate part deformation mode corre@ge Fig. 15 in - ;
Section 4.4 for more detajls One of the characteristics of the round vacuum cups is that one

ggd, near the holding socké&tup-to-frame join, is fixed without

While there are a number of techniques for modeling conta )
region deformatiofi18,19, in general, these consider the effect o y degree of freedom to move; the other end, near the handied

: ; ; ; : : art (cup-to-part joint, can move along with the part due to the

static loadings on quasi-static workpiece deflection. They assuﬁ)\e L e :
; . LA . elasticity of the end effector materiéFigs. 2 and 3 This char-

a workpiece to be an elastic body in frictional contact with ngu? L . - .

elements. This assumed condition is very different from the WOI’Q—; teeang;|ga;jet;§e'|:gﬁrsesgﬂt.i?)|3% a;gﬁtgfrpe;fof%:gg;’ which this

ing conditions of material handling of sheet metal parts, which@P P 9

have been described by Ceglarek et[all. Yeh and Liou[20]

proposed a modeling technique to monitor the contact conditions

based on dynamic response frequencies of a fixture system. =
virtual spring element based on the Hertz theory was used Height
recapitulate fixture contact conditions in finite element modelin |

This research cannot be applied in material handling since t

contact stiffness in this research is estimated through forc
deformation ratio at contact point, which is invalid in materia Dismet
handling for compliant sheet metal parts as vacuum cups cani _ =meter

be represented by parallel linear springs.
All the above mentioned research has significantly advanc

fixture design for sheet metal parts and is helpful for part defa Round cup Round convoluted cup Oval cup
mation control during the material handling process. However, the
lack of a dexterous model of end effectors has imposed a con- Fig. 2 Commonly used vacuum cups
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Fig. 5 Approximating the cup size in the spring model

/7/ VA /\y 7 // in order for the FEA model to rur(a) to employ shape functions
i r /\/ / for the finite element(b) to locally remesh the handled part, @y

VAVAVED. SV

to approximate the cup diameter in the spring model. Employing
shape functions can guarantee an exact size of the spring model;
* however, it needs more effort in generating the model. Locally
remeshing can generate a uniform spring model wherever the end
effector is located, but more efforts are required in the remeshing
process. On the other hand, the approximation of the cup size in
the spring model avoids the efforts of employing shape functions

The structure design of the dexterous model is based on twod remeshing, though the accuracy depends on the mesh resolu-
steps: tion and may be reduced in some cases. Figure 5 illustrates the
- - approximation approach.

1 Defining cup-to-frame and cup-to-part joints. The cup-to-", Fig. 5, four areas represent the possible regions that each of
frame joint is usually designed as a rigid point. It is simulated e cp-to-part contact points could be located. The regions are
the same manner as in the dexterous maHg. 3. The cup-to- % termined by the spring model structure design such as the num-
part contact region, for round cups, is a ring with large and sm Er of springs and their orientations. Within each region, the node,
diameters, which are determined based on the cup’s initial diajpich has the shortest distance to the ideal cup-to-part contact
eter and the dynamic parametévacuum level, part weight, eC. ¢irje s selected to be the cup-to-part contact point. Therefore,
It is simulated as a circle. The diameter of the circle will bgyitterent springs may have different lengths and form different
determlned _b_y the approach presented in S_e_ctlon 3. . angles to the cup-to-part contact plane in the spring model. For

2 Discretizing the simulated cup-to-part joints. The circle rRsxample, spring lengths of AB and AE in Fig. 5 are different.
resenting the cup-to-part joints is discretized into a series 0f i .an be seen that in the approximation approach, the accuracy
points. By connecting these points with the simulated cup-t@z {he spring model depends on the mesh density ’Of the part. A
frame joint with linear springs, we can obtain a dexterous modg, er mesh can lead to a more accurate spring model. This is due

(Fig. 3. to the fact that when the mesh size is smaller, each end effector

The slippage of the handled part relative to cups is not allowégodel will cover a higher number of finite elements. Part defor-
during the transfer process. Otherwise the part may be damageation caused by changing the end of the spring from inside of
during handling as discussed in Section 1. Thus, the cup and thé mesh element to the node of this element is of less importance.
handled part are in contact without any slippage at all times dutherefore, it is acceptable to use the closest node of the mesh
ing a successful material handling process. Therefore, the stalement as a position for location of the end of the spring in the
friction in the cup-to-part contact region is reflected through throposed model. It can be observed that sensitivity of such ap-
reaction forces on the node. proximation varies with the end effector layout changes.

Due to the geometric complexity of the sheet metal parts al . .
the part-holdingg end effectors, Fin)i/te Element Anal;(:ﬁEK) is %d Dexterous Model Parameter Estimation
used for modeling and simulation, specifically, ABAQUS soft- After designing the structure of a dexterous end effector model,
ware. In ABAQUS, each spring in the dexterous model is treatéde key parameters of the model need to be selected and deter-
as a spring element. Figure 4 shows an example of the dexteranised. This section presents the procedure to estimate the key
model consisting of four springs. Point A represents the cup-tparameters of the model. The key parameters in the dexterous
frame joint. Points B, C, D, and E represent discretized cup-torodel are stiffness, diameter, and height. Table 1 lists the part-
part contact points. Line segment AB, AC, AD, and AE represehblding end effector types and key parameters for the end effector
the four springs. Point F is the orthogonal projection of point And for the dexterous model.
into the part plane. The key cup parametef&CP) cannot be used directly as key

Generally, in the dexterous model of vacuum cups, it is likelpnodel parameteréKMP) in the dexterous model for two main
that the cup diameter represented by points B through E does redisons. First, the end effector stiffness is difficult to test. We can
coincide with the FEA nodes. Thus, three approaches can be usety test the equivalent

~N
=]

N
N
N
N
N
\
N

Fig. 4 An example of a dexterous part-holding model

Table 1 Summary of end effector types and the key parameters

End effector types Vacuum cup types Key cup parameters

(KCP)

Key model parameters

(KMP)

Round

Vacuum cups

Fingers or shovels

Round convoluted
Oval

(1) Stiffness ,
(2) Diameter d,_

(3) Height A,

(1) Stiffness %,
(2) Diameter d,,

(3) Height &,
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stiffness of the cup in the direction of its axis by recording the
loading and the cup extension or contraction. However, how the
cup stiffness can be decomposed in the spring model is not

| FEA mesh of the part | I End effector layout l

straightforward. Second, the developed dexterous model and the |D‘3"t"‘°“S model of part-holding end effector |
real cup are only functionally equivalent. The dexterous model Il
parameters do not physically map those of the real cup. This can lLoadingand boundary conditions |

be explained by analyzing the stress conditions inside the cup
material. For example, in the static holding, as shown in Fig. 3,
the end effector partly adheres to the part surface. Since inside the
cup is a vacuum, the cup is in a compressed state. In the spring - 3
model, however, the spring undergoes tension and is in an elon- ga“ deformation contour represented by the
. eformation of the key characteristic points
gated state. Therefore, the measured stiffness of the cup cannot be
used as the stiffness of the spring. Additionally, during transfer
motion the cup-to-part contact area may vary during different
transfer processes and depends on the vacuum pressure level and
handling dynamic loading conditions. This means that the effec-
tive end effector diameter will change as well. Therefore, the ini- _ o .
tial cup diameter cannot be taken as the effective diameter for the=igure 6 shows the flowchart of the part deformation simulation

| FEA calculation |

Fig. 6 Flowchart for the part deformation simulation

model. procedure. First, the FEA geometry mesh of the part is established
The goal of the dexterous model parameter estimation is ifgcluding its initial curvature. Then, at a given end effector layout,
determine the following relations: the dexterous end effector model is generated by the method pre-
sented in Section 2. Next, loading and boundary conditions are
km="fa(ke,dc,he) +eq applied to the whole model, and part deformation is calculated. In

_ the output, part deformations at predetermined key characteristic
din="fa(ke,de.Ne) + e, @ points are recorded. The key characteristic points are selected by a
h=fa(ke,do,ho) + &5 product designer to reflect the critical discrete points used to de-

termine an acceptable deformation contour of the whole'part.
wheree;, g, and g5 are estimation errors caused by the end Figure 6 shows the procedure for one simulation cycle. At each

effector layout, handling dynamics, and part geometry, nd end effector layout, a total ofn simulations are conducted. A

f,, andf; are unknown functions to be identified. design of simulation§DOS) approach is used to organize the
The whole procedure for the dexterous model parameter esfbnducted simulations. The purpose of DOS is to understand the
mation includes the following key steps: overall part deformation behavior quantitatively. In addition, it is

one part of the parameter estimation approgge Section 3)2

1 End effector layout selectio total number oM end effec- The design variables used during simulations are the dexterous
tor layouts are selected for conducting the FEA simulation. Th odel stifiness, diameter, and height. The number of levels for

selection of the end effector positions depends on the part def ich variable is determined based on the practical experience fol-
mation modes of interest. For example, for a rectangular blal ge th | quideli din th % : pr . t
held in static condition, if end effectors are placed near the cen Olng € genira 2%”' elines used in the Lesigh of Experiments
of the part, its deformation mode is a convex curve as shown i B) approache$26].

Fig. 9 of Section 4.1.1. When end effectors are placed near the3.2 Data Processing. After conducting the simulations, the
edge of the part, its deformation mode is a concave curve @sformations of thevl sets of simulated key characteristic points
shown in Fig. 11 of Section 4.1.1. Based on the number of modgg obtained. Each simulation set includessimulations with

of interest, one can select the positions to place the end effectafferent stiffness,,, diameterd,,, and height,,. Data process-
The number of end effector layoutequal toM) depends on the ing includes the following steps:

required estimation for accuracy and robustness. More accurate . )

and robust estimation requires the FEA simulation to be con-1 For each one of thea simulation results at each of té end

ducted for a larger number of end effector layo(stse Section 3.2 €ffector layouts, deformation of the key characteristic point is ex-
for detailg. pressed as a polynomial equation by fitting all the deformation

2 FEA simulation At each of theM end effector layoutsm ~data:
FEA simulations are conducted. The number of simulatiegsial

to m) depends on the number of intended values for each variable n .
to be estimated. The number of levels should be selected such as Y_fit=2 axX'=ax"+a,_ X" '+---+ax+a;  (2)
to span the real cup parameter range. More details are presented in =0
Section 3.1.
3 ExperimentsExperiments are conducted to test for part dayherea; is the coefficient of the polynomial functior represents
formation at each of thi! end effector layouts. the coordinate along the line passing key characteristic points, and

4 Data processingThe dexterous model parameters are est is the order of the polynomial equations.

mated by developing an algorithm based on the simulation datap The relationship between each coefficiant(coefficient for
and the experimental results. Details are presented in Section i8.and the variables,,, d,,, hy, (represented b, d, and h

3.1 Part Deformation Simulation. The purpose of the FEA '€Spectively, in the following equatiopss derived by the least
simulation is to investigate part deformation behavior under givéifiuare curve fitting for all the above polynomial equations.
key parameters of the dexterous model. One important finding in
conducting this research is that sheet metal blanks usually have ! QL 4
internal stress due to coiling or decoiling processing, and there- aj=2 cik'+2 sjd1+2 w,h"+ajq 3)
fore, show some initial curvature in the natural status. When a =1 =1 r=1
blank is held by end effectors on its two different surfaces, the
deformation contour of the blank is different. This phenomenon 1'I'_h_e key characteristic points are used to define the most important and most
must be considered in the simulation since it sianificantly im acfgnsmve features of the produgioints on the product where excess variation will

. X s g. y .p most significantly affect product quality and performanead of the procespoints

the final blank deformation. The initial curvature is reflected in th\ﬁhich are used to control the manufacturing process in order to maintain the product
FEA mesh of the handled blank. quality, for example, fixture locatorsSee[22—25 for more details.
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wherec;, s; andw, are coefficients for polynomial equation ofsystem. The end effector locations vary along the lipe
stiffnessk, diameterd, and heighth, respectivelyl, p andg are =70 mm. The initial shape of the part is convex with the center
the order of the polynomial equation kyfd andh respectivelya;,  point 30 mm above the edge poir(fsig. 8.

is the residual constant after the fitting. . . .

oy S, .80 E3, v (s oxprssen 411 FEA St In e FEA ey HYPERMESH
by & function ofk, d andh. the analysis and the post-processing. The part was modeled using

Y_fit=1f(k,d,h) (4) shell elements with mesh size of 10 mm by 10 mm. The geometry

4 The expermenal tata are used o estmate o valesar 7S50 U SSTple pat s shown 1 7. & In i, 9, e pes
andh. The values ok, d, andh should minimize the difference 1870, 261 1183 1162 1319 1310. 1275 643. 634. 616. 770
betweenY_f_lt and the experimental de_formatlon curve for all the720, ’and 7’34 aré Selec’ted aslkey cﬁaracte’ristic ’pointls WhO’SE dé-
M cup holding layouts. The problem is then transformed to thf‘armation represent the deformation contour of the sample part.

following optimization problem: A DOS is performed to determine all parameters of the dexter-

M N ous model. The dexterous model used in this case study is a
minz E [Y_fit(x)—Y_tesi(x;)]? 4-spring model constructed as shown in Fig. 4. The height in the
j=1 (i=1 i spring model has relatively less impact on the holding-induced

. ®) part deformation. Therefore, as a starting point, we will take the
with:k=0,d=0,h=0 height of the physical cup as the height in the dexterous model.
wherex; represents the key characteristic point, &hid the num- Following the acceptable variable ranges in real industrial appli-

ber of key characteristic points. cations, the value for each variable at each selected level is set as
5 The spring stiffnes&, diameterd and heighth are obtained follows:
by solving the above optimization problem. 1 spring stiffnesgN/mm): 0.5; 1; 2; 5; 10; 20; 50; and 100

2 dexterous model diametémm): 20v2; 40v2; and 10072

4 Validation of the Developed Methodology 3 dexterous model heiglitnm): 10

Spring stiffness is the most critical parameter in the develop-

. ent of the dexterous model. The stiffness value 0.5 N/mm stands
_procec_iu_res of the previously p_resented methodology and to VeIHf the softest spring, and 50 N/mm stands for the hardest spring
its validity. The sample part is a steel sheet metal blank Wlw ’

; . . sed in industrial application to handle parts similar to the pre-
d|men5|ons_of 924 mm _by 260 mm by 0.6 n{h?lg_. 7. , .. sented case. We have also added stiffnegs=af00 N/mm to test
The elastic modulug is 2.07x 10° MPa and Poisson’s ratio is 1o gexterous modeling limitations for cups which behave ap-
v=0.3. The center of the part is set as the origin of the coordinglg,imately as rigid points in considered cases. The simulated
deformation is more sensitive to the smaller values of stiffness
than the larger values. Thus, more stiffness values are selected at
the lower end of the stiffness rangeose to 0.5 N/mm A general
! guideline for selection of variable levels in design of experiments
«> ! «> T is presented in Wu and Hamag26).
' The end effector holding positions are selected at
— | 260mm  ==+200 mm andx= =400 mm to represent two different defor-
o i o mation modes of the part. Later, we will uge=200 mm andx
i =400 mm to indicate these two layouts. The three aforementioned
dexterous model diametersvX) 40v2, and 1002 will be repre-
> sented in further description bgt=10 mm, d=20 mm, andd
=50 mm respectively. This representation links the dexterous
Fig. 7 The sample part and the coordinate system model diameters to the multiplication of the mesh iz@ mm in

4.1. Case Study. A case study is performed to illustrate the

A

(a) Top view

o W 1 | 557 1970 261 T3 Y62 O e
e VA 13V 198 18T 1870260 T -

gy 23 293 2%

(b) Front view

Fig. 8 Geometry mesh and target points for the sample part
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Q
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Fig. 9 Simulation for x=200mm and d=20 mm

this cas¢ and does not represent exact diameter of the modelsith the largest stiffness equal t#o=100 N/mm, FEA analysis
however, this notation helps to visually locate the model. Followconducted using ABAQUS divergdthus, a total of 21 simula-
ing the procedures presented in Section 3, we ha¥e:2, and tions were conducted This does not affect the accuracy of the

m=24 (8*3*1). Figures 9 through 11 show some selected exresented result&ee Fig. 18 however, it allows for the assess-
amples of the simulation results. ment of limitations of the FEM-based dexterous model. It is sug-

We can see that end effector holding positi¢ks 200 andx tg)gsﬁr?gréhgtpg)rgmieateen?oeﬁggt(;rsr i\évii(tjhp;/c?im 'g‘rr]%eesftff&gfsn%‘gglugs
:430)|,ds_pr|ngt stéff_nggik:dosahl; 2; 5, 10; 20t, 50 anci éﬁ)?nd presented in Ceglarek et 4l] instead of a dexterous model.
moade _E\n?qe efd= f";fn 0 have an impact on p?r €I0rma-" The computational cost depends on the number of simulations,
tion. With the same stiffness and dexterous model cup diametgriape values, and holding positions. For each simulation, it took
different holding positions cause dramatically different part defoffom several seconds to 20 minutes of CPU time on a HP 9000/
mation cqntours{compare Figs. 9 and 11The sensitivity Of. Part =110 workstation with 128 MB RAM. For example, when hold-
deformation to the stiffness increases when holding positions ’

. . 819 position is ax=400 mm), stiffness ik=20 N/mm and sprin
near the edge of the paompare Fig. 9 and Fig. 1lor when the d%rﬁeter isd=20 mm, the total CPU time is 334 secondsp. Cgm-
spring model diameter is largécompare Fig. 9 and Fig. 10 ’

. . utational time increases for larger values of stiffness and for
It should be also noted that for simulations of dexterous mOdGﬁ%Iding position at= 400 mm
with very large values of stiffnes&) FEM simulations may not '

converge due to some FEM-based numerical problems. For ex4.1.2 Dexterous Model Parameter Estimatiorin our study,
ample, for the case when part is held at positien400 mm, and the origin of the coordinate system is set at the center of the part

£

E

c

g —e—k=0.5
§ —~a—k=1
& —a— k=2
.g. k=5
-~ —x—k=10
g —e—k=20
b —+— k=50
£ ——k=100
8

=]

0 5 10 15 20 25
Target points

Fig. 10 Simulation for x=200 mm and d=50 mm

Deformed target point position (mm)

01234567 8 910111213141516171819202122232425

Target points

Fig. 11 Simulation for x=400mm and d=20 mm
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geometry, thus, resulting in part deformation to be symmetric aigg
therefore, the polynomial equation for each individual simulatio
curve is an even function. Curve fitting and model order selectic &
procedure was based on the comparison of residual errors ¢
resulted in selection of the 4th ord@esidual error is on the same
level for 4th and 6th order modgld.e.,n=4. The generic equa- |l
tion for the 4th order even polynomial function is:

Y_fit=a,x*+a,x’+a,

The relationship between each polynomial coefficient and tt
stiffnessk and diameterd (as presented in Eq3)) is found
through curve fitting. The model fitting procedure conducted
determined by residual error and coefficient of determinati®?) (

[27]. The principle is to select the lower order model satisfyin
residual error criterion an&?. The linear model is adequate re-

garding the relation for holding position at 200 mnR%

=0.966), and acceptable for holding position at 400 iRt (
=0.844). The relations between part deformation and the stiffness

k and cup diameted is as follows:
For holding atx=200 mm,

a,=—5.0x10""k—1.2x10 °d+6.09x 10~ *

a,=5.0<10 *k+9.0x 10 *d—4.84x 10" * (7
ap=3.93x10 %k—1.19x 10 *d+33.3
For holding position ak=400 mm,

a,=6.9<10 %k+8.0x 10 'd—4.98x 10 *

a,=—9.2x10 3k—1.4x 10 3d+2.94x 10 * (8)
ap=1.1%—2.11x 10 2d—19.9
Therefore, we get

Y_fit_200=Ak+B;d+C; ©

Y_fit_400=Ak+B,d+C,

whereA,, By, Cq, A,, B,, C, are functions of the target point

positionx.

Fig. 12 Experimental setup and the test sensor

1 Part. The part dimension and material property are the same
as that used in the simulatiagsection 4.1

2 Cups A set of cups is used in the experiment. The cups used
are also shown in Fig. 12.

3 Cup layouts The layouts ak=200 mm andx=400 mm are
used for model parameter estimation. Different layouts are used to
verify the validity of the developed modeling and parameter esti-
mation methodology.

4 Measurement devicdDC Fastar sensor is used to test part
deformation. DC Fastar is a fast response transducer that measures
linear displacement and absolute position. Its resolution is 0.001
percent of the full measurement range. The sensor used has a
4-inch measurement range, thus the resolution jgril

5 Data acquisition systemLABVIEW software is used to
record the sensor signal in voltage reading.

4.3 Experimental Verification. To verify the validity of the
proposed dexterous model parameter estimation algorithm, a new
end effector layout ak=250 mm is chosen to conduct both the
simulation and test. Since the model diameter cannot be randomly
set for testing, we usedl=20 mm to conduct all simulations. The
value of d=20 mm is very close to the value of presented in
Section 4.1.2. The stiffness used is equakt01.13 N/mm.

The obtained results for both simulations and experimental test-
ing are presented in Fig. 13. The maximum difference between

The experiments were conducted using the experimental setup
and equipment described in Section 4.2. The final fitting problem

as described in Eq5), i.e. the optimization problem, is trans-

formed to minimize:
23 23
> [Y_fit_200(x;) — Y_test 200(x;) 12+ >, [Y_fit_400(x;)
i=1 i=1
—Y_test 400x;)]?

with:k=0, d=0 (20)

This is a quadratic constrained optimization problem with var
ablesk and d. The following result is obtained by solving this

problem:k=1.13 N/mm,d=18.72 mm.

4.2 Experimental Setup and Equipment. A test-bed for

Simulation and test data for x = 250mm

tion (mm)

®
o
a

the experimental verification of the methodology was set up
investigate the sheet metal part deformation behavior under ¢
ferent holding layouts as shown in Fig. 12. The tested part, nec-
essary equipment as well as data acquisition system are as fadr 13 Comparison of the simulation data with the experi-
lows: ment data

Target points
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simulated and tested part deformations is 3.15 mm. The obtairt@zshal DOFs are constrained, aMbdel (4): all the translational
results satisfy industrial requirements for part handling positicand rotational degrees of freedom are constrained. Mo2el
accuracy(smaller than 6 mm simulates the deformation when the material flow is allowed be-

Remarks:In the presented case, two holding layouts used féween the end effectors, Mod€8) is similar to Model(2), but it
dexterous model estimation were sufficient to obtain the modé&ioes not allow the rotational DOFs at the end effector locations.
which is valid for various part holding layouts within presentegiMulations were conducted for two end effector layoutsx at
application domain. It can also be concluded that parameter esti200 mm and ak=400 mm.
mation of dexterous model by using a larger number of part hold- The simulation results for all four rigid point models and the
ing layouts will allow for higher accuracy of model and expandest data for two part holding layouts are presented in Fig. 14 and
validity of the model for larger domain of different part holdingFig. 152 It can be seen from Fig. 14 that when a holding position
layouts. However, in industrial practice, one would like to use as atx=200 mm, only Modek2) can predict part deformation to
small a number of layout as possible in the model parameter ¢ise accepted tolerance limit of 6 mm. The accuracy of the other
timation procedure as long as the accuracy satisfies the requitgsdels exceed required tolerance limit. On the other hand, it can
ments in the application domain. be seen from Fig. 15 that when a holding position isxat

=400 mm, none of the four models can predict the deformation
within the accepted tolerance limit. Moreover, modéls (3) and

4.4 Comparison with the Rigid Point End Effector Model.  (4) do not predict correct mode of part deformation. The presented
In order to demonstrate the advantages of the proposed dexter@islts suggest that no rigid point models can predict part defor-
model over the rigid model proposed by Ceglarek e{H], we mation with sufficient accuracy simultaneously for various part
conducted simulations of four different rigid point models anﬂolding layouts required for a given application of handling parts

compared them with experimental testing of handling sheet me{@ling vacuum cups. It can be concluded that for compliant sheet
part held by 4 vacuum cups. The four different rigid point modedlf|

- . . Metal parts, handled by material handling system with vacuum
are generated by applying the following varying boundary condyps, a dexterous model is more appropriate. The rigid point mod-
tions: Model (1): all the x, y, andz translational degrees of free- !

dom (DOF) for all four end effectors are constrainddpdel (2): els can be very effective for sheet metal parts handled by grippers,

the four end effectorédenoted byE;, i =1, 4) are constrained as shovels or very rigid vacuum cups.
follows: E;: all x, y, andz DOFs are constrained,: x and z
DOFs are constrainedE;: y andz DOFs are constrained,: z

2 ' . .
DOF i nstrain I “the four en ff r r n- It needs to be noticed that the curve of mogBlis overlapped with the curves
OF is constrainedMode (3) the four end effectors are co of modesl(3) and(4) and cannot be seen in Fig. 14. The maximum distance between

strained as followsE; : all translational and rotational DOFs arye o curves is smaller than 0.35 mm. In a similar way, the curve of maglés

constrainedE,: X,z and all rotational DO'_:S are constraingt;:  overlapped with the curve of modéd) and cannot be easily seen in Fig. 15. The
y, z and all rotational DOFs are constraindg},: z and all rota- maximum distance between the two curves is smaller than 0.12 mm.
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Fig. 14 Rigid point models comparison for holding layout position at 200 mm
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Fig. 15 Rigid point model comparison for holding layout position at 400 mm
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Fig. 16 Desired part deformation contour

4.5 Comparison of Optimal End Effector Locations. One 5 Conclusions
of the most important applications of part deformation prediction Materi . . . .
is for the end effector location optimization. Ceglarek et[al. aterial handling pf compliant sheet m'etal Is a critical yet un-
have presented an end effector location optimization technigflé’researched area in sheet metal stamping. One of the most chal-
based on a rigid end effector model. We applied this technique!f19ing issues is the elastic part deformation during the handling
a sheet metal blank using both the rigid model and a dexteroRi@cess, which significantly impacts both part dimensional quality
spring model. We selected the most appropriate case for the rigiad the production rate. The elastic part deformation increases the
point model to better understand its impact on the layout optimpossibility of part nesting error in dies, part distortion during con-
zation. The objective function of the optimization is to minimize¢act with die as well as potential part-system interferences. It is
part deformation from a given die conto{it]. This objective very critical during material handling to control elastic deforma-
function is used for handling sheet metal blanks before the fingdn of parts. This paper advances previously developed material
stamping operation and is formulated based on the premise thghdling end effector layout optimization methodology for rigid
when part deformation shape is the same as the die contour, fagnt end effectorl] by developing a dexterous part-holding end
gﬁgggi:g;?rv;igig']m'zed and the stamped part has miniMUftector model. This model overcomes the shortcomings of the

> ye e . .__rigid point part-holding end effector model by predicting part de-

The investigation is based on a s_heet metall plate W't.h a s'Zef8gtmation more accurately for various modes of deformation and
960 mm by 260 mm by 1 mm. The die contour is approximated t} r a domain of ) : . - -

part-holding end effector location. This is espe

the curve shown in Fig. 16. Five critical points on the sheet met Vi tant for handli : ith t f
plate were selected to represent the entire deformation of the pcdﬂl y important for handling systems with vacuum cups type o
d effectors widely used for handling large sheet metal parts. In

and are also shown in Fig. 16. The objective function used for t5&d € - :
optimization is to minimize the standard deviation of part defo@ddition, it generates more accurate optimal end effector loca-
mation from the die contour as measured at five selected critidi@ns, which can be used to improve the material handling tooling
points. design. The presented results showed that no rigid point models
The optimization results are listed in Table 2. The optimal engn predict part deformation with sufficient accuracy simulta-
effector locations are schematically shown in Fig. 17. It can beeously for various part holding layouts required for handling
seen that with the developed dexterous spring model, the resultpatts using vacuum cups. It can be concluded that the dexterous
optimal end effector locations are different from those when usingodel is more appropriate for compliant sheet metal parts handled
arigid point model even for the case of using the most appropriai¢ material handling systems with vacuum cups. The rigid point
rigid point model. Thus, it is also suggested when to use thgodels can be effective for sheet metal parts handled by grippers,
dexterous model in optimizing handling layout for part transfeghovels or very rigid vacuum cups.
using vacuum cups. The dexterous end effector model design method and an algo-
rithm for estimation of model parameters are developed. The al-
gorithm combines data from design of computer simulations and

Table 2 Optimizati It . . . g .
avie plimization resutts from the set of experiments by integrating finite element analysis

Objective function Optimal locations and a statistical data processing technique. Experimental studies

are conducted to verify the developed dexterous cup model and
Rigid point model 43.8mm (-292.1, -70.0), (-292.5, 69.0), the model parameter estimation algorithm. The parameter estima-
tion algorithm provides accurate estimation of model parameters

(223.7,-76.8), (223.8,77.1) valid for a selected domain of part holding layouts based on ex-

periments with only two pre-selected layouts. The developed

Dexterous model 42.2mm (-269.6, -56.4), (-268.8, 56.2), model and methodology provides an analytical tool for product
and process designers to be used for accurate prediction of part

(231.8,-64.7), (238.6, 60.7) deformation during handling which further leads to minimization

of part deformation and improvement of part dimensional quality
and rate of production.
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