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Abstract: Modeling and robotic handling of a plastic box buckle is discussed in this paper.
The closing mechanism of the box buckle is simulated to determine the characteristic of the
nonlinear load-deflection curve. An intelligent end-effector was designed and manufactured to
handle the assembly with a robot. The closing force is measured by a built-in load cell and its
values are processed by a micro-controller. The intelligent end-effector can be used in a robotic
system, which deals with different snap-fit applications.

Keywords: Robotic assembly, Snap-fit, Nonlinear finite element method, Intelligent end-
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1. Introduction

The human haptic concept is important for numerous manual assembly operations
[1]. Nowadays more and more companies change from the manual assembly to the
automated one, which can be carried out by e.g. industrial robots. In general, industrial
robots cannot provide haptic feedback [1]. Position-based assembly with industrial
robots may raise assembly uncertainties [2]. Besides prescribed positions, it is a key
feature to measure assembly forces.

Although commercial force sensors for robotic operations are available [3] but these
sensors are relative expensive and can provide only restricted programming capability
for tasks, which may have loss of stability. In this paper an intelligent end-effector is
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applied to find the releasing point of e.g. snap-fit joints [4], [5]. The load-deflection
curve of most of the snap-fit elements contains an unstable branch. There are several
approaches to develop an end-effector, which contains load cells [6], [7].

The main purpose of this paper is modeling and simulating the closing process of a
plastic box buckle using nonlinear Finite Element Method (FEM), then to compare the
results obtained via an industrial robot. An intelligent end-effector has been developed,
which contains a load cell to measure the forces during the assembly operation and a
Micro-Controller (MC), which processes the measured data in order to determine snap-
through point.

2. Modeling and simulation of the closing process

A plastic buckle of a box is shown in Fig. / and its mechanical model can be seen in
Fig. 2. The buckle element consists of three joints A, F, G. The curved beam has a
radius R=70 mm. Angle ¢, and ¢, of the curved beam D-E are equal to 2.35 rad and
0.93 rad, respectively. The beam structure is subdivided to 12 straight 2D beam FEM
elements and it contains 13 nodes. The point C is on the wall of the box where the
buckle may have contact, in the initial configuration there is a gap / between point B
and point C.

.t

Fig. 1. The plastic box buckle Fig. 2. The model of the plastic buckle

The beam elements may suffer large displacements and rotations, small strains
without shear deformations. These structures can be modeled with co-rotational
approach or total Lagrangian description [8]. A beam element is shown in Fig. 3 in two
configurations, i.e. the initial and current configurations. The previous one has an angle
fo and the later one has an angle a, which is measured from the initial configuration.
The deformed configuration is given by the angle f. The global nodal rotations of the
first and second node are denoted by ®; and @,. The local nodal rotations @y, @,;, due to
deformation can be given in a local coordinate system X}, V).

Pollack Periodica 15, 2020, 2



96 L. RONAI, T. SZABO
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Fig. 3. Definition of the initial and current configurations

Souza published a formula for the local nodal rotations to determine its value
without any limitation [9]:

o1 = tn[@u)J o] COSBIsnB ~sin(B)cos(p "
1 cos(@y)) cos(B)cos(p)) +sin(B)sin(5)) >

O] = arctan[ 2)

sin(@»;) ) — arctan cos(B)sin(B,) —sin(B)cos(f5,)
cos(@7)) cos(B)cos(f,) + sin(B)sin(f,) ’

where 51 =01+ Sy, fr =0+ .
A local internal element load vector ff contains axial forces N, N, end moments

M;, M; of the beam and shear forces V;, V. A nodal displacement vector q° consists of

axial nodal displacements u;, u; lateral nodal displacements v;, v; and nodal
rotations@i, 5j. A tangent stiffness matrix K¢ of one element is the sum of a local

linear Ki and a local geometric stiffness matrix Kf;w :
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K7 =K] +K§g. )

The linear geometric stiffness matrix is given by

I @ O O _ ﬂ O O |
Ly Ly
0 12EI  6EI o _12EL  GEI
3 12 3 12
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0 6EI  4AEI o _OEI 2EI
Iz Ly 2 L
Kj = AE X AE ’ ’ )
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where A is the area of the cross section, / is the area moment of inertia, £ is the Young’s
modulus and L, is the length of the beam element.

1 0 0 -1 0 0
L L
0 6 Ly 0 _6 0
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The geometric stiffness matrix can be produced with different ways; one of them is
to develop the geometric stiffness matrix (5) from the displacement approximation
based on the interpolation functions and the principles of the virtual displacement [10].
The second term of the internal virtual work, which contains the nonlinear increment of
the strain, can be used to formulate the geometric stiffness matrix.
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Another way is to build the matrix based on virtual work calculated by the nodal
internal forces and nodal virtual displacements [8], as it is shown in the next equation,
where u; is the local axial displacement,

0 Mty MM
L L
2 2 2 2
Lg L Lg L
76 0 o 0 0 o 0
Kb = v - ©)
2+M1 M2 +M1
0 s 0 0 2 0
L L
M2+M1 AEM] 0 M2+M1 AEul 0
2 2 > 2
Lg Lg Lg Lg
0 0 0 0 0 0]

Before assembling the elements transformation T/ is applied to obtain the global

element nodal forces and stiffness matrices into Cartesian coordinate system:
€ 7 €
fe=TIf!, K¢=TIK/T,. @)
The vector of the loads and the stiffness matrix of the complete structure are written as

f;=3f¢, K,=YK¢. ®)
e

e

Newton-Raphson iteration s=1, 2, 3,..., method is used to determine the nodal
displacement vector:

I+Atq(s):t+Atq(s71) +Aq(s) , 9)
where Aq(s) consists the increment of the nodal point displacements.

t+AtK§S)Aq(s):t+Atf15S) _t+Atg(s=D) (10)
1 b

where {+A? fL(lS) is the vector of the kinematical load in iteration step s at time t+A¢. The

iteration is terminated when the relative error of the unbalanced loads is smaller than a
prescribed value &.
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t+ A () _r+Arg(s7D)
1

<1078, (11)
t+Ath5S)

2.1. Simulation results

A special purpose FEM program has been developed under Scilab program system.
The program can handle elastic flexible 2D beam structures undergoing large
displacements and rotations but small deformations, friction is not considered.

The material of the plastic buckle is PolyPropylene (PP) in Fig. 2, which has a
Young’s modulus £=1300 MPa. There are three different structural components with
different beam properties. The geometric properties of the first and the second beam
component are given as area A, g=Ap p=120 mm?, inertia I, g=Iz p=40 mm*. The third
beam component is given by Ap g=142 mmz, In =178 mm®. The forth and the fifth
component has the same cross section with A =4r =36 mmz, Iz =1z =12 mm?*,

The solution of (10) is performed by displacement control. The horizontal
displacement of structural point E is increased in 40 steps with uniform increments
Aug=0.5 mm. The displacements of the structure determined by simulation are shown in
Fig. 4. The initial position shown with thin solid line is the left one, only every fifth step
is drawn for the better visibility. The buckle elements with thick solid lines represent the
case of positive assembly force. The negative values of the assembly forces have been
obtained in the positions drawn by dash-dotted lines.
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Fig. 4. Every fifth step is shown
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The assembling force F, is shown in Fig. 5, where the solid line represents the
positive values and the dashed line shows its negative values. Displacement is
prescribed horizontally at point E in the model. However, in the robotic assembly it is
performed by a unilateral contact between the gripper and the buckle in point E.
Physical contact occurs only along the solid line. Then snap-fit takes place at the mutual
border between the solid and dashed line, which is denoted by a small circle. Thereafter
the buckle is closed autonomously. The maximum value of the contact force is F,=4 N.

Load [N]

Deflection [mm]

Fig. 5. The load-deflection curve of the plastic buckle

The simulation has been performed with the two different geometric stiffness
matrices given in (5), (6) with the same tolerance =10 to terminate the equilibrium
iteration in (11). The number of iteration steps was smaller for with a consistent
geometric stiffness matrix given in (5) comparing to its counterpart (6) obtained by co-
rotational method. It was experienced that in every load increment the number of
equilibrium iteration steps for the consistent geometric stiffness matrix was less with 1
comparing to the co-rotational method. It means that the convergence of the consistent
method is better with 10 % than the other one.

3. Robotic assembly with an intelligent end-effector

An intelligent end-effector has been developed and manufactured in order to treat
assembling tasks, which may have loss of stability. An AVR type MC with an A/D
converter, a load cell and a self-devised Printed Circuit Board (PCB) are the main
electronic elements of the system.

The maximum capacity of the load cell is 200 N and 4 strain gages are glued on it.
The assembling force is determined by the signals of the strain gages. Fig. 6 shows the
A/D converter, the PCB and the MC, which is soldered on an Arduino Nano platform.
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The communication between the robot and the MC carried out via digital input and
output channels. Opto-couplers are mounted onto the self-devised PCB since the
voltage level is different between the MC and the robot.

The test bench of the closing process of the box buckle is shown in Fig. 7. The end
effector unit besides the electronic units contains a parallel mechanism, which can
eliminate disturbing force and torque components [11]. Furthermore, an overload
protection with setscrews was built in. The system can communicate with a laptop
through USB port and it is capable to store the measured assembling forces.

Fig. 7. The testbench: 1-Fanuc industrial robot; 2-intelligent end effector; 3-load cell;
4-pneumatic gripper; 5-plastic box buckle; 6-laptop
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A pneumatic gripper is mounted on the intelligent end-effector to make possible
manipulation of work pieces. The tests have been carried out with a Fanuc LRMate
200iC type industrial robot, its controller is not an open-access one.

The robot starts the assembling process from a base position then it moves the end
effector close to the buckle. The controller sends a digital signal to the MC to set zero
value of the load cell. The MC starts to measure the forces. A loop in the robot program
provides the 0.2 mm displacement increments. The end-effector is pushing the plastic
buckle while the assembly force is measured.

The event of the snap-through phenomenon is determined by the MC with an
algorithm. The MC sends a signal to the digital input of the robot to stop the loop of
displacement increments. Thereafter the robot moves the base position and a signal is
sent to the MC to set the initial values of the variables.

3.1. Algorithm of the microcontroller

In order to determine the snap-through phenomenon the algorithm takes into
consideration the characteristics of the load-deflection curve, which can be the
maximum and average values of the force function and detection its negative gradient or
slope. The termination point usually is located on the downhill side of the load-
deflection curve (see Fig. 8) and the force value is close to zero.

A
FN]

1 n

0] xa xb x>

Fig. 8. The determination of the average force value

The average force value of the concerned interval can be sufficiently approximated by

b n
[ F(x)dx F;
F=a_  xi=l (12)
b-a n
The maximum value of the force function is determined by
Fihax = max{F; > 53}, where 3 >0 a prescribed value. (13)
i
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The slope tan ¢; can be formulated as

Fi—Fi—k

. , where k2>1. (14)

tana; =

Furthermore, a nominal average force £, and a nominal maximum force F/i9/

values are stored in the MC, which were determined by a previous experiment.
The decision is made by the fulfillment of the problem dependent combination of
four conditions, which are given by

‘Fnom_p‘ ‘anoa%_Fmax‘
7<§1’ L

<82t {tanai <0}, {F;< 83} (15)

F nom
nom max

In this paper the handling is terminated when the first and the last conditions of (15)
with logical relational operator AND provided frue.

3.2. Measurements

In order to validate the simulation a test measurement is performed. The
measurement of the closing operation with the simulation results are shown in Fig. 9.
The obtained fine solid curve represents the simulation results with characteristic points.
The result of the measurement is indicated by a thick solid curve, its characteristic

points are denoted by black circles. The maximum occurring closing force is Fj,, -

F max

FICI‘HI.

01 2 3 4 5 6 7 8 9 10 11 12
Displacement [mm)]

Fig. 9. The measurement with the simulation results
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On the downhill part of the load-deflection curve at point F{_, there is a sharp

change in the gradient due to contact of the buckle (see point C shown in Fig. 2). The

location of the termination point is denoted by Fj,,,, , which is higher than zero since

the assembly performed dynamically.

The two curves in Fig. 9 are comparable but it shows that the stiffness of the
simulation model is higher than the real structure, since the real joints possess back-
lashes.

4. Conclusion

Snap-fit modeling and robotic handling of a plastic box buckle have been discussed
in this paper. Nonlinear large displacements with small strains were used to treat the
modeling and simulation processes. The difference between the geometric stiffness
matrices obtained by consistent and co-rotational methods provided similar number of
iterations noting that, the former performed better. A self-devised intelligent end-
effector is capable to recognize snap-fit phenomenon and terminate automatically the
handling process. The end effector can be used also to measure the whole snap-fit
process and save the data to a computer.

The simulation and the real measurements show differences, due to the back-lash
property of the joints of the buckle.
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