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Experimental Studies of Robotic
Assembly of Precision Parts

At present, robotization of assembly processes is achieved through the use
of industrial robots with high positioning accuracy in conjunction with
tactile means of adaptation to the conditions of assembly of precision
parts. The cost of such robots is many times higher than the cost of simple
robots with low positioning accuracy of the robot arm. The research in this
article is aimed at reducing the cost of assembly processes for precision
parts by applying the position correction of the connected parts not by the
robot hand, but by an additional technological module that is installed on
the manipulator of a simple robot and performs high-speed stochastic
mismatch scan of assembly objects.

The article presents the results of a full factorial experiment of the process
of joining precision cylindrical parts with a gap of no more than 3...5
microns. A regression model of this process is proposed, a formula for
calculating the quasi-optimal modes of precision assembly and graph-
analytical dependences of the assembly time on the scanning modes of the
misalignment of assembly objects are given. The proposed high-speed
method for compensating for the positioning error of an industrial robot
makes it possible to assemble precision parts in a very short time within
1...3(s). The main economic effect of the research results is that the device
for scanning the misalignment of assembly objects, which is installed on
the arm of an inexpensive robot with a low positioning accuracy, can
significantly increase the assembly speed and reduce capital investments in

robotic assembly of high-precision parts.

Keywords: robotic assembly, precision connections, scanning path,

vibration device.

1. INTRODUCTION

Theoretical and experimental research in the field of
automation of assembly processes has been carried out
for a long time, starting from the 90s of the twentieth
century and continues till the present. This is due to the
difficulty of reaching a compromise between the solu-
tion of the problem of guaranteed connection of preci-
sion parts, on the one hand, and the use of automatic
equipment with low cost, on the other hand. The use of
modern industrial robots with high-precision digital
drives for automation of assembly processes, as well as
with elements of tactile adaptation to assembly condi-
tions, greatly facilitates the solution of the problem of
assembling precision joints. However, this solution is
achieved by increasing a capital investment in the
automation of assembly processes. In addition, even the
use of an industrial robot with a high repeatability of
movements up to + 20 pum does not guarantee 100%
assembly of precision parts with a gap in the joint of no
more than 3..5 pum, but requires correction of the
attached precise parts by appropriate programming. In
this case, the movement of the robot arm position
correction must occur at a relatively low speed in order
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to avoid high dynamic loads. Additional time to correct
the position of parts through special programming with
micro movements of the robot arm reduces the
productivity of assembly operations, which especially
negatively affects the efficiency of mass production.

Therefore, assembly methods and devices for their
implementation are needed that can correct (OR are
needed to correct) the position of precision parts at high
speed. But the main condition for ensuring the effici-
ency of assembly automation is that these assembly
devices allow us to use a simple and inexpensive indus-
trial robots with low positioning accuracy. This app-
roach to solving the problem of assembling precision
parts will significantly reduce the volume of capital
costs for robotization of assembly processes in mass
production.

The proposed article provides a methodology for
experimental studies of the process of joining precision
parts, describes the assembly device for correcting the
relative position of the connected part, performs a
statistical check of the obtained regression equation,
namely, the function of the dependence of the high-
speed assembly time on the scanning modes of the
mismatch region of the assembly objects. The specified
function was checked for its adequacy to the real
process of pairing precision parts. The article presents
nomograms for calculating quasi-optimal scanning
modes for the mismatch zone of assembly objects. In
conclusion, recommendations are given for the
equipping simple and inexpensive industrial robots with
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an assembly device with low positioning accuracy of the
robot arm, which makes it possible to reduce the
financial costs of assembly processes using robots and
thereby increase their economic efficiency.

2. PREREQUISITES AND MEANS FOR SOLVING
THE PROBLEM

The need to automate assembly production is due to the
following factors. Assembly processes are the final stage
of the production process, at which the results of all
previous stages of production are integrated and the main
indicators of the quality of manufactured products are
formed [1]. Assembly processes have a large share in the
overall structure of the production of machines (25-40%)
and various devices (40—70%), which is associated with a
large volume of fitting work. In addition, as noted in [2],
the calculation of the percentage of types of parts as
assembly objects showed that 46% were assembly
operations. Moreover, in real assembly processes, the
errors in the relative position of parts may differ from
batch to batch of parts and, as indicated in [3], in order to
improve the productivity of the assembly process, first be
compensated for errors in the location of the original part.
The use of industrial robots can increase labor
productivity by 2-3 times, increase the efficiency of
equipment operation and improve the rhythm of its
operation [4]. That is why assembly robotization is the
most promising direction in solving the problem of
assembling precision joints. However, industrial robots
have different positioning accuracy, i.e. not always pre-
dictable repeatability accuracy of the robot arm move-
ment. This property poses the problem of ensuring a gua-
ranteed connection of precision parts. To solve this
problem, various approaches are used, both in terms of
their efficiency and the cost of financial costs. For
example, the efficiency of assembly processes can be
increased as a result of optimal control of the robot arm
[5] or by usage of laser sensors that are located in the arm
of the robot and are designed to identify the position of
assembly objects [6]. Both of these approaches are quite
effective, but not for precision joints, which are
characterized by very small joint tolerances, namely,
within 4...10 microns. A distributed control method in a
multiscale robotic assembly is presented [7] for the
installation of large assembly parts with fasteners, such as
an aircraft wing. But such connections have large enough
gaps and tolerances. In such cases, running the robot
assembly program in reverse order that can be an
effective mechanism for eliminating assembly errors [8].
Assembly parts can have different geometric shapes.
This fact also influences the choice of orientation
method. So, the orientation of flat parts had been
already described in some studies [9], a model of
mixing parts was proposed, in which flat parts are
periodically thrown by a simple throwing surface with
one degree of freedom, captured and allowed to settle
the parts in the desired position. Studies [10] prove the
positive effect of increasing assembly accuracy on the
efficiency and load capacity of robotic mechanisms.
Improving assembly accuracy is especially important in
the context of mass production, which is based on
assembly lines of various types [11]. In this paper, three
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main types of assembly lines are considered and
directions for their improvement are indicated.

For robotic assembly of cylindrical parts, studies
[12] arose great interest, where the orientation of the
part is determined using a vision system, and then a
force or torque control algorithm is applied to perform
assembly with tight tolerances. The angle of inclination
of the part and the perpendicularity of one part relative
to another are measured [13]. Both of the latter
assembly methods are quite effective, but they require
relatively expensive software and hardware in relation
to simple robot manipulators. A dynamic model of the
assembly of cylindrical parts taking into account the
value of passive compliance, coefficient of inertia and
friction are also already presented [14]. However, this
model does not contain active influence on assembly
objects.

In terms of actively influencing assembly parts while
reducing the cost of robotic equipment, studies in this
area have already generated interest [15]. This paper
proposes a vibrating wrist with a defined vibration
amplitude and trajectory. Experimental results have
shown that wrist vibration can effectively compensate
for large positioning errors of the robot arm. However,
this paper does not provide any methods for calculating
the vibrations of the robot's wrist. The use of low-
frequency vibration and adaptive grip of the robot arm
has been proposed in another studies [16—18]. In these
scientific works, active action is carried out by means of
vibrations, which impart to the basic component of the
assembly, and the component to be connected is placed
in a gripper with elastic suspensions. However, it is
known that when assembling large aggregates, the
weight of the base component is often an order of
magnitude greater than the weight of the component that
is installed on the base aggregate. Therefore, from the
point of view of energy, these technical solutions leave
a reserve for their improvement.

In contrast to the above studies, the feasibility of
actively influencing the assembly component that is
installed on the assembly unit had been already shown
[19]. Here, the effect is achieved through the use of the
rotation of the robot gripper and the vibration device,
however, in the presented mathematical model of the
dynamics of the robotic assembly process, there are no
analytical expressions for optimizing assembly modes.
To increase the efficiency of assembly of the parts with
guaranteed clearance, vibratory finders are used [20],
which move one of the parts before joining them along a
closed path. In this case, the trajectories can be recti-
linear, elliptical, spiral, sinusoidal, etc. In addition, accor-
ding to one more scientific research [21], criteria for ana-
lyzing search trajectories in the form of an Archimedes
spiral and a sinusoid are proposed for adapting parts for
automated assembly. In this case, preference is given to
the scanning trajectory in the form of an Archimedes
spiral. However, these works do not provide information
on finding scanning modes and optimizing them. A
promising direction in the robotization of assembly
processes is the use of anthropomorphic robotic devices
for the assembly of parts [22, 23], since this type of
device has universal properties close to the human hand.
However, these robots have a high cost and low
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productivity in performing technological operations,
which is not very suitable for mass production.

Thus, the above analysis of robotic assembly sys-
tems leaves an urgent task of creating assembly devices
for simple and inexpensive industrial robots with low
positioning accuracy in conditions of mass production.
The solution of this problem will significantly reduce
the financial costs of robotic assembly of precision
joints of parts.

3. FORMULATION OF THE PROBLEM

Depending on the accuracy standards in different
countries of the world, precision joints include parts
with dimensional accuracy in the range from 4th to 7th
accuracy grades. In practice, the permissible deviations
from the nominal dimensions of parts are stochastic
(probabilistic) in nature and their values are in the range
from 2 (um) to 20 (um). Therefore, even when using
expensive industrial robots with a high positioning
accuracy of the robot arm up to 0.020 (mm), the assem-
bly of such parts is impossible without preliminary
correction of their relative position. In addition, the spe-
cified correction using precise digital drives is time
consuming, which reduces productivity in a mass pro-
duction environment.

In order to reduce the financial costs for robotic
assembly of precision parts, it is necessary to create a
device for correcting the position of assembly compo-
nents for simple and inexpensive industrial robots. It is
also necessary to subject the new device to experimental
testing and to determine the quasi-optimal modes of its
operation. Due to the lack of such studies, it is necessary
to establish an extreme full factorial experiment. This
experiment will allow not only to test the feasibility of
using such devices, but also to search for optimal or
quasi-optimal values of the factors that determine the
efficiency of compensation for the mismatch of
precision assembly objects.

4. SOLUTION OF THE PROBLEM UNDER
CONSIDERATION

The objects of engineering and scientific novelty in the
studies presented below are the design of an assembly
device for an industrial robot for correcting the relative
position of precision parts. The scientific novelty is
represented by the graphical-analytical dependences of
the scanning modes of the mismatch region of the exact
parts, which were obtained as a result of the experiment,
as well as nomograms for calculating the quasi-optimal
modes of compensation for the mismatch of the
assembly objects. In conditions of mass production, in
order to ensure high productivity of the equipment, it is
necessary to minimize the execution time of the
technological operation. In this case, everything
depends on the assembly time for precision parts. But
the initial conditions for the assembly of parts with
different tolerances of their sizes are stochastic
(probabilistic) in nature. Therefore, to determine the
stochastic influence of the mating modes of precision
parts on the assembly time, it is necessary to provide a
complete factorial experiment. For this purpose, an
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experimental stand was created, the schematic diagram
of which is shown in Figure 1, and the general view of
the stand is shown in Figure 2.

4.1 Description of the experimental stand

A simple and inexpensive robotic arm mod was used to
transport precision parts from the storage to the assem-
bly position MP-9S with three degrees of mobility in the
XYZ coordinate system. On the hand 1 of this robot
(see Figure 1), there is a device for compensating for the
misalignment of assembly objects, namely, precision
parts of the "shaft" type 2 and details of the tape
"sleeve" 3.

tPa,w
Z(1)
(t)
I

Xz| L
~—

Figure 1. Schematic diagram of the experimental stand for
assembling precision parts

When parts 2 are fed to the assembly position for
connection with the base object 3, there is always a

stochastic mismatch Ay = /A + A , in their relative

position of the XY plane (where are the probabilistic
errors in positioning the part along the X and Y
coordinate axes), as well as a random skew angle of the
part axes #y in different planes XYZ coordinate
systems.

To compensate for the relative displacement Ay

and skew angle of the axes * y of the parts, the gripper
4, which is installed on spring hangers 5 and in which
there is a part of the "shaft" type 2, is imparted two
movements of scanning the mismatch region. Such
movements are radial vibrations with amplitude of +a,
from the electromagnetic vibrator 6 and rotational
movement with an angular velocity w from the electric
motor 7 through the wheel gear 8. Simultaneously, by
means of the rod 9 with the piston 10 of the pneumatic
cylinder 11 of part 2, a movement in the direction of the
assembly along the Z axis with by P. Measurement of
displacement in the direction of joining parts along the
Z axis is carried out by an inductive displacement
transducer 12 (see Figure 1), which is connected to a
rod 9. The measurement of the amplitude of oscillations
+a, reported by part 2 is carried out by resistor sensors
of a tensometric bridge T1, and the measurement of a
random skew angle +y of the axes of the parts occurs by
means of a tensometric bridge T2. In addition, the
rotation speed ® of the capture 4 is measured by the
encoder 13, which is installed on the motor shaft 7. All
of the above signals are transmitted for processing to the
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processor (2. ) 14 and then fed to the loop oscilloscope
15 to build oscillograms 16 of the assembly time ¢
functions #(P,a,w), where: P — assembly force, a —
vibration amplitude, @ — angular velocity of gripper
rotation 4.

The assembly effort P was controlled by the pres-
sure regulator in the pneumatic cylinder 11, the
amplitude of the oscillations of the electromagnetic vib-
rator 6 was changed by the oscillator, and the change in
the angular rotation speed w of the engine 7 was carried
out by changing its supply voltage. Oscilloscope 15 in
real time ¢ produces graphs of changes in displacement
Z(t), speed w(t) and skew angle of the axes of parts y(2).
During the experiment, the initial misalignments of

parts 2 and 3, namely +A and *A , were set using a

micrometer screw 17 and were measured by an indicator
18 with an accuracy of a measuring scale of 2 (um),
which are located in a coordinate device 19. According
to the schematic diagram in Fig. 1, an experimental
stand was created for assembling precision connections
of the "shaft-sleeve" type, which is shown in Figure 2.
An assembly device 2 with a rotating gripper 3 is
installed on the arm 1 of an industrial robot for parts to
be assembled with a base part of the "sleeve" type 4.
The base parts 4 are installed on a coordinate table 5,

which can move by the amount of misalignments +A

and iAy assembly objects in the XY plane in XYZ

coordinate system. The magnitude of the mismatch
A, and *A assembly objects was measured by

micrometric indicators 6 mounted on racks 7. The
movement of the part of the "shaft" type in the gripper 3
in the assembly direction along the Z axis is carried out
by a pneumatic cylinder 8 with a rod 9, which is
connected to an inductive sensor 10 to control the
movement of the part in the assembly direction.

Figure 2. Experimental stand for robotic assembly of
precision parts
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The device for assembly is shown in more detail in
Figure 3. As stated above, the assembly module is
mounted on an industrial robot arm. The rod of the
pneumatic cylinder imparts movement to the part in the
gripper in the direction of assembly. An electric motor
through a wheel transmission transmits a rotational
motion to the gripper, and an electromagnetic vibrator
imparts oscillatory movements to the gripper in the
radial direction. Rotational and oscillatory movements
of the gripper, which is installed on mechanical elastic
suspensions, are necessary to compensate for the
misalignment of the assembly objects.

Pneumatic
cylinder

i/ Electric
motor

Robot

arm

N s
. transmission
X

S ]
l’ N\, Electro-
. ;
‘magnetic
vibrator

suspension
Strain g
Gripping

Figure 3. Module for assembling precision parts

Strain gauges measure the angle of misalignment of
the axes of the parts and the magnitude of the vibration
amplitude, which inform the gripper in order to
compensate for the misalignment of the assembly
objects. The signals of such measurements are sent to
the processor for processing through the collector
contacts and the corresponding communications (see
also Figure 1).

4.2 Method of experimental research

Figure 4 shows a schematic diagram of a general shaft-
to-sleeve precision connection in the XYZ coordinate
system. In the process of experiments, an industrial
robot with a gripper (see Figure 4, a) an installed
precision parts of the "shaft" type into parts of the
"sleeve" type according to exact fits from the 5th to the
7th precision grades. When joining parts, there is always
a misalignment in the form of an angle of misalignment
of the axes +vy in different planes of the XYZ coordinate

system and a linear misalignment FA. These
misalignments are the result of an error in the
positioning of the robot arm, as well as a consequence
of an error in the positioning of a part of the "sleeve"
type. As a result of these mismatches, under the action
of the assembly force P, forces of normal reactions N
and N1 arise at the points of contact of the parts, which
cause the corresponding friction forces kN and kNI
(where k is the coefficient of friction). These friction
forces at critical values cause the parts to jam. To elimi-
nate the indicated mismatch and eliminate the possibi-
lity of parts jamming, the robot's gripper was given a
rotational movement with an angular velocity @ and

VOL. 49, No 1, 2021 = 47



oscillatory movements = a. At certain values of the
frequencies of these movements, the attached piece of
the "shaft" type scans the mismatch zone of the assem-

bly objects within the limits *A . ...+ A~ (Figure

4,b). Scanning can be carried out along different trajec-
tories. If the direction of the part positioning error is
uncertain, it is preferable to use the trajectories in the
form of a Guido Grandi rose with an amplitude and
maximum scanning step s;.

a

Figure 4. Scheme of precision connection of the general
type "shaft-sleeve"

The scanning trajectory in the form of a rose shape
by Guido Grandi is characterized by the equation

m
R =aSin—¢ , where: R is the variable radius of the
n

rose petals; a; — the radius of the circle of the rose; ¢ is
the angle of the vector of radius R (¢ =0 ... 2m), the ratio

m/ n determines the number of rose petals. For positive

integer values m and n, the number of rose petals is m if
both numbers are odd. If at least one number m or n is
even, then the number of rose petals is equal to 2m.
Changing the number of rose petals allows us to adjust
the maximum step s; = S, (see Figure 4) of scanning
the mismatch zone of assembly objects. The scanning
step is defined as the length of the chord of the circle
2a, that iss; =2a; sin(e/2) : where a — is the angle
between the rose petals, which is equal
toa =27/(m/n), i.e. determined by the number of rose

petals. The maximum scanning step should not exceed
the maximum clearance 5max in the shaft-to-sleeve
= (Dmax - dmin)
where D, d, is the maximum diameter of the
bushing hole and the minimum diameter of the shaft-
type part, respectively. The specific values of these
parameters are determined by the quality of precision of

precision parts according to the accuracy standards of a
particular country.

connection, namely: s <O
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4.3 Building a regression model of the response
function

It is known that most of the response functions, i.e.
functions of the influence of process factors on the
optimization parameter, can be represented as a sum or
product of independent factors. In technical systems, as
a rule, the presentation of the response functions of an
unknown model as a product of independent factors
dominates. Therefore, as a hypothesis (which requires
further confirmation) at the stage of setting the problem,
we represent the objective function as a product of
separate functions of independent variables:

t=CoiB) () f3(@) > min (1)

where: ¢t — optimization parameter, i.e. assembly time
(s); P — assembly force (N); a — vibration amplitude
(m); @ — angular speed of rotation of the robot gripper
(rad/s); i = 1...n, where n is the number of the
experiment.

A preliminary series of experiments (which for
brevity is not presented here) and the analysis of factor
dependences showed that the most likely image of
function (1) is a function in the form of a product of
power functions, namely:

t = CyP%aP 0f — min @)

where: C, is a constant coefficient that reflects
unaccounted factors; a, 8, [1 — unknown exponents to be
determined. However, this method of presenting the
future objective function is hypothetical and is applied
only to clarify the task of further research. Now the
research task is to reduce the determining of numerical
values of the parameters of function (2). For
experimental studies, we will accept the following
restrictions on parameters that are determined by
industrial feasibility, namely:

6<P<65(H);
1<a<3 (a-107m); 3)
2r <w<67x (paols)

According to the method of factorial experiments,
the number of experiments is equal to N = n*m, where: n
— is the number of levels of variation of factors; k — is
the number of factors; m — is the number of repetitions
of each experiment for good repeatability of the test
results and reducing the variances of measurement
errors. In our case, an N = 2’8 = 64 experiment was
carried out. Taking into account that the assumed

dependence (2) is not linear in terms of factors, we
logarithm it and bring it to a linear form:

Int=InCy+alnP+pfhha+echw 4)
and introduce the following notation:
Int=p;, InCy=by; a=b; f=by; € =bs;
P =1X|; a=X,; o=X;. Then the postulated empirical
model (4) can be written as:

y:bo "rbl ln)~c1+b21n)~c2 +b3ln)~c3 (5)
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As it is known when planning factorial experiments,
the function of the studied variables is an incomplete
quadratic polynomial [24] (Plyaskin II, 1982), which we
write when taking into account the interaction of factors
and in coded variables:

y= bO +b1x1 +b2)€2 +b3)€3 +b12x1x2 +

+by3x1X3 +by3xpx3 + D131 %03

(6)

where: by— coefficient taking into account the influence
of not specified factors; b;;, — constant coefficients for
independent factors Xi ks b j.k = 1,2,3.

When planning factorial experiments, the coded
values of the variables are used. This facilitates not only
the calculation of constant coefficients, but also the
study of the future regression model of the response
function. Therefore, we use the linear transformation
formula [25]:

2(Inx; —InXx;
X = (~ : "?a")ﬂ ()
In Xinax —In Xinin

where )?l. is the natural dimension of the variables. In a

dimensionless coordinate system for an experimental

model of the type nk =23 , the upper level corresponds
to the factor value +1 (max), the lower level —1 (min),
and the coordinates of the center of the experimental
design coincide with the origin of the coordinate
system.

Table 1. Levels of variation of independent factors

Next, we pass from the coordinate system in
physical dimension (3) X, X,, X3 to the dimensionless
coordinate system x;, x,, x3 (see table 1).

From this table, using formula (7), we find expressions
for dimensionless variable factors:

2(In% —4,174)

q=——t 2 41-0,84In% 2,5
4,174-1,792
2(In %, ~1,099) _
=2 T 1=1,82In %, 1 ®)
1,099 -0
2(In % —2,936)

X3 = +1=1,82InX; —4,35
2,936-1,838

Table 2 displays the planning matrix for a full fac-
torial experiment. The upper level corresponds to the
maximum value of the factor + (max), the lower level —
(min) corresponds to the minimum value of the factor in
natural units. In this case, the factors that affect the
assembly time are: P — assembly force (N); a — vibration
amplitude of the robot gripper (m); w — angular speed of
rotation of the robot gripper (rad/s). The lower part of
Table 2 demonstrates the planning of variations in the
effects of interaction of factors.

Table 3 shows the results of experiments on the
influence of scanning modes (see also Table 2) on the
assembly time of parts. The vertical columns show
theassembly time, and the horizontal strings show the

replay results for each experiment. The last column #;
shows the average assembly times for precision parts.

Factors Force P (N) Vlbrzjllcl)g_?r(nrg)htude Ang:;l?;a\(flic;mty
levels = = = = = =
X In X1 Xy In Xy X3 In X3
Upper +1 65 4,174 3 1,099 61 2,936
Basic 0 35,5 - 2 - - -
Lower — 1 6 1,792 1 0 2n 1,838
Table 2. Extreme Experiment Planning Matrix
Factors and levels of their variation
EXpe- X0 X1 X2 X3
rience Ne The The The -3 The
code code B’ N code a-10 p» M code ;5 rad/s
1 + + 65 + 3 + 6m
2 + — 6 + 3 + 61
3 + + 65 — 1 + omn
4 + — 6 - 1 + 61
5 + + 65 + 3 - 2n
6 + — 6 + 3 - 21
7 + 65 - 1 - 2n
8 + - 3 - 1 - 21
Variation in the interaction of factors
X1X2 X1X3 X2X3 X X2X3
The code
+ + + +
_ _ + _
_ + _ _
+ - +
+ _ _ _
- + — +
— - + +
+ + + —
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Table 3. The results of the experiment

Expe— Assembly time ¢ (by the number of repetitions of experiments m — f,...tg ) Averages
rience
Ne 4 2 A 4 2 Ly 2 ks ti
1 1,78 1,45 1,58 1,32 1.44 1,70 1,52 1,34 1,52
2 1,14 1,32 1,16 1,20 1,12 1,04 1,20 0,98 1,15
3 0,38 1,06 1,18 0,98 1,02 1,14 1,19 1,26 1,10
4 1,10 1,04 0,94 1,16 0,90 1,06 0,92 1,04 1,02
5 2,75 2,26 2,18 2,05 2,28 2,24 2,44 2,32 2,34
6 1,84 1,74 1,54 1,72 1,78 1,42 1,48 1,70 1,65
7 1,30 1,50 1,08 1,22 1,34 1,38 1,10 1,18 1.27
8 1,15 1,24 0,95 0,88 1,24 1,10 1,18 1,04 1,09

The obtained data make it possible to determine the
numerical values of the constant coefficients in equation
(6). Due to the fact that the full factorial experiment
refers to orthogonal designs, the calculation of the
regression coefficients is greatly simplified. According
to the formula [24], the coefficients of the regression
equation can be determined as:

n p—
inyi
b, :% )

where: i — is the experience number; m — is the number
of test points in the plan; y,— the average response of

function (6) by the number of repeated experiments at
the corresponding point in the matrix of the
experimental design. Having calculated, thus, the values
of the coefficients and substituting them into equation
(6), we obtain the regression equation:

»=0,3+0,108x) +0,183x, —0,125x5 +
+O,05x1x2 —0,017X1X3 —0, 073XZ)C3 - (10)
-0,0025-107% x;xx

Next, a standard statistical analysis of the experi-
mental results was carried out. Statistical analysis accor-
ding to the method that was applied [24], included
checking the homogeneity of the variances of the
experimental data in Table 3 by the Cochran test. Then
the significance of the coefficients of the regression
equation was checked using the Student's t-test, and the
adequacy of the model of the real process was checked
according to the well-known Fisher criterion [25]. As a
result of this statistical analysis, the final version of the
regression model (10) of the parts assembly process
took the following form:

¥ =0,3+0,108x; +0,183x, —0,125x; +

(11

+0,05x1x5 —0,073x5x3
The coefficients for paired interaction of factors
x1x3 and for triple interaction of factors xjx,x; in

equation (10) after checking the significance of the
coefficients of the regression equation using the
Student's t-test turned out to be insignificant. Therefore,
they were excluded from the regression equation (10).
The resulting regression model for the assembly of
precision parts allows one to study the influence of
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independent factors of the response function on the
optimization parameter, i.. assembly time. Equation
(11) in coded variables shows the statistical relationship
between the optimization parameter — assembly time
and the factors, i.e. modes of scanning the mismatch
zone of the parts. By analyzing the value and sign of
each regression coefficient (11), it is possible to obtain
reliable information (since the adequacy of the model
was verified by Fisher's criterion) about the influence of
factors on the optimization parameter and to develop a
strategy for finding the extremum of the objective
function. In equation (11), the coefficients of the
variables x; and x, are positive. This means that an
increase in the assembly force and vibration amplitude
of the robot gripper causes an increase in the assembly
time of the parts. In this case, the vibration amplitude of
the robot's grip has a dominant influence, because b, =
0,183 > b, =0,108.

The negative sign of the coefficient at the factor x;
that reflects the rotation speed of the gripper (and hence
the scanning speed of the mismatch zone of the
assembly objects) indicates that an increase in the
scanning speed causes a decrease in the assembly time.
The regression coefficient b1, = 0,05 in equation (11)
with interaction factors shows that the assembly time
(more precisely y = In ) will increase if the factors x;
and x;, (i.e., the assembly effort and vibration amplitude)
are simultaneously at the upper or lower levels of their
values (see also Table. 1). The opposite effect takes
place with a pair interaction of factors x,x; (amplitude
and speed of rotation), because b,; = -0,073 < 0. This
means that the parameter y = In ¢ (build time code)
decreases if both factors are at the upper or lower levels,
i.e. have a maximum or minimum value. Next, let us
compare these effects with the analysis of oscillograms
that were obtained during the experiment in real time.

4.4 Analysis of oscillograms of the assembly of
parts

As it was shown above in the diagram of Figure 1, the
experimental stand included an oscilloscope, which
recorded the change in the coordinate of movement of
the "shaft" type part depending on the assembly force,
the rotation speed of the robot gripper and the amplitude
of its oscillations. The obtained oscillograms (see Fig.
5) show three processes of assembling a part of the
"shaft" type with a part of the "sleeve" type according to
the fit 10 H7/h6. As we know, deviations of the nomi-
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nal dimensions of parts have a stochastic (probabilistic)
nature. The permissible maximum deviations for the
specified fit of the parts are: the maximum allowable
gap in the shaft-sleeve connection 8,,x = 24 um, and the
minimum allowable gap 8.,.,x = 0 um. In the test batch of
64 pairs of parts, the joint gap was in the range of J; =
4...18 microns.

On all three oscillograms (see Figure 5), graphs 1
illustrate the movement of the shaft into the bushing in
the direction of the Z coordinate axis, graphs 2 show the
angular speed of rotation of the robot gripper, and graphs
3 show the change in the angle + y of the relative skew of
the axes of the parts. For the first assembly cycle (see Fig.
5, a), the assembly modes were: assembly force of
contact of parts P, = 65 (N) (N); vibration amplitude of
the robot gripper dpax = Amax = 3107 (m), where A 1S
the maximum misalignment error of parts; the angular
speed of rotation of the robot gripper @ =4z (rad/s),
which provided scanning of the mismatch zone with a
scanning step of s;,;, =[] =4 pm.

As can be seen from the oscillogram in Figure 5(a),
in the section c—d of curve 1, there is no shaft movement
in the direction of the Z coordinate, which corresponds
to the contact of the parts along the ends. At this stage
of the assembly, the mismatch zone of the assembly
objects is scanned. Further, in the section d—e, the part
of the "shaft" type under the action of the assembly
force P moves in the area of the sleeve chamfer, i.e. the
shaft is centered relative to the bushing axis. This is
evidenced by the change in the angle + y of the relative
skew of the axes of the assembly parts.

1,=0,82 (s) ,=0,67 (s) £,=0,63 (s)
~
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Figure 5. Oscillograms of assembly cycles of precision
parts shaft-sleeve type:

8) Prax =65 (N); dmax = Amax =3-107° (m); @ =47
(rad/s);

b) Prax =25 (N); a
w=67x (rad/s);

¢) Pax =6 (N); @pin = Apin ~[6]=1-107 (m);

o =6x (rad/s).

But in the section e—f of curve 3, there is a sharp
decrease in the speed of the shaft advance, almost to
zero. This is a consequence of temporary jamming of
the shaft in the sleeve due to the excessive angle + y for
this stage of the relative skew of the axes of the parts

(see curve 3, Figure 5,a). However, already after turning
the robot gripper through an angle of 2n (see curve 2),

= Apin —[6]=1-107 (m);

min

FME Transactions

which means that the elastic suspension vector of the
robot's gripper changes, and also as a result of scanning
the error zone, the shaft in the f—g section moves again
in the direction of the Z axis. A sharp decrease in the
angle +y of the relative skew of the axes of the parts,
almost to zero. Section g-h corresponds to the final
installation of the shaft into the sleeve. Assembly time
of parts was ¢, = 0,82 (s).

For the other two assembly cycles, the scanning
modes were changed, namely: the assembly force
Prax =25 (N) in Figure 5 (b) and B, =6 (N) in
Figure 5(c), and also increased the angular velocity of
rotation of the robot gripper to the maximum value
w=06r (rad/s). The result of these changes was a
decrease in assembly time, respectively £, = 0,67 (s) and
t; = 0,63. Comparison of the portions of curve d; - e -
f1, which illustrate the movement of a part of the "shaft"
type in Fig. 5 c, similar areas curve d, - e; - f; in Fig. 5b,
indicates the possibility of guaranteed elimination of the
temporary jamming phenomenon. This effect indicates
the existence of quasi-optimal scanning parameters for
the mismatch zone of assembly components. The
difference in time between the last two assembly cycles
was 5.97%. This testifies good repeatability of the ex-
periments and admissible variances of measurement
errors. Homogeneity of dispersions of the experimental
data in Table 3 is performed according to the well-
known Cochran's criterion. As it was noted above, the
number of experiments was N = n*m = 2’8 = 64, where:
n — the number of levels of variation of factors; x — is
the number of factors; m — is the number of repetitions
of each experiment for good repeatability of the test
results and reducing the variances of measurement
errors.

Thus, the analysis of the oscillograms of assembly
cycles confirms the above remarks about the influence
of the coefficients of the regression equation (11) on the
optimization parameter - assembly time. This fact
allows us to make a preliminary conclusion: the
minimization of the objective function (2) is possible
with a decrease in the scanning amplitude, assembly
effort and a simultaneous increase in the angular
velocity of rotation of the robot gripper. The data
obtained make it possible to determine the direction of
the search for quasi-optimal assembly modes, but do not
make it possible yet to determine their specific values.
To solve this problem, it is necessary to transform the
regression equation (11) into a function of the
dependence of the assembly time on the modes in
natural measurement of parameters. For this purpose,
we substitute the coded values of the variables (8) into
the regression equation (11) and, after transformation,
we obtain the equation:

20,0764
00457 (0683410 o)
y=In| Q185 3 (12)
20,0947 2
3
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Considering that y=In¢ X =P

X3 = after potentiating (12), we obtain the function

)’62 =a,

of the assembly time t in natural measurement of the
variables P, a, o, namely:

p0.0764

(0,683+In| — )
,0.242

0,0487

@

The condition for the existence of an extremum of
the objective function (13) at some point of the factor
space with coordinates ( £y, a, @y ) has the form:

ot

O py=Oigy =
oP

(7)) =2 (a0) =2 () (19

To find the coordinates of the extremum of this
function, it is necessary to determine the partial deriva-
tives with respect to each variable. From the analysis of
expressions of partial derivatives, it becomes obvious
that they retain their sign in the range of accepted per-
missible values (3):

ﬁ>O;g>0;ﬁ<0 (15)
oP Oa ow

It is not difficult to make sure that expression (14) in
our case is not satisfied, and expression (15) indicates
the existence of extreme (more precisely, quasi-optimal)
values of variables on the boundary of the factor space.
In other words, the minimization of the assembly time
will take place with a decrease in the assembly force P
and the scanning amplitude a, as well as with an
increase in the angular velocity @ of rotation of the
robot gripper. To determine the quasi-optimal assembly
modes, it is advisable to solve the optimization problem
analytically as a problem for the conditional extremum
of the objective function (13) by finding the minimum
value of the optimization parameter at the boundaries of
the factor space. For this purpose, we transform the
expression of the response function (11) into the cano-
nical form of the second-order surface equation, which
is the geometric image of the response function. To
determine the type of this surface, it is enough to com-
pose and determine the invariants according to this
method [26].

These invariants are functions of constant
coefficients of the regression equation (11) and deter-
mine the properties of the response surface regardless of
its position in the factor space. The actual calculation of
invariants is classical, therefore, we do not present it
here, but offer the result. After performing the corres-
ponding transformation method, we obtain the canonical
form of the regression equation (11) in the form of a
hyperbola equation in the plane of the coordinate system
0Oxpx3, provided that the assembly force x; = - parameter
in equation (11), i.e. corresponds to the minimum value
of the assembly force:

x3 -3

27,4(3,45-10‘3 +y)

=1 (16)
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In equation (16), the square of the length of the
semi-axis of the hyperbola contains the optimization
parameter y =In¢. If we assign different values to this

parameter and determine the coordinates 0x,x; of the

vertices of the family of hyperbolas in the coordinate
system, then we obtain the isolines of the two-
dimensional section A—A of the surface of the response
function in Fig. 6. As seen from the section in Fig. 6(b)
the shortest assembly time takes place at x, =-1,

x3 =+1, i.e. at the minimum scanning amplitude and

maximum angular speed of rotation of the robot gripper.
Comparing the coded values of the factors with their
natural measurement (see Table 1), we find quasi-
optimal assembly modes, namely:

P:Pmin; a; = Amin :AZ_[5]; @O = Omax (17)

where: Ay, [§] — respectively, the total mismatch

error of the assembly objects and the tolerance for the
assembly of parts according to the accuracy quality.

on

N
=

Angular velocity

(o)
=

2 -
1 Scanning amplitude ~ . a10 ' m

Figure 6. Geometric interpretation of the response function
(11):

a — minimax type surface: hyperbolic paraboloid; b —
isolines of the two-dimensional section of the surface of
the response function.

4.5 Numerical analysis of assembly modes

In Figure 7 are shown the graphs of the change in the
assembly time from the values of the assembly force at
the minimum scanning amplitude of the mismatch zone
of the assembly parts. In Figure 8 are shown the same
graphs, but at the maximum scanning amplitude. It can
be seen from these graphs that the difference in the
increase in assembly time at the minimum scanning
amplitude a; = a,,;, of the mismatch zone is 5%. In the
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same range of values of the assembly force and angular
velocities of rotation of the robot gripper at the
maximum scanning amplitude a; = a,,,, the increase in
assembly time is 18.7%. This effect confirms the
dominant influence of the scanning amplitude on the
assembly time of parts. Therefore, it is necessary to
assemble precision parts with the minimum scanning
amplitude and the maximum possible angular speed of
rotation of the robot gripper. The scan amplitude should
be limited by the inequality a,,;, > As.

In other words, the scanning amplitude cannot be
less than the probable total mismatch error of assembly
objects. The maximum angular velocity should be limi-

ted by the ratio s, <[] (see Fig. 4 and Fig. 9). This

inequality indicates that the maximum scanning step
should not exceed the tolerance for assembling parts
according to the corresponding accuracy class. For engi-
neering calculations of quasi-optimal assembly modes,
it is convenient to use the nomogram in Fig. 9.

135 t(s) : :
130 apin =1-10 i(m)
2 1250 — —
g w=2n
2z 120} |
,_E v / T
f 115 In/f w=4n — = ==
< et it
1.10 4~ - =
= =
e /” =N
1.05 “Tw=6n =

/] PNy
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Assembly force

Figure 7. Graphs of the change in the assembly time t from
the values of the assembly force P at the minimum
scanning amplitude a; = anis
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Figure 8. Graphs of the change in the assembly time t from
the values of the assembly force P at the maximum
scanning amplitude a; = anax

According to the code of the nomogram, to calculate
the minimum assembly time ¢, we have to perform the
following steps for an arbitrary example.

The dotted line shows an arbitrary example of the
assembly time calculation. Suppose, for example, the
assembly force is P = 45 (N), the scanning amplitude is
a = 24107 (m), and the angular rotation speed of the
robot gripper is @ = 4mx (rad/s), then according to the
nomogram (see Fig. 9) the assembly time will be ¢ = 1,
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47 (c). When the assembly time is limited by the
technological process, then we perform the opposite
actions, namely: from a given time, we determine the
assembly modes. The upper part of the nomogram
shows an example of the scan trajectory of the mis-
match zone of assembly parts. As indicated above, the

maximum scanning step Sy, <[J]should not exceed

the tolerance [8] for joining parts according to the
corresponding accuracy class. The scanning step is

determined by the formula s; =24;Sin(a/2),

a =360° /k, where: g, — scanning amplitude; o — is
the central angle between rose petals; k — is the number
of rose petals (see above). For a more accurate time
calculation, it is recommended to use the formula (13),
which allows us to determine the minimum assembly
time depending on the parameters: assembly force,
scanning amplitude and angular speed of rotation of the
industrial robot gripper.

1(s) ! P (N)
e 1] o5 65 260
¥ s, =2a,sin(e[2) 55 5
N << 45 TS()
Y t)
-_94 107 (m) _ -~ 40
24 \a m e e ]
3(& / - 35 7"0
40 -~ 71°
\’ - 23 ]
W\ 6 _ 122
\\4 T Code of nomogram ()
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\_’ 16 .
4 & 1%
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\\4 a w Jio
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2n
- ¢/ (rad/s)
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Figure 9. Nomogram for determining the assembly time of
precision parts

5. RESULTS AND DISCUSSION

In contrast to the robotic assembly methods that were
described in Section 2, the proposed method and device
make it possible to automate the assembly of precision
joints based on simple and inexpensive industrial robots,
i.e. robots that have low positioning accuracy. The cost
of such industrial robots is at least half of the cost of
expensive robots with high-precision digital drives. At
the same time, the cost of the assembly device itself to
compensate for the positioning error of parts does not
exceed 15%...20% of the cost of a simple robot or an
automatic manipulator.

The executed experimental studies confirm the feasi-
bility of usage of the developed assembly device for
industrial robots with a low positioning accuracy of the
robot arm. Statistical verification of the results of the
experiment (see Table 3) and the obtained regression
model (11) of the assembly process according to the
Cochran's, Student's and Fisher's criteria allow us to
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assert the adequacy of the regression model to the real
assembly process. The geometric interpretation of the
regression model of the assembly process shows the
minimax nature of the response function surface. This
means that the quasi-optimal values of the assembly
modes are at the boundaries of the factor space.

The stated research results were obtained due to the
formulation of a full factorial experiment to optimize
technical solutions, that is, when the variation of the
investigated parameters (in this case, assembly modes) is
carried out at the extreme extreme levels: min and max,
and their average value is in the center of the coordinate
system of the parameter change. This method [24, 25]
allows obtaining target functions of technological para-
meters, for example, as a proposed function (13). For
such functions, engineers can calculate, if not optimal
values, then at least quasi-optimal values of optimization
parameters. This result should be considered sufficient
for technological processes in mechanical engineering,
because it contributes to a significant increase in
productivity, in this case, assembly processes.

6. CONCLUSION

In this article, the authors have proposed a high-speed
method to compensate for the positioning error of an
industrial robot. The developed assembly device, which
is installed on the robot arm, allows the assembly of
precision parts in a very short time within 1...3(s). This
effect of the proposed method is very important for the
conditions of mass production of various precision
instruments and machines.

As evidenced by the results of experimental studies,
the assembly of precision parts at minimum values of
the scanning amplitude (however, provided that
Amin = Ay ie., the amplitude must be equal to or
greater than the robot positioning error) and the
minimum assembly effort P; = P,,;,, as well as at the

maximum possible angular speed of @; = @, rotation

grabbing a robot, a significant reduction in assembly
time is achieved. Namely, for precision parts applied to
mechanical engineering, the time #,,, of their assembly
does not exceed #,.x < 3(s), which is several times less
than the assembly time when industrial robots with
expensive digital drives are used.

The obtained graphical-analytical dependences are
the result of experimental studies provide an oppor-
tunity for engineers in the field of robotization of high-
precision assembly processes to design such devices for
compensating for positioning errors. The proposed
analytical model of the interconnection between the
assembly time and its modes, and the developed nomo-
grams are recommended for calculation of quasi-
optimal parameters of the assembly of precision parts.

Ultimately, the results of this research can signifi-
cantly reduce the financial costs of precision assembly
through the use of inexpensive industrial robots with
low positioning accuracy. This, in turn, provides an
opportunity to increase the productivity of precision
parts assembly and increase the efficiency of assembly
processes in the context of mass production.
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EKCHEPUMEHTAJIHO NCTPAKABAILE
POBOTCKOT CKJIANAA MPEIM3HUX
JIEJIOBA

M. Honumyyk, M. Tkau

PoGoruszanuja mpolieca ckianama ce JJaHac OCTBapyje
KopuIinhemeM HHAYCTPUJCKUX poOOTa ca BHCOKOM
npenu3Homhy MO3UIMOHUPaka y KOMOWHAIMH ca
TaKTWIHUM CpEJACTBUMa mpuiarohaBama ycioBuma
CKJIanama Npelnu3HuX nenosa. LleHa TakBux poOorta je
3HaTHO Beha y mopeljemy ca IIEHOM jeTHOCTaBHHX
poboTa ca pyKOM Koja HMa Mally NPEIHU3HOCT
Mo3UIMOHNpamka. L{ib ncTpakuBama je a ce cMame
TPOIIKOBH IIpoIleca CKJIANama KOPEKIHjOM TIIO3HIHje
MTOBE3aHMX JIEJIOBa ajy He moMohy pobotcke pyke, Beh
KopumheleM — JOJATHOT  TEXHOJOIIKOT  MOAyJa
MOHTHPAHOT Ha MaHUITYJaTOpPy jeIHOCTaBHOr po0oTa,
koju he BenukoM Op3MHOM [1a CKEHHpa CTOXAaCTHYKA
OJICTyIIamka JIeJIOBA KOjH Ce€ CKIIANajy.

[Ipukazanu cy pe3ynrartu MoTmyHor (GakTOpCKOT ILIaHa
eKCIIepUMeHTa npoteca MIPEIH3HOT criajama
WJIMHAPUYHHX JeJIoBa ca 3a30poM Koju Huje O6uo Behu
ox 3..5 muxpona. Ilpenmaxe ce perpecuoHH MoOJIEN
OBOT Tmporieca, GopMyia 3a H3padyHaBamke KBa3H-
ONTHMAJHUX pEeKMMa MPEIU3HOT  CKIamawma |
rpaduuKo-aHAIUTHYKE 3aBUCHE BPEJHOCTH BpEMEHa
CKIIalamka Yy pEeXUMY CKCHUpama OJCTyNama KOX
TpeaMeTa Koju ce ckiamajy. [IpemnoxkeHn Op3n MeToq
3a KOMIIEH3allljy I'penike NO3UIHOHHUpamba Ko podoTa
oMoryhaBa ckiamame NPELH3HUX MAeN0Ba Y KPaTKOM
BpemeHckoM mepuony (1...3 cex.). EkoHOMCKH yumHaK
je y Tome mTo ypehaj 3a ckeHHMpame OJICTyIama KOJ
CKJIanama NPEeNnu3HUX JEeN0oBa, KOJH je MOHTHUpaH Ha
pyuu jebhTHHOr poboTa 3a MaJOM MPEIHU3HOINY
MO3HUIMOHNPaka, MOXE 3HATHO Jaa moBeha Op3uHY
CKJIaniara U CMamby WHBECTHIH]E Y POOOTCKO CKIIalame
JIeI0Ba BEJIMKE MPEIIU3HOCTH.
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