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AHOTAIIISA

An Jliden IlpoexkTtyBaHHS aBTOMATH30BAHOTO POOOUOTO MICI TEXHOJOTIUHOTO
mporiecy  MexaHiyHoi  00poOkm  3aroToBkm  aeraim  "Ymop".  Maricrepchka
kBamikamiiiaa pobdoTa 31 criemianbHOCT 131 — npuknanna mexanika. Binanmsg BHTY,

2025, 69c.

Ha anrn. moBi. biomorpad.: 28 na3s; puc. 35; Tabmn. 13.

Ksanmigikamiitna marictepcbka pod0oTa MICTUTh MaTepiaiy, MPUCBIUYCHI pO3pooOII
aBTOMATHU30BAHOTO POOOYOTO MICIIS JUTS TEXHOJIOTTYHOTO TIPOIIECY MEXaHIuHOI 00pOOKH
aetam «Ymop». Y poOOTI HaBEAEHO OIJISIA METOAIB 1 3aco0iB aBTOMaTH3amii B
CYy4aCHOMY TEXHOJIOTIYHOMY BHPOOHHUIITBI, OCHOBHI TE€HACHIIIT iX PO3BUTKY, HA OCHOBI
AKUX 3aMPOMOHOBAHO KOHIETITyaJIbHY CXEMY aBTOMATH30BAaHOTO POOOYOTO MICIS Ta
ANTOPUTM HOTO (PYHKITIOHYBAaHHS.

Po3pobaeno mapmpyT oOpoOKH, po3paxoBaHO PEKUMHU pi3aHHA Ta IPHIYCKH Ha
00poOKy TUIOCKHMX 1 IWIIHIAPUYHUX TOBEPXOHb. Ha OCHOBI aHamizy MapHipyTy
BH3HAUCHO omepartii, i Skux Oyiao po3pobaeHO aBTOMAaTH30BaHE poOoUe Micle, Ta
3aMpPOTIOHOBAHO AJITOPUTM HOTO POOOTH.

[TpoBeaeHo AOCTIHKEHHAS MPOIYKTUBHOCTI aBTOMATH30BAHOTO POOOYOTo MICIIs, a
TaKOXX BHBYCHO BIUTMB KOHCTPYKTHBHHX IMapaMeTPiB MPOMHUCIOBHX POOOTIB HA dac
BHKOHAHHS OIICPAIIii.

BusnaueHno koMepIiiiHuii MOTEHITA TOCHIIKEHHS Ta OIIHEHO KamiTaJIbHl BUTPATH
Ha MOJIEPHI3AMII0 JUITHKA MeXaHiuHoi oO0poOku. [IpoBeaeHO OIMIHKY €KOHOMIYHO{

e(heKTHBHOCTI IHHOBAIIHHOTO PIMICHHS.

KimtodoBi crioBa: mpomMucioBuii poOOT, aBTOMATH3AIlsA, TEXHOJOTIUHHAMA TIPOIIEC,

yIIop, 4ac poOOTH.



ABSTRACT

Yang Lifeng Design of an automated workplace for the technological process of
machining of the part "Support". Master's qualification thesis on specialty 131 - applied
mechanics. Vinnytsia VNTU, 2024, 69 p.

Bibliography: 27 titles; Fig. 35; table 13.

The master's qualification thesis presents materials devoted to the development of
an automated workplace for the technological process of machining the "Support"
workpiece. The thesis includes a review of methods and means of automation in modern
technological production, the main trends in their development, based on which a
conceptual scheme of the automated workplace and its operating algorithm are proposed.

Machining route was developed, cutting modes and allowances for machining flat and
cylindrical surfaces were calculated. Based on the route analysis, operations were
identified for which the automated workstation was developed, and the algorithm of its
operation was proposed.

Research has been conducted on the performance of the automated workplace, and
the influence of the design parameters of industrial robots on the operation time of
operations has been investigated.

The commercial potential of the research and the estimate of capital expenditures
for the modernization of the mechanical processing areca have been determined. An

assessment of the economic efficiency of the innovative solution has been carried out.

Keywords: industrial robot, automation, technological process, support, working

time.
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INTRODUCTION

The development of production and the improvement of its characteristics are an
integral part of the development of any state.

Today, industrial robots are a relevant technology for the development of flexible
and reconfigurable manufacturing systems that allow for the automatic performance of

operations such as milling, cutting, drilling, grinding, deburring, and polishing [1, 2].

Relevance of the topic.

Automation of production processes using robotic systems is changing the general
perception of production systems. Industrial robots are a reliable technology both for
creating fully automated systems that solve various production tasks, and for improving
existing small production sites.

The introduction of robotic elements into production processes is constantly
growing worldwide, and forecasts indicate that this trend will continue in the future [1 -
3].

The 1ssues of automation of various elements of production are discussed in the
works of Kozlov L.G., Pavlenko P.M., and Mulyar Y.I. The works of the authors
Pavlenko 1.1, Mazhara V.A., Tsvirkun L.I., Isak Karabegovi¢ and others consider the
issues of application of automation and robotization in manufacturing industries [1-6].

However, automation elements are constantly being improved, so research devoted
to the automation of production elements is a relevant task [7-9].

Connection of work with state scientific programs, plans and topics. The
master's thesis was completed in accordance with the research topics of the Department
of "Technology and Automation of Mechanical Engineering” (TAME) of Vinnytsia
National Technical University (VNTU) in accordance with the research work of the
Department No. 17K2/14 "Development, research and improvement of the
characteristics of energy-saving hydraulic drives of technological and mobile machines"
(2024-2028).

The purpose of the work is the automation of the workplace of the technological



process of machining the workpiece of the "Support" part.

To achieve this goal, you need to complete the following tasks:

-to review known methods and means of automation used in technological
production;

- develop a machining route;

- determine the parameters of machining;

- analyze the machining route and identify operations that can be automated;

- develop a general diagram of an automated workplace and an algorithm for the
operation of an automated workplace;

- select technological equipment and design automated equipment for it;

- perform calculations of the main parameters of the automated workplace;

- develop the layout of an automated workplace;

- to calculate and analyze the economic feasibility of manufacturing the part;

Research object—automated workplace technological process of machining the
workpiece of the "Support" part.

Subject of study— technological process of machining the “Support™ part.

Research methods. Methods of analytical and simulation modeling,
mathematical modeling and calculation of operating parameters of an automated
workplace, determination of the characteristics of an automated workplace in analytical
and graphical form.

Scientific novelty of the obtained results:

- the method of calculating the time spent on performing operations in an
automated workplace of the technological process of machining a workpiece "Support"
has been further developed by taking into account the empirical dependences of the
speed of execution of the main movements of the robot manipulator on its design
parameters and settings.

Practical significance of the results obtained:

1. A route for mechanical automated machine tool equipment for CNC milling

operations has been developed.
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2. The layout of the automated workplace of the technological process of
machining the workpiece "Support" has been developed.

3. The time costs were calculated and a cycle diagram of the functioning of the
automated workplace of the technological process of mechanical processing of the
workpiece "Support” was constructed.

4. Practical recommendations are formulated for the selection of design
parameters of an industrial robot for adjusting the speed parameters of performing
operations.

Personal contribution of the applicant. The main results of research on the
developed layout of the workplace. The purpose and objectives of the research, the
scheme of the workplace are agreed with the scientific supervisor. In the works published
in co-authorship, the author includes: calculations of the main indicators and search for
information resources.

Approbation of the results of the dissertation. The main results of the work were
considered at the conference "IV International Scientific and Technical Conference
"Prospects for the Development of Mechanical Engineering and Transport - 2025"

Publications. The material of the master's qualification work was published in -

abstracts of conference reports [26].



1 OVERVIEW OF METHODS AND MEANS OF PRODUCTION
AUTOMATION

1.1 Overview of existing methods and means of production automation

Industry is constantly improving and improving its efficiency, which is the key to
its profitability. In the mechanical engineering industry, industrial robots are usually
used to solve the following typical tasks [10-12]:

* as an integral part of modern production lines, which are designed with a high
degree of automation and flexible characteristics;

» for the integration of already installed production facilities, where the use of
industrial robots significantly increases the efficiency of the enterprise, ensuring its
productivity [2].

Let us consider the main examples of application in production.

The authors of the work [2] analyzed the use of industrial robots for various

auxiliary tasks, such as tool change (Fig. 1.1) or workpiece positioning (Fig. 1.2)

Figure 1.1 — Application of industrial robots for tool changing



Figure 1.2 — Application of industrial robots for re-installation of the blank

The use of one robot to perform tasks is a fairly cost-effective solution, which allows
for faster and more efficient synchronization of the work of automated equipment when
changing parts being processed.

The paper presents analytical studies on the geometry of robotic equipment. From
the point of view of performing typical tasks in machine-building production, it is
necessary that the robot has six degrees of freedom and the ability to change gripping
devices for holding workpieces (Fig. 1.3).



Figure 1.3 — Application of industrial robots in mechanical engineering

The authors of the work [1] conducted a fairly thorough analysis of the suitability
of different types of robots for performing various tasks in mechanical engineering

In particular, the use of robotic workplaces for mechanical processing was
investigated and it was found that such automated workplaces are used in various
industrial sectors and are able to solve key production tasks for a wide range of products.
The successful implementation of industrial robots covers a large number of industries.
The use of robots as the main equipment of an automated workplace was investigated.

Although the use of such an option has positive qualities, it 1s often limited by the
properties of the processed material, which, in particular, is a consequence of the
insufficient rigidity of robotic equipment for performing edge processing directly (Fig.

1.5)
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Figure 1.5 — Application of robots for material handling

In [13], a complex of robotic equipment and a machine tool with numerical program
control for performing milling operations (Fig. 1.6).

A feature of this development is the use of an integrated approach, both to the
selection of components of the complex and to the application of automation in general.
Since it is proposed to apply automation elements not only to the production process,
but also to the process of programming its elements and technological preparation of

production in general.
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Figure 1.6 — Milling robotic technological complex based on the HAAS DM-2

machine tool

In work [14], the authors considered several options for the layout of the complex
and conducted research into the optimal option of robotic equipment and a machine tool

with numerical program control for performing turning operations (Fig. 1.7).

1973
5173

Figure 1.7 — Lathe robotic technological complex
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1.2 Conclusions to the section

1. Based on the review of the application of various automation tools, the main
methods for the means of production automation can be distinguished, namely the use
of robotic equipment and auxiliary equipment in combination with CNC machine tool
equipment.

2. Automated or robotic elements usually perform auxiliary functions.

3. Robots with 4-6 degrees of freedom are usually used to service the machine tool

4. In the workplace, industrial robots perform the primary tasks of automation and

- automate unloading and loading operations.
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2 DEVELOPMENT OF A SCHEME OF AN AUTOMATED WORKPLACE

FOR MECHANICAL PROCESSING OF SUPPORT PARTS IN CNC MILLING
OPERATION

2.1 Development of a technological process for machining a part “Support™

2.1.1 Selection of methods, sequence and number of passes for processing
individual surfaces

The correct choice of technological bases at this stage of design largely determines
the achievement of the required accuracy of the part during its manufacture and the cost-
effectiveness of the processes.

According to the recommendations for designing technological processes of
mechanical processing, first the selection of finishing technological bases 1s performed,
that 1s, such surfaces that are used in performing most operations of the technological
process. In this case, the task of ensuring the basing errors of the performed dimensions

equal to zero or reducing them to minimum values 1s solved..

2.1. Selection of finishing technological bases.

The main base surfaces are the center holes and one of the ends. It is desirable that
the design and technological bases coincide. In this case, the basing error is zero. This
option for choosing bases is optimal.

To correctly select finishing bases, it is necessary to analyze all machining
operations in order to select the best basing option. In operation 015, CNC lathe, we
process surfacesc@30H7, M20-g7, ends (2), (4), surfaces (5), (6) and chamfer 1.5x45°(7)
(Fig. 2.1). Basing of the part 1s carried out in the centers.

8o or I machining of diametrical size, accuracy is ensured

by tool setting
=0 combination of technological and measuring bases

g&s; =0 The surface given the specified size is planned to be processed with

410

one installation..
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Figure 2.1 — Finished technological bases

25052
087

Figure 2.2 — Part dimensions

When machining in centers on a rigid front center, a basing error occurs, which is

equal to the tolerance for the Ty size plus the center error, 1.e., for size 25+0.52:

2

83
AC = <7> + 0,522 = 0,5 mm.

£8 25 = Too + AV =0.87 + 0.5 =1.37 mm.
€d 25 > T25;1.37 mm >1.04 mm.

The processing conditions for accuracy are not met.
It is necessary to adjust the tolerances of the component dimensions.
When using a front floating center, the centering error C=0 and the basing error are

significantly reduced.
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We process the left end in a similar way in turning operation 015. The grinding
operation is carried out in the centers in a similar way.

Milling of surfaces and drilling of holes is carried out in a special fixture with
installation in two prisms. In this case, a basing error occurs in the form of a displacement

of the workpiece axis (ep)

1 1
&y =1 —— = 0.062 - ——= = 0.043 mm.

Size tolerance T35 = 0.062>0.043 mm.

The processing conditions for accuracy are met.

2.1.1 Selection of draft technological bases.
In the first operation, it 1S necessary to process the finishing bases, namely, to make
center holes on the ends. To process the finishing bases, the workpiece is based on the

rough bases (Fig. 2.3).

54> .

B I
13 24

Al

60°

M3

210

5
7

for

Figure 2.3 - 1st installation of the part

In operation 005, turning, we machine the ends and center the holes from two
positions.

When installed in a 3-jaw chuck, the offset of the workpiece axis 1s [10 = 0. The
basing error for the dimensions is €590 = 0, because the bases coincide.

€012 =T90=0.87 mm. €312 >T12 (0.87 mm >0.6 mm).

With the selected basing option, the problem is solved - the connection of

unprocessed surfaces with processed ones.



2.1.4 Development of a mechanical route.

Table 2.1 — Machining route

e
gperation| Jperation name with number of fransitions Installation diagram Equipment Fype and model
a5 Miling and cenferm PR - .
Y Y VReLs WS Milling and cenfering
1 Install and secure the part. machine
2 MUl ends 1and 2 ance.
3 Lenter holes 3 and 4 once MR-71M
4. Remave the part | 2 0]
3 ) ju
o (NC lathe &) z
- e INC lathe
1 Install and secure the part. o I6KZ20F3
2 Grind surface 1 end 2 once, ]
surface 3 prelminary and surface 3 final.|
2 Grind end 4 preliminary. =
4. Grind end 4 Final,
5 Grind surfaces § and & once
6. Grind chamfer 7 once. YT,
7 Lut a thread on surface 1
& Remaove the part o
.= -
His, ol [TH/2
a5 Vertical driting with CNC ~Z e s mps | Vertical aritling
1 Install and secure the part with CNC
2 Mil surface 1 once. N ZRI35F3
3 Lenter hole 2 -
4. Lrdl fole 2 once. ] |
5 Pre-grill hole 2 / 3
6. Final drill hole 2. s
7. Kemave Ihe part. w5 S
Hib, hls, ITH/2
ozo fa 50 Vertical milling
Vertfical milling with CNC
with (NC GF2171MF3
1 install and secure the part.
2 Ml surfaces 1and 2 preliminarily.
3. Mt surfaces Tand 2 finally.
4. Remave the part.
I qanz -
HIG, bk, [TH/2
025 Heat freafment
. S 16 \
oy o End-rovnd-
730 - s (7 S
End-cylindrical grinding @ pu— grinding
1 Install and secure fhe part. T 37160
2 Grind surface 1 and end 2 R .
3 Remove the part X 1
1
25
65
L s ;|
His, hih, ITH/2

18
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2.1.5 Dimensional and precision modeling of the technological process

Dimensional analysis establishes relationships between operations and transitions
of a given technological process and analysis of relationships. Dimensional relationships
are defined and recorded in the form of dimensional chains.

We will perform dimensional analysis for operation 030.

The arrangement of technological dimensions 1s shown in Fig. 2.4,

After completing the construction of the dimensional scheme, dimensional chains
are allocated for calculating unknown dimensions.

The value and accuracy of the closing link K1, K2... depends on the values and
accuracy of the component dimensions of the chain B1, B2, B3...

The dimensions obtained in this operation have a quality of accuracy of 14, the
accuracy of the dimensions of the workpiece 1s quality 14. The previously accepted

tolerances are summarized in Table 2.2.

Table 2.2 — Preliminary tolerances of technological dimensions.

Size B, B, Bs B, B, B, W, W, W,

Tolerance, mm | 0,87 0,87 0,62 0,3 10,074|0,03 | 1,4

>

1,2 1

The determined tolerances are used in further calculations of technological
dimensions.
One of the first stages of dimensional analysis 1s the construction of a dimensional

diagram of the technological process.

2.1.5.1 Dimensional diagram of the technological process
The dimensional diagram indicates the dimensional parameters of the part at each

operation and records changes in the dimensions K, B, and W.
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Figure 2.4 — Dimensional diagram of the technological process

2.1.5.2 Derivative, output graphs - trees, combined graph
If we consider the surfaces of the workpiece and the part as vertices, and the
connections between them (dimensions) as edges, then the drawing of the part with

design and technological dimensions can be represented as two trees. The tree with
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design dimensions and dimensions of machining allowances is called the original, and
the tree with technological dimensions is called the derived or technological.

If both trees are combined, then such a combined graph allows you to present the
geometric structure of the technological process of processing a part. In such a graph, all
dimensional relationships and technological dimensional chains are transformed from
implicit to explicit. It becomes possible not to refer to the drawing, but to carry out all
the necessary calculations and research using only the information carried by the graph.
Any closed loop on the combined graph, consisting of the edges of the original and

technological trees, creates a technological dimensional chain.

‘_\35 @ @ @,
) ‘g; @ A

@ A W, .
7

Figure 2.5 — Derivative and output graph trees.

9

Zy 5
NS
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Z;
W

@ 5 ’@
@H@

Z_g f‘zé

Figure 2.6 — Combined graph.

The correctness of the construction of each tree was checked according to the
following criteria:
-the number of vertices in each tree is equal to the number of surfaces on the

dimensional diagram of the technological process;
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- the number of edges in each tree is equal to the number of vertices reduced by
one;

- Each vertex of the derived tree, except the root, is approached by only one arrow
of the directed edge, and none by the root vertex;

- a connected graph tree has closed loops..

2.1.5.3 Determination of intermediate minimum allowances for machining flat
surfaces.

To carry out the necessary calculations in the future, it is necessary to determine
the intermediate minimum allowances according to the reference book [17].

Z3min = 2 MM,  Zymin = 2 MM,

Zomin =2, 1 mm;  Zspuim = 1,2 mm;

Limin =2MM.  Zgmin — 0,8 mm;

Using graph trees, calculation equations were written to calculate the values of all

dimensions, which are listed in Table 2.3.

Table 2.3 — Equations for calculating dimensional process chains

Calculation equation Original equation The size to be determined
- K3+B3=0 K5 =B3 Bs
- Ko+ B =0 K> = Bg Bs
-K; +B, =0 Ki=B» B>
Z>+B,-B1=0 Bi=7,+ B, B,
Z:+B1- W1=0 Wi=Bi+ 7 Wi
Bs+ Z¢ - Be=0 Bs=B¢- Z¢ Bs
B4+ 7Z5- B5s =0 Bs=Bs- 75 B4
Z4- B4+ Zo+Wor=0 /4= By 7>- W) V\/2
Z3-B3z +W3+7,=0 /3= B3 -W3- 7, V\/3

2.1.5.4 Determination of technological dimensions, dimensions of the initial
workpiece, maximum allowances, correction (if necessary) of tolerances of
technological dimensions and (or) machining route.

According to the above equations, we find the values of technological dimensions.

Here are the values of the design dimensions:



23
1. K5=B3=65+0.37 mm.

2. Ky = B¢=69+0.3 mm.
3. K;=B,=90+0.87 mm.
4. 72 min =B1 min —B2 max
Bimin= B2 max + Zomin =90+2=92 mm;
Bimax = Bimint T(B1)=92+0,87=92,87 mm;
Z2max= Bimax —Bomin
Z2max=92,87-89,13=3,73 mm.
Nominal value B;:
B 1ov=( Bimint B1imax)/2=(92+92.87)/2=92,41 mm.
5. Zimin =W1 min —B1 max
W1 min = B1 max TZ1min=92,87+2=94,87 mm,;
Wi max = Wimin +T(W1)=94,87+1,4=108,87 mm;
Zimax = Wimax —Bimin
Zimax =4,8 mm.
Nominal value Bj:
W ison=( Wimint Wimas)/2=(94,87+108,87)/2=101,87 mm.
6. Z6 min =B6 min —Bs max
Bémin = Bs max + Zemin=68,2+0,8=69 mm;
Bémax = Bemin +T(Bs)=69+0,3=69,3 mm;
Zémax = Bémax — Bsmin
Z6max =69,3—67,.9=1 4 mm.
Nominal value W;:
Bsuon=( BsminT Bsmax)/2=(68,2+69,3)/2=68.75 mm.
7. Z5 min =Bs min —Bamax
Bsmin = Bamax + Zsmin=63+1.2=64.2 mm,;
Bsmax = Bsmin +T(Bs5)=64,2+0,074=62,27 mm;
Zsmax = Bsmax — Bamin
Zs5max=62,27-62,13=0,14 mm.

Nominal value W;:



24

Conclusions: Technological equations in most cases consist of 2—3 links. In general,

the TP of mechanical processing is optimal.

2.1.6 Calculation of allowances and between-operation sizes

Determination of allowances and technological dimensions for surface machining
@30H7(.0021), Ra 1,6.

The workpiece is installed in the centers. The machining route: rough turning, finish
turning, grinding. For external and internal surfaces, the minimum allowance is

determined by the formula

27 e =2 (RZH +1, + pi—l) (2 1)
R, — 1s the height of micro-roughnesses, um;

1'— depth of the defective layer, um;

p - sum of spatial deviations, microns;

Total value of spatial deviations for stamped blanks

p; =/ Per + P2m + PE (2.2)

where p.. — the amount of warping of the workpiece [3]

Center deviations:

o
p, = (73)2 +0,25 (2.3)
5, =3,0mm for M1 1 C2

pe =+/1,52 + 0,252 = 1,52 mm



Thus, the total value of the spatial deviation of the workpiece:

p, = /0,42 + 0,042 40,0252 = 1,571 = 157 um

Final spatial deviation after rough boring

after rough boring

py =0,06-p,=0,06-1570 = 94,2 pm

after final turning

p, =0,04-p,=0,04-1570 = 62,8 um

The calculation data are summarized in table 2 4.
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Table 2.4 — Calculation of allowances and limit sizes for technological transitions

for hole processing

Elements of the Solution Accepted. Grand
Processing route assumption . add.
solutions. value
um
R, T P E; 2Zmin dp dmin dmax Zmax | Zmin
Workpiece 1570 — | — |34,5/1000|34,5]355| — | —
033 6 150 |200 > > >
Rough turning | 59 | 50 | 94 | - [2-192030,658 160 |30,66|30,82 4680|3840
Finish turning | 39 | 30 | 63 | - |2-194 30,267 39 [30,27/30,31| 510 | 390
Grinding 10 | 20 — - [2-123 30,021 21 B0,02130,04| 270 | 249

We calculate the minimum allowances:

- for rough boring

- for fine boring

- for fine boring

27, =2-(150+200+1570)=2-1920 um

27, =2(50+50+94)=2-194 um
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27, =2(30+30+63)=2-123 um

We determine the calculated size dp
d ,=30,021+0,246=30,267~30,27mm;
d ,=30,27+0,388=30,658~30,66mm;

d ,=30,66+3,84=34,5mm;

We calculate the largest technological dimensions using the formula

d..=d_ .. +2-Z .. (2.4)
dmaxs = 30,021+ 0,021 = 30,04 mm;
dmaxe = 30,27+ 0,039 = 30,31 mm,;
dmax1 = 30,66+ 0,16 = 30,82 mm.
dmaxw = 34,5+ 1 =35,5 mm.
We calculate the maximum allowances using the formula
2+ Z st = s ~ i (2.5)
2-7% . =3031-30,04 = 0,27 mm=270MKM;
2.7 . =30,82-30,31=0,51 mm=510MKm;
2-Z%  =355-30,82 =468 mm=4680MKM.
We calculate the minimum allowances using the formula
2-7z%2 =d . —d_. .| (2.6)
2.7 . =30,27-30,021 = 0,249 mm=249MKM:;
2.7 =30,66—30,27 = 0,39 mm=390MKM:;
2.77  =345-30,66 = 3,84 mm=3840MKM

minl

Audit:
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27 27 2.7)

maxi mini

=0, 9,

- rough boring
4.68-3.84=1-0.16;
0.84 =0.84.
- fine boring
0.51 - 0.39=0.16- 0.039;
0.12=0.12.
- fine boring
0.27 - 0.249 =0.039 - 0.021;
0.02 =0.02.

Determination of intermediate allowances according to standards and calculation
of technological dimensions and maximum allowances for machining the remaining

cylindrical surfaces.

Table 2.5 — Allowances for diametrical dimensions according to standards

Part size Processing stage | Transition allowance The resulting size
Drilling 2,0 14
DI12H7 Pre-deployment 0.7 12,07
Deployment final 0,3 12
Turning 22
M20-7¢ Thread cutting 2 8

Other surfaces are processed in one pass.

2.1.7 Assignment of cutting modes (analytical calculation for three different types

of processing, others are assigned according to standards)

Operation 020- Drilling, roughing and finishing of the hole.
Material-steel20X

Roughness -Ra=1.25

Machine model — 2R135F3
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Depth of cut during rough reaming t; =0,21; correction factor K=2.4, t=0,21
-2,4 =0,54; for finishing boring —t=0,10.0,10=0,10;
Choice of feed.
Drilling - D=10,8 mm; 1/D=8.7; S¢:=0,14mm/rev.
Rough reaming - D=11,9 mm;; S;+=0,71 mm/rev.
Finishing reaming - D=D 1=12 mm; S;;=0,58mm/rev.

Drilling So= Sor‘Ksu; Ksy=1,1; So=0,14-1,1=0,154 mm/rev.

C,D* 342-10.8"%
V =—= K -0.888 =23.81

TS Y 60°%5,4°0,14%°

Cy=342; x,=0; y,=0,3; m=0,3, q=0.45- coefficients and exponents in the formula

for calculating cutting speed.

KV:KMV 'KHV'KIV = 1,07'0,83'1: 09888,

All components reflect the influence of a certain factor on the cutting speed:

KMV = 1,07, Kuv 20983, KIV :1

1000-
- 2.8).
n=—— (2.8)

n= 701 rpm =710 rpm.
Sy= Sor n =98,2=100 mm/rev;

TE'D'I’lf
f ™ 1000

V=24,07 m/min.

(2.9)

For the remaining transitions we calculate similarly (table 2.6).



Table 2.6 — Cutting modes for machining design bases and mounting holes
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Cutting modes
Operations, transitions S, n, V, t,
mm/rev | rpm | m/min | mm
005 CNC turret lathe
Trim endl once 0.15 1000 | 195 | 2.0
Center hole 2 0.15 800 25 2.5
010 Vertical milling machine with CNC
Mill end face 1 once 0.2 125 110 | 1.0
Center hole 2 0.15 800 25 2.5
015 CNC lathe

Sharpen the surface 1, one. 0.39 800 | 260.8 | 1.0
Sharpen end 2 once 0.15 800 | 257.6 | 2.0
Sharpen air 3 previous. 0.2 400 224 | 1.2
Sharpen the surface 3 times. 0.4 500 342 | 0.8

Sharpen the end 4 times. 0.4 400 778 2
Sharpen the end 4 ends. 0.2 500 937 | 14
Sharpen the surface. 5 units. 0.3 800 185 | 2.0
Sharpen the surface. 6 units. 0.3 800 155 | 2.0
Grind chamfer 7 04 500 185 1.0
Cut the thread on the surface 1 1.5 92 612 | 1.5

020 Vertical drilling with CNC
Mill surface 1 once 0.2 125 110 | 1.0
Center hole 2 0.15 800 25 2.5
Drill hole 2 once 0.35 800 24 30
Turn hole 2 in advance 0.8 125 14 0.8
Unfold hole 2 completely 0.6 180 20 0.6
025 Vertical milling machine with CNC

Mill surfaces 1 and 2 first 0.15 125 110 | 1.0
Mill surfaces 1 and 2 completely 0.15 125 110 | 0.8

2.2 Analysis of the technological process of manufacturing a part and the design

features of the product

To make a rational decision about improving the workplace by automating certain

processes, it is necessary to determine which technological operation is most optimal for

implementing the above-mentioned improvements.
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After analyzing the technological process, it is possible to distinguish two
operations that have the smallest number of transitions and, accordingly, the relative
share of auxiliary time is higher. However, since basing the workpiece on operation 015
1s performed more simply, this will facilitate the development of automated equipment
for the machine tool and use less precise equipment and robotic equipment. That 1s why

this operation was chosen for the implementation of automation [14-16].

2.3 Schematic diagram of an automated workplace

The layout of the workplace is an important stage of development, since the
properties and characteristics of its components will depend on the principle by which
its components will be arranged. In particular, robotic equipment. For our workplace, it
1s advisable to arrange an industrial robot so that it can service all the involved units of
both the main and auxiliary equipment. For such purposes, the “ring” layout is best suited

(Fig. 2.7).
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Figure 2.7 — Diagram of an automated workplace
1, 2 - equipment for feeding workpieces, 3 - main equipment, 4 - robot, 5 -

auxiliary equipment
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2.4 Conclusions to the chapter

1. A technological process for the mechanical machining of the "Support" part blank
has been developed.

2. A dimensional analysis of the technological process was conducted, and
machining allowances for the hole and cutting modes were calculated.

3. Performing dimensional analysis made it possible to determine the technological
dimensions and the workpiece dimensions.

4. Based on the analysis of the feasibility of automation, operation 015 was selected,

as automation in this case can reduce auxiliary time losses.
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3 ALGORITHM OF THE AUTOMATED WORKSTATION FOR

MECHANICAL PROCESSING OF SUPPORT PARTS IN CNC MILLING
OPERATIONS

3.1 Algorithm of operation of the automated workstation for machining of the

Support part in the milling operation with CNC

Since the processing process at the workplace must be fully automated, it is

necessary to develop a sequence of actions of the workplace elements to perform the

necessary transitions and actions during the processing process (Table 3.1) [11].

Table 3.1 - Algorithm of operation of an automated workplace

Type of work

Technological element

Preparation of the workpiece for
feeding, installation in auxiliary
equipment

Equipment for pre-orientation  of
workpieces, also the installation can be
performed by a worker for one shift or
more.

Taking the workpiece with the
manipulator

Industrial robot

Installing the workpiece on the
machine tool

Industrial robot
Developed machine tool equipment

Processing the workpiece on the
machine tool

Machine tool, developed machine tool
equipment

Removing the workpiece from the
machine

Industrial robot
Machine tools

Moving the workpiece to the
assembly location of finished parts

Industrial robot

Changing elements of an automated
place to prepare for the execution of
the next workpiece

Clock table
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3.2 Conclusions to the chapter

1. A list of actions and equipment for their implementation during automated
operation of an automated workplace has been determined.
2. A general algorithm for the operation of an automated workplace for the

technological processing of the “Support” part has been developed.
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4 AUTOMATION OF PRODUCTION ELEMENTS

4.1 Selection of basic equipment

The main part of the automated workplace 1s technological equipment (metal-
cutting machines, presses, heating furnaces, etc.), since its operation ensures the
production of products [14-15].

Equipment for the workplace should have an automated work cycle, product
clamping, as well as devices for automatic tool change, etc. However, this is not always
possible in production, since automatic machines are not widespread enough.

For the "Support" part, the 6R13RF3 model machine fully meets the specified
requirements.

The 6R13RF3 model machines are designed for multi-operation processing of parts
of complex configuration made of steel, cast iron, non-ferrous and light metals, as well
as other materials. Along with milling operations, the machines can perform precise
drilling, boring, countersinking and reaming of holes

Main parameters of the machine:

machine accuracy class - H;

length of the working surface of the table, mm - 1600;

table width, mm — 400;

table movement X,Y,Z, mm — 1000, 400, 380;

machine dimensions (length, width, height (mm)) — 3200, 2500, 2450;

weight, kg — 6900;

engine power, kW —7.5;

spindle speed limits min/max rpm — 40/3000;

number of tools in the store, pcs — 8.

4.2 Choosing an industrial robot (IR) for an workstation

The main requirements that an industrial robot must meet are as follows [21-22]:



35

- ensuring the specified load capacity;

- the dimensions of the working area of an industrial robot should be determined by
the dimensions, shape and position of the working areas of the equipment being serviced;

-the control system of an industrial robot is selected taking into account the method
of positioning the working body, the number of control coordinates, and the amount of
memory;

-the gripping device (GD) is selected taking into account the structural and
technological parameters of the object being manipulated.

- the load capacity of an industrial robot must exceed the mass of the manipulated
object by at least 10%.

The shape and dimensions of the working area must be such that loading and
unloading of the workpiece from the working area of the main and auxiliary equipment
1s carried out without hindrance.

For an industrial robot operating as part of an RTC, the number of degrees of
freedom depends to the greatest extent on the shape, size, and position of the equipment's
working area and the relative position of the limiting surfaces creating the loading-
unloading area.

Positioning error significantly affects the process of installing the workpiece in the
fixture, both the main and auxiliary equipment.

To service the workplace and technological equipment in accordance with the
recommendations, an industrial robot of the “Universal” model was selected.5.02” (fig.
4.1), with the following characteristics:

-load capacity -5 kg;

-number of mobility stages — 6;

-number of hands -1;

-number of gripping devices on one arm - 1;

-drive of the main movements - electric;

-control system - positional;

-number of programmable coordinates- 4;

-programming tool for movement-training;



-system memory capacity, number of steps - 50;
-positioning error - £1.0 mm;

-the greatest arm reach —1300 mm;

-linear displacement, mm/speed, m/s:
r=700/0.9;

z=400/0.3;

-angular displacements, °/ angular velocity, °/s:
¢ =330/60;

a =180/180;

B =180/90;

-weight, kg- 650.

I
!
el

Figure 4.1 — IR scheme

36



37
4.3 Design (selection) of a gripping device

According to the machining route and part drawing, the workpiece will be based on
a machine tool fixture on an external cylindrical surface ()48h8. The most rational
method 1s to install it on a prism and a side stop.

Therefore, we use these same surfaces to install the workpiece in the gripping

device of the device (Fig. 4.2).

Figure 4.2 - Workpiece clamping diagram

4 3.1 Calculation of clamping forces of the gripping body of an industrial robot

The gripping force i1s determined from the assumption that the holding of the

manipulated object occurs due to the frictional forces created by this force:

F=KI1-K2-K3- m-g, [H] (4.1)

where m 1s the mass of the manipulated object (mass of the workpiece);

g — acceleration of free fall;

K1 — safety factor, K1=1.2 — 2.0. We assume K1=1.2;

K2 is a coefficient depending on the maximum acceleration A with which the robot

moves an object fixed in the gripping device. For pneumatic robots A% g.
K2=1+A/g=1.8;
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K3 — transmission coefficient, depending on the design of the grip and the location

of the manipulated object in it, is selected according to [4].

sin@

2u (4.2)

>

K3

where 0 is half the angle of inclination of the jaws of the gripper 6 = 60°.

u- coefficient of friction between the object being manipulated and the jaws. u=0.15

:s1n60 _99

>

K3

Figure 4.3 — Scheme of the gripping device

According to [4], the equation of equilibrium of clamping forces is as follows:
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b sin®—c ? bsn®—-c| P
b- I = 1-| 2 — R 43
[ng)\/ [ ; j p ] 5 b (4.3)
where
P- 201 IN] (4.4)

. 2 .
[lg@\/l[bl s1nb®—cj b s1an)c]'b2

When designing the GD, we assume b=0.05m, b1=0.022m, b2=0.032m, ¢=0.025m,
angle 6=60".

2-0,05-478

r= 2 — 82(H),
[ 260 \/1 ~ (0,022 sin 60 - o,ozsj ~0,0225in 60 - 0,025] 0,032
0,05 0,05
Determine the piston diameter
For single-acting cylinder [4]
.n2
F=p, ==~ Fr— Fp, [mm] 4.5)
4. (F+ Fr+ Fp) 4.(82+8+18)
b= = = 14.4-1073
\/ T - D, 7-0.6-10° (1)

Therefore, to ensure clamping of the part, a pneumatic cylinder with a working

diameter larger than14.4 mm, we take the nearest standard piston diameter D=15 mm.
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4.4 Analysis of part positioning accuracy

Let us consider the errors that arise during automatic installation of the workpiece
on the machine (Figure 4.4).

el

Figure 4.4 — Dimensional relationship diagram

VA- deviation from the coaxial prism of the clamping device of the machine and
the axis of the loaded workpiece

B1 — deviation from the coaxial workpiece in the GD.

B2 — deviations resulting from IR inaccuracy.

B3 — deviation that may occur as a result of inaccurate positioning of the workpiece
in the workpiece feeder.

B4 — distance between the machine tool and the robot.

B5 — distance from the axis of the machine tool clamping device to the main base
of the machine tool.

The robot takes the workpiece into the fixture and removes the part. The robot

takes the workpiece with a gripping device, brings it into the working area of the machine
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so that the axis of the workpiece coincides with the axis of the mandrel, then installs the

workpiece on the mandrel, after which a command is given to clamp the fixture.

To facilitate the installation process, a guide cone is made on the front of the

mandrel. Installation of the workpiece on the mandrel 1s possible if B does not exceed

the value:

Vmax = 12) — [mm]

where D — Installation size of the prism;
d — outer diameter of the Bushing;

K,— safety factor (K,=1.1-1.2).

60_‘;5 =6.81(mm),

Vmax=

B2 =+1.0 mm
B1 =£0.5 mm
B3 =30-9021mm
B4 =1100-2.6 mm
B5=200-1.15 mm
TA/ 2 =2.0+1.0+0.021+2.6+1.15;

>

TA=6.771 mm.

(4.6)

Since TA< Bmax, therefore the accuracy is sufficient to perform the necessary

operations.

4.5 Construction and calculation of the trajectory of movement of IR elements

The procedure for the robot is given in table 4.1



Table 4.1 — Elements of the trajectory of movement of the gripping device
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Trajectory Comment Displacement,
element mm(degrees)

0 1 Moving the right hand forward 500
Workpiece clamp -

zl 2 Moving the right hand up 200

2 3 Moving the left hand back 500

@3 4 Turn the left hand clockwise 90°

45 Moving the right hand forward 500

z56 Moving the left hand down 200
Blanking of the workpiece -

6 7 Moving the left hand back 500
Hands up IR -

r7 8 Moving the right hand forward 500
Workpiece clamp -

z8 9 Moving the right hand up 200

910 Moving the left hand back 500

¢ 1011 Turn the left hand clockwise 90°

rl112 Moving the right hand forward 500

z1213 Moving the left hand down 200
Blanking of the workpiece -

r1314 Moving the left hand back 500

¢ 1415 Hand rotation against the left hand | 180°

counterclockwise

Let us present in Figure 4.5 fragments of the trajectory of the IR movement.
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Figure 4.5 - Fragments of the trajectory of the PR movement
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4.6 Selection of auxiliary equipment for the workstation

The main functions of auxiliary equipment are:

-accumulation function;

-function of transportation and individual product delivery;

-product orientation and reorientation function.

The complexity of the tasks performed requires the use of various auxiliary
devices.

The main requirement for selecting auxiliary equipment for RTC is: the workpiece
during entry and removal must occupy the required position relative to the gripping
device of the IR, and the working area of the auxiliary equipment must intersect with the
working area of the industrial robot.

Based on the fact that the part has a cylindrical shape, a small mass, and relatively
small dimensions, we choose tray magazines as the transport and storage device.

Trays are transport devices that serve to direct the movement of parts along a given
trajectory to a given point in the working space of the equipment. At the same time, trays
perform the functions of accumulators that ensure the uninterrupted operation of

technological equipment.

4.7 Analysis of possible workstation layout options

For our workplace, we choose a ring layout scheme. In the ring layout, the
equipment 1is located directly around the robot. The ring layout of the RTC provides
convenience for loading and unloading equipment, unhindered movement of the IR
gripping device. It provides a reduction in auxiliary time for securing and installing the
workpiece, which allows you to reduce the manual - calculation time and, therefore,

increase productivity (Fig. 4.6.).
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1190

Ly

Figure 4.6 - Ring type circuit diagram
4.8 Calculation of workpiece movement speeds

To determine the linear positioning speed in the range of the industrial robot arm,

we will use the formula:

2L, -4/Al

Ve ==

, [m/s] 4.7)

where Lx-IR arm extension;
Al - positioning error;
M - mass of the object being manipulated (mass of the workpiece, parts),

Miota1 =0.7 kg, mget. =4.47 kg. We perform calculations based on the largest mass.

2:0,5-42
3/0.7

Vy = = 1.34(m/c).
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The vertical displacement speed of the IR, provided that the masses are balanced,

1s found by the formula:

. [m/s] (4.8)

y o % L, -NA
zZ 3 (M
where «, - coefficient depends on the drive design, «,=3;
L, - path length during vertical movement, m;
M is the mass of the manipulated object;
_ 3402:32

Vz = 25 = 1.8(u/o).

Angular velocity when turning the IR arm relative to the vertical axis:

LENR T

2L > [rad/s] 4.9)

where 0 1s the angular positioning error, s

¢ — arm rotation angle, rad.;

_ AL 180 2 180

) = =573

L = 05 &« '
0,5v3.14 - /573

w = = 4,33(radc).

The part under consideration has a small weight and therefore can be moved at fairly
high speeds, however, the values found exceed the technical capabilities of the IR,
therefore, for further calculations, we will use the data of the technical characteristics of
the IR, namely:

-linear movements:
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r—09m/s;

z-0.3 m/s;
-angular displacements:

¢ =60°/s.
4.9 Development of a cycle diagram for the functioning of the workstation

The cycle diagram of the RTC operation includes, in the selected sequence, all
actions performed by the main and auxiliary equipment, as well as the IR necessary for
processing the workpiece.

The construction of a cyclogram of the functioning of the RTC provides a quick
determination of the operating cycle Tr, the value of the cycle productivity Qc. The
construction of the cyclogram also gives a significant idea of how it is possible to reduce
Tr by combining the execution time of individual transitions and reducing the duration
of non-aligned transitions.

After we have identified all the IR movements and established the sequence of their
execution, we need to determine the execution time of each movement using the

following formulas:

t, = %; [c] (4.10)

t; == [c] (4.11)

where ¢;- angles of rotation of mechanisms;
[,- linear movements of mechanisms;
w;V;- angular and linear movement speeds of mechanisms along the

corresponding coordinate.

Taking into account definitions 4.7-4.9, we will conduct a study of the influence

of the parameters of the robot manipulator on its speed and other characteristics.



47

V, Mm/c
5 45
45 4
4 3,5
3,5 3
3
2,5
2,5
2
2
1,5
1,5 ’
1 1
0,5 0,5
0 0
0,2 0,3 0,4 0,5 0,6
Papn2 ==@==Panl L
mm

>

Figure 4.7 — Dependence of the speed of movement along the X and Z axes on the

maximum departure
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Figure 4.8 — Dependence of the speed of movement along the X and Z axes on the

mass
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Figure 4.9 — Dependence of movement time along the X and Z axes on the

maximum departure

Based on the analysis of the graphs presented in Fig. 4.7-4.9, it can be concluded
that an increase in the manipulator travel results in an increase in linear speeds, which
can be considered a positive factor, however, this increase also leads to a deterioration
in the time characteristics of the operation.

A flow chart is a graphic representation of the sequence of operation of individual

elements and subsystems (Fig. 4.10).

Operation
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Figure 4.10 — RTC operation flow chart
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4.10 Created of machining program for a CNC machine

For example lets show creating of program for CNC for lathe machine-tool. First

need to open 3d model of a part (fig. 4.11).
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Figure 4.11 — Open the part to be processed

Next step is enter the machine tool settings, and select CNC lathe (fig. 4.12)
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Figure 4.12 — Tool selection and settings

After that we need to set coordinate system settings and perform blank
settings (fig. 4.13)
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Figure 4.13 — Select blank management and perform blank settings

Next we need to select turning settings and add production operation plan
(fig. 4.14)
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Figure 4.14 — Generate tool path

After all element of operation plan will be put in we can simulate the work of
CNC machine-tool and save the program. (fig. 4.15)
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Figure 4.15 — simulate tool path

4.11 Determination of the main indicators of the workstation

The main indicators characterizing the operation of the RTC are the following:
cycle productivity Qc; relative load factor of the IR Kgr; utilization factor of the IR Kvr;
utilization factor of the main equipment Kvo; utilization factor of the IR Kzv; operating
mode of the robot.

The cycle productivity is determined by the following formula:

Q. = —; (4.12)

Tp

where 7, - duration of the work cycle, 7, =80.86 s;

1
Q. = 8086 0,012(s);

Relative load factor K;
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K, = tav, (4.13)

where P,,,- average workload, 0.7 kg;

P - robot load capacity, P=5 kg;

0,7
KFP = ? = 0,14‘

Coefficient of utilization Ku
K, = 2=, (4.14)

where 7}z- IR operating time per work cycle, 13.96 s;
13,96

K, = = 0,17;
“80.86

Core equipment utilization rate K,
Ky == (4.15)

where T,- operating time of the main equipment per operating cycle, To=65.4 s;

64.4

Kur = m = 0,86

4.12 Conclusions to the section

A machining program for a CNC machine was created using the SolidCAM system.
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A list of actions and the equipment required to perform them in an automated

workstation was determined.

A general algorithm for the operation of the automated workstation for machining
the “Support" part has been developed.

The "Universal" industrial robot model was selected for use in the automated
workstation.

A gripper device scheme was selected for handling the "Support" part.

Time expenditures were calculated, and dependencies of the robot’s speed and time
characteristics on the manipulator's features and the mass of the handled load were
studied.

The parameters of the workstation’s operation were defined. The total cycle time 1s

81 seconds.
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5 ECONOMIC PART

5.1 Conducting a scientific audit of research work

For scientific and exploratory research, an assessment of the scientific effect 1s
usually carried out.

The main features of the scientific effect of research work are the novelty of the
work, the level of its theoretical elaboration, the prospects, the level of dissemination of
results, and the possibility of implementation. The scientific effect of research can be
characterized by two indicators: the degree of scientific novelty and the level of
theoretical elaboration.

The values of the indicators of the degree of novelty and the level of theoretical

elaboration of the research work in points are given in Tables 5.1 and 5.2.

Table 5.1 — Indicators of the degree of novelty of research work

Value of the

]n):ferﬁi of Characteristics of the degree of novelty degree of novelty
indicator, points

1 2 3

Fundamentally | The work is qualitatively new in terms of the problem | 60...100

new statement and is based on the application of original research

methods. The research results open a new direction in this
field of science and technology. Fundamentally new facts and
patterns have been obtained; a new theory has been
developed. A fundamentally new device, method, and method
have been created.

New New information has been obtained that significantly reduces | 40...60
the uncertainty of existing values (known facts and patterns
have been explained in a new or first way, new concepts have
been introduced, the structure of the content has been
revealed).  Significant improvement, addition and
clarification of previously achieved results have been carried
out

Relatively new | The work has elements of novelty in the formulation of the | 10...40
problem and research methods. The results of the study
systematize and generalize the available information,
determine the paths of further research; for the first time a
connection is found




Continuation of table 5.1
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1

2

Relatively
new

(or a new connection is found) between phenomena.
In principle, known provisions are extended to a
large number of objects, as a result of which an
effective solution is found. Simpler methods are
developed to achieve known results. Partial rational
modification (with signs of novelty) is carried out

10...40

Traditional

The work was carried out using traditional methods.
The research results are informative in nature.
Known facts and statements that require verification
are confirmed or questioned. A new solution has
been found that does not provide significant
advantages compared to the existing one.

2...10

Not new

A result was obtained that was previously recorded
in the information field and was not known to the
authors.

Table 5.2 — Indicators of the level of theoretical elaboration of research work

Characteristics of the level of theoretical elaboration

Value of the indicator
of the level of
theoretical

elaboration, points

Discovery of the law, development of the theory

80...100

Deep study of the problem: multi-faceted analysis of
connections, interdependence between facts with the presence
scientific the

of explanations, systematization  with

construction of a heuristic model or a complex forecast

60...80

Development of a method (algorithm, program), device,

obtaining a new substance

20...60

Elementary analysis of the connections between facts and the
existing hypothesis, classification, practical recommendations

for a particular case, etc.

Description of individual elementary facts, presentation of

experience, results of observations, measurements, etc.
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The indicator that characterizes the scientific effect is determined by the formula:

Ese = 0,6 - kpew + 0,4 - ktpeor, (5.1)

where k, 0w, Kineor— Indicators of the degree of novelty and the level of theoretical

elaboration of the research work, points;

0.6 and 0.4 — the specific weight (significance) of the indicators of the degree of

novelty and the level of theoretical elaboration of the research work.

The work proposes a scheme of an automated workplace for processing a

workpiece = 20. Formula dependencies are used to calculate the speed of performing

auxiliary operations by the robot based on empirical dependencies, therefore =15. Then

the indicator characterizing the scientific effect is equal t0:kygpKreop

28]

E..=06-20+0,4-15=19.5.
5.2 Forecasting the cost of performing the work

Calculation of the basic salary of developers.

The basic salary of developers, which is calculated according to the formula [27,
M
Sm =7 t[CU], (5.2)

where: M — monthly salary of each developer (researcher), in CU.
71— the number of working days in a month. Approximately T =21+22,
— number of days of developer work.

For a project manager, the basic salary will be:

Sm ===+ 21 = 2863(CU),
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We calculate the salaries of other developers in a similar way. It 1s necessary to take

into account that the most part of the work is performed by the process engineer.

Table 5.3 — Results of basic salary calculations

Payment per | Numeric | Salary
No. ' Monthly '
Job title working days expenses,
n/a salary, CU
day, CU works Cu
1. | Project Manager 2863 136 21 2863
2. | Debugging engineer | 2000 91 22 2000
3. | Operative 2000 91 22 2000
4. | Locksmith 2000 91 22 2000
Total 8863

The costs of basic wages of workers (Sw) are calculated based on the time standards

required to perform technological operations to manufacture one product:
Sw = Xi=oti * Ci - K., [CU], (5.3)

where: ti — time rate (labor intensity) for performing a technological operation,
hours;

n—number of works by types and categories;

Ks— the coefficient of correlations, which is currently established by the General
Tariff Agreement between the Government and trade unions. Ks=1+5. We assume Ks
=1.37;

Si— hourly tariff rate of a worker of the corresponding category who performs the

corresponding technological operation, CU/h. C is determined by the formula:

C, = fm"{f, [CU/hour], (5.4)

wTsh
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where: Mm — minimum monthly wage, CU. From 04/01/2024 — Mm = 200 CU;

K; —tanff coefficient of a worker of the corresponding category and profession;

1, —number of working days in a month. Approximately Tw = 21+22;

T — shift duration, 7, = 8 hours.

Considering that workers of the fourth and fifth categories will have to work, the

hourly wage rate will be:

C4=200-1.5-1.37 /(22 - 8)= 2.22 (CU/hour):

Table 5.4 — Basic salary costs

Equipment Labor intensity | Work | Hourly rate | Amount of
hours load payment,
CU

Work on the arrangement

o elements 130 4 2.22 290
Machine operator jobs 140 4 2.22 311
Locksmith work 80 4 2.22 178
Debugger's work 95 4 2.22 211

Total 990

Additional salary 1s calculated as 12% of the developers' base salary:

Saaa = (8863+990) 12% = 1182 (CU).

Wage accruals amounted to 22% of the sum of the basic and auxiliary wages:

(8863+990+ 1182)-0.22 = 2428 (CU).

Depreciation of equipment used in the manufacture of the device.
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In a simplified form, depreciation deductions in general can be calculated using the

formula:

_PTr
A=t (5.5)

where P is the book value of the equipment, CU;

Tr— useful life of the equipment (months);

Tn — standard period of use of equipment, years.

Table 5.5 — Results of depreciation calculations

' ' Term of | Amount of
Equipment Carrying ' Useful life, o
normative use, depreciation
name amount, CU months. '
year. deductions, CU.
Computer
' 4 12
equipment 714 179
Industrial robot | 6905 7 12 986
Locksmith
' 4 1
equipment 3095 64
Equipment for
layout and 6 1
configuration 5119 71
Equipment for A .
calculations 952 20

In accordance:

A=179+986 + 64+ 71+ 20 = 1320 (CU).

Material costs are calculated for each type of material using the formula:
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M=2H;-P;-K;->BP,
! ! [CU] (5.6)

where: Hi — consumption of material of the i-th name, kg

Pi— cost of the material of the i-th name, CU/kg,

K; — transportation cost coefficient, Ki=1.1.

B; — mass of waste of the i-th type,

P, — the price of waste of the 1-th type,

n — number of types of materials.

The amount of waste in our case is the same for both production methods, so we do

not take into account the cost of materials.
The costs of power electricity for development are calculated using the formula:
B, = Wyi “t; - P, - Ky /m; [CU], (5.7)

where: P — cost of 1 kWh of electricity. As of May 2025, for industry (2nd category
of consumers), the price of electricity is Pw = 0.210 CU/kW according to the market
operator's tariffs, Pd = 0.053 CU/kW for the distribution of electricity according to the
tariffs of Enera Vinnytsia LLC (as an example) and Ps = 0.01 CU/kW for the supply of
electricity to a specific user according to the tariffs of Enera Vinnytsia LLC (as an
example).

W — installed capacity of the equipment;

t — the actual number of hours of equipment operation during technological
operations, resulting in the production of one product;

K 1s the capacity utilization factor.

Pe = (0.21+0.053+0.01)(1+20%/100%)= 0.328 (CU).
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Table 5.6— Results of electricity cost calculations

Equipment name I\I)Z lolilglng hours, Power, kW. Utilization rate
Computer 150 0.5 |

equipment '

Room (lighting) 140 0.9

Industrial robot 110 6 1

Auxiliary 120 6 0.8

equipment

Pel =0.328:0.5-150-1 = 24.6 (CU),
Pe2 =0.328:0.9-140-1 = 41.34 (CU),
Pe3 =0.328:6-110-1.0 =216.5 (CU),
Pe4 =0.328:6:120-0.8 = 189 (CU),
Pe=24.6 +41.34+216.5+ 189 =471.4 (CU).

Other costs can be taken as (100...300)% of the basic salary of the workers who

performed this work:

I=(1...3) (Sm*Sada) , (5.8)
Iy = 3+ (8863+990) = 29559 (CU)

All costs are:

B = 8863+990+ 1182 + 2428+ +1320 +
+471.4 + 29559 = 44813 (CU)

Calculation of the total costs of performing this work by all performers.

The total cost of this work is determined by the By formula:

B
Btotal = o (5 -9)
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where o— the share of costs directly incurred by the performer of this stage of work,
in relative units. For our casea= 0.95.
Then
Brotar= 44813 /0.95 = 47171 ( CU);

Forecasting of total costs is carried out using the formula:

ZV:Btoml/ﬁ, (5 . 1 O)

where 1s the coefficient that characterizes the stage (stage) of the performance of
this work. Thus, if the development is: at the stage of scientific and research work, then
p~= 0.1; at the stage of technical design, then S~ 0.2; at the stage of development of
design documentation, then S~ 0.3; at the stage of technology development, then ~ 0.4;
at the stage of development of a prototype, then 5~ 0.5; at the stage of development of
an industrial prototype, = 0.7; at the stage of implementation, then 5~ 0.8-0.9.

For our case f~ 0.4.

Then:

ZV =47171/0.4=117928 (CU)

That is, the projected costs for developing a combined processing method and

implementing the results of this work are approximately 117928 CU.

5.3 Assessment of the importance and scientific significance of scientific research

work of a fundamental or exploratory nature

To substantiate the feasibility of carrying out scientific research work, a special
complex indicator is used, which takes into account the importance, effectiveness of the
work, the possibility of implementing its results in production, the amount of work costs

The complex indicator KP of the level of scientific research work can be calculated

by the formula:
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T, R

Kp = Bt (511)

Where
I is the coefficient of importance of the work, I =2...5;

n 1s the coefficient of use of the results of the work; n = 0, when the results of the
work will not be used; n =1, when the results of the work will be used partially; n = 2,
when the results of the work will be used in research and development; n = 3, when the
results can be used even without conducting research and development;

Tc 1s the coefficient of complexity of the work, 1..3 T¢ =1..3 ;

R — efficiency coefficient; if the results of the work are planned above the known
ones, then R = 4; if the results of the work correspond to the known level, then R = 3; if
below the known results, then R =1;

B — cost of research work, thousand CU;

t — research time, years.

K=t 3t e
P71179-4 7 7
Kp=1.63 > 1, then research work can be considered effective with high scientific,

technical and economic levels.

5.4 Conclusions to the section

When assessing the economic efficiency of scientific research, the commercial
potential of the research was determined and an estimate of capital costs for the
modernization of the machining area was calculated, as well as the economic efficiency
of the innovative solution was assessed.

The commercial potential of the study, according to the results of a survey of
experts, was determined as above average.

Research work can be considered effective with high scientific, technical and

economic levels.
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CONCLUSIONS

. Based on the review of typical automation tools, the main methodologies and
means for production automation can be identified, namely the use of robotic
equipment and auxiliary devices in combination with CNC machine tools.

. Automated or robotic elements usually perform auxiliary functions.

. Robots with 4 to 6 degrees of freedom are typically used for servicing the machine
tool.

. At the workstation, industrial robots perform primary automation tasks, including
automated loading and unloading operations.

. A technological process for the mechanical machining of the "Support" part blank
has been developed.

. A dimensional analysis of the technological process was conducted, and
machining allowances for the hole and cutting modes were calculated.

. Performing dimensional analysis made it possible to determine the technological
dimensions and the workpiece dimensions.

. A machining program for a CNC machine was created using the SolidCAM
system.

. Based on the analysis of the feasibility of automation, operation 015 was selected,

as automation in this case can reduce auxiliary time losses.

10.A list of actions and the equipment required to perform them in an automated

workstation was determined.

11.A general algorithm for the operation of the automated workstation for machining

the “Support" part has been developed.

12.The "Universal" industrial robot model was selected for use in the automated

workstation.

13.A gripper device scheme was selected for handling the "Support” part.

14. Time expenditures were calculated, and dependencies of the robot’s speed and

time characteristics on the manipulator's features and the mass of the handled load

were studied.
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15.The parameters of the workstation’s operation were defined. The total cycle time
1s 81 seconds.

16.In assessing the economic efficiency of the research, the commercial potential of
the study, according to the results of a survey of experts, was determined as above
average.

17.Research work can be considered effective with high scientific, technical and

economic levels
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APPENDIX A

(required)

ILLUSTRATIVE PART

DESIGN OF AN AUTOMATED WORKPLACE FOR THE TECHNOLOGICAL
PROCESS OF MACHINING OF THE PART "SUPPORT"



Purpose and objectives of the work

The purpose of the work is to automate the workplace of the technological
process of machining the workpiece “Support”.

To achieve the set goal, the following tasks must be performed:

- to review known methods and automation tools used in technological
production;

- to analyze the machining route and determine operations that can be
automated;

- to develop a general scheme of the automated workplace and the algorithm
of the automated workplace ;

- to select technological equipment and design automated equipment for it;

- to calculate the main parameters of the automated workplace;

- to develop the layout of the automated workplace ;

- to calculate and analyze the economic feasibility of manufacturing the part;

- to analyze working conditions and safety in emergency situations.

The object of the study is the automated workplace of the technological
process of machining the workpiece " Support ".

The subject of the study is the technological process of machining the part
“Support”.
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Application of robots in machining



Material
Hardness

x0O D <

=Cutting
=Milling

=Drilling
=All

‘ ] 1}
B B .
| ]
Titanium l (@] i
- 1:_ _____________ E_ ___________
Glass ! O !
B A .
Annealed] ' H
Steel ' H
- .{. _____________ E_ ___________
ti
Cast lron 0 : X : (o)
B S N
Aluminumy X i X E @) O
oo - ———— ———————
opper ! !
Brass X i X E O O
—_— + ______________ : ____________
Plastic X | X i X
: i
— o e ot e e e e I
Wood X ! X ! X
- o —————] e
Foam X | X i X
Prototyping/ | Component/ I Final Product
Molds Sub-assembly

Production Stage

Materials and operation which can be machined
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Installation dagram

Eguipment type and model

gperation | Operation name with number of fransifions
05 Milling and cenfering o Y -
R i2g Milling and centering
1 Install and secure the part. machine
2 Mil ends 1and 2 ance.
3 Lenter holes 3 and 4 once. MR-71M
4. Remave the part. T
Hib, hih ITh/2
o CNC lathe R 25 CNC lathe
1 Install and secure the part. T6KZ0F3
2 Grind surface 1 end 2 once,
surface 3 preliminary and surface 3 final.
3 Grind end ¢ preliminary.
4. Grind end 4 final.
5 Grind surfaces 5 and 6 once
6. Grind chamfer 7 once.
7. (ut a thread on surface 1
8 Remove fthe part
55
90
His, bk, ITH/2
o5 Vertical dritling with (NC e pemr s | Verhical dritling
1 Install and secure fhe part. with (NC
2 Mi{ surface 7 once. ZR135F3
3 Center fhole 2 ;
4. Orill hole 2 once. 7{»
5 Pre-drill fiole 2.
6. Final drill hole 2.
7 Remove the parf.
Hib, hts, ITH,/2
ozo Vertical milling
Vertical milling with (NC
with (NC GF2171MF3
1 Install and secure the par/.
2 Mill surfaces 1and 2 preliminarily.
3 Ml surfaces 7and 2 finally.
4. Remove the part.
oz5 Heat freatment
/: #a 16 /)
o . A End-round-
Y End-cylindrical grinding D o grinding
1 Install and secure the part. 37760

2 Grind surface 1and end 2
2 Remave the part.

90

Hig, hih ITh/2
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Using SolidWorks CAM for programming CNC machine-tools



Type of Work

Technological Element

Preparation of the workpiece for feeding,
installation in auxiliary equipment

Fixtures for preliminary orientation of
workpieces; the installation can also be
performed by a worker for one or more
shifts.

Picking up the workpiece with a manipulator

Industrial robot

Placing the workpiece on the machine

Industrial robot, developed machine tooling

Machining the workpiece on the machine

Machine, developed machine tooling

Removing the workpiece from the machine

Industrial robot, machine tooling

Transferring the workpiece to the assembly
area for finished parts

Industrial robot

Changing elements of the automated station
to prepare for the next workpiece

Indexing table

General algorithm of operation of the automated workstation
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F=KK,K.mg

where m is the mass of the manipulated object (mass of the workpiece);

g — acceleration of free fall;

K1 — safety factor, K1=1.2 — 2.0. We assume K1=1.2;

K2 is a coefficient depending on the maximum acceleration A with which the robot moves
an object fixed in the gripping device. For pneumatic robots A g. K2=1+A/g=1.8;

K3 — transmission coefficient, depending on the design of the grip and the location of the

manipulated object in it
2-b-F

P=
[fg@ 1_[z)lsm@—c}2 _blsin@—c].bz

b b

Gripper Device Diagram
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V. mc

Dependence of movement speed along
the X and Z axes on the maximum reach

t, M/c

s - 0.88
- 0.86

0.6

0.5
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0.5

0.4

0.3

0.2

0.1

6

PAA2 w=Prpl

L. MM
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m, KT

Dependence of movement speed along the X
and Z axes on the mass



Lycle diagram of gperation and algorithm of the RTC

Trajectory element Comment Displacement
mmldegrees/
a7 Maving the right hand forward 500
Waorkpiece clamp -
z1z Maving the right hand ug 200
r23 Moving the leff hand back 500
i34 Turn the leff hand clockwise 90°
ré 5 Moving the right hand forward 500
Z56 Moving the left hand down 200
Blanking of the workpiece -
ré6 7 Moving the leff hand back 500
Hands up PR -
r7 8 Moving the right hand forward 500
Waorkpiece clamp -
z8 9 Moving the right hand up 200
ramn Moving the leff hand back 500
fi 1017 Turn the left hand clockwise 90
rime Moving the right hand forward 500
zrn Moving the left hand down 200
Blanking of the workpiece -
rizt Mowving the leff hand back 500
i %5 Hand rofation agamst the left hand counterclockwise 8o
Algorithm of the R7C
. Time. ¢
EFquipment [7,DE‘I‘ arion
5 o5 20 .. 65 70 |75 |80 |85 | 90|95
Gripping of the 349 ¢
workpiece
Workpiece installation 7199 ¢
R
Workpiece denstallafion 7 99¢c
Fovement of the workpece
fo the fiished parfs 649
assembly area
(lamping of the workpiece 3r
n the fixture
Unclamping
Mackine fool of Ihe workpiece Jrc
n the fixture
Pracessing
of the warkpiece 94
Tactie fable Kotahan 8086 c 5
fo the next posifion i j

Lycle gagram of gperations
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(required)

Part processing program on a CNC machine tool
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00001

N1 (CNMG 431 80DEG SQR HOLDER)
N2 TO101

N3 B90.

N4 G00 G96 S548 MO3

N5 (—f2)
N6 G54 GOO Z3.354 MOS8
N7 X100.707

N8 GO1 X94. Z0 F.409
N9 Z-90.4

N10 X94.707 Z-90.754
N11 GO0 X100.707

N12 Z.354

N13 X89.074

N14 GO1 X88.367 Z0
N15 Z-63.5

N16 X89.2

N17 GO3 X93. Z-65.4 R1.9
N18 GO1 Z-75.4

N19 GO3 X92.972 Z-75.632 R1.9
N20 GO1 X89.345 Z-90.4
N21 X89.961 Z-90.794
N22 GO0 X95.961

N23 Z.354

N24 X83.442

N25 GO1 X82.734 Z0
N26 Z-63.5

N27 X88.367

N28 X89.074 Z-63.146
N29 GO0 X95.074

N30 Z.354

N31 X77.809

N32 GO1 X77.102 Z0
N33 Z-63.5

N34 X82.734

N35 X83.442 Z-63.146
N36 GOO X89.442
N37Z.354

N38 X72.176

N39 GO1 X71.469 Z0
N40 Z-63.5

N41 X77.102

N42 X77.809 Z-63.146
N43 GO0 X83.809

N44 Z.354

N45 X66.543

N46 GO1 X65.836 Z0
N47 Z-63.5

N48 X71.469

N49 X72.176 Z-63.146
N50 GOO X78.176
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N51Z.354

N52 X60.91

N53 GO1 X60.203 Z0
N54 Z-63.5

N55 X65.836

N56 X66.543 Z2-63.146
N57 GO0 X72.543
N58 Z.354

N59 X55.278

N60 GO1 X54.571 Z0
No61 Z-63.5

N62 X60.203

N63 X60.91 Z-63.146
N64 GO0 X66.91

N65 Z.354

N66 X49.645

N67 GO1 X48.938 Z0
N68 Z-63.5

N69 X54.571

N70 X55.278 Z-63.146
N71 GO0 X61.278
N72 7.354

N73 X44.012

N74 GO1 X43.305 Z0
N75 Z-63.5

N76 X48.938

N77 X49.645 Z-63.146
N78 GO0 X55.645
N79 Z.354

N80 X38.379

N81 GO1 X37.672 Z0
N82 Z-63.5

N83 X43.305

N84 X44.012 Z-63.146
N85 GO0 X50.012
N86 Z.354

N87 X32.747

N88 GO1 X32.04 Z0
N89 Z-24.137

N90 GO3 X33.Z-25.4R1.9
NO91 GO1 Z-63.5

NO92 X37.672

NO3 X38.379 Z-63.146
N94 GO0 X44.379
NO5 Z.354

NO6 X27.114

N97 GO1 X26.407 Z0
NO8 Z-23.5

NO99 X29.2

N100 GO03 X32.04 Z-24.137 R1.9
N101 GO1 X33.038 Z-24.167
N102 X33.938

89



N103 G00 X39.038

N104 Z.5

N105 X23.514

N106 GO1 X20.774

N107 Z0

N108 X21.887 Z-.556

N109 GO03 X23. Z-1.9R1.9
N110 GO1 Z-23.5

N111 X26.407

N112 G00 X30.207 Z-23.165
N113 Z.666

N114 X17.614

N115 GO1 Z.166

N116 X20.473 Z-1.264
N117 GO3 X21. Z-1.9R.9
N118 GO1 Z-24.5

N119 X29.2

N120 GO3 X31. Z-254R.9
N121 GO1 Z-64.4

N122 G02 X31.2Z-64.5R.1
N123 GO1 X89.2

N124 GO3 X91. Z-654R.9
N125 GO1 Z-75.4

N126 G03 X90.987 Z-75.51 R.9
N127 GO1 X87.318 Z-90.449
N128 X87.934 Z-90.843
N129 GO0 X105.2

N130 X508. Z2127. M09
N131 MO1

N132 (DNMG 431 80DEG SQR HOLDER)
N133 T0303

N134 B90.

N135 GO0 G96 S548 MO3

NI136 ( sf2)

N137 G54 GO0 Z3.383 M08
N138 X22.766

N139 GO1 X16.766 Z.383 F.409
N140 Z-.117

N141 X19.766 Z-1.617

N142 G03 X20. Z-1.9R 4

N143 GO1 Z-25.

N144 X29.2

N145 G03 X30. Z-25.4 R 4
N146 GO1 Z-64.4

N147 G02 X31.2 Z-65. R.6
N148 GO1 X89.2

N149 G03 X90. Z-65.4 R 4
N150 GO1 Z-75.4

N151 GO3 X89.925 Z-75.569 R.4
N152 GO1 X75.936 Z-90.569
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N153 X76.278 Z-91.039
N154 GO0 X96.

N155 X508. Z2127. M09
N156 MO1

N157 3MM CUT-OFF BLADE)
N158 T0909

N159 B90.

N160 GO0 G97 S1384 M04

N161 (

2)

N162 G54 GOO Z-90. M08
N163 X88.011
N164 GO1 Z-93. F.091
N165 X70.011
N166 GO0 X76.011
N167 GO1 X64.011
N168 G00 X70.011
N169 GO1 X58.011
N170 G0O X64.011
N171 GO1 X52.011
N172 G00 X58.011
N173 GO1 X46.011
N174 G00 X52.011
N175 GO1 X40.011
N176 G0O X46.011
N177 GO1 X34.011
N178 GO0 X40.011
N179 GO1 X28.011
N180 G0O X34.011
N181 GOl X22.011
N182 G00 X28.011
N183 GO1 X16.011
N184 G00 X22.011
N185 GO1 X10.011
N186 G00 X16.011
N187 GO1 X4.011
N188 G00 X10.011
N189 GO1 X-.4
N190 G0OO X84.679
N191 X508. Z127. M09
N192 M30
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