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Abstract. Article is devoted the decision of basing holes machining accuracy problems of
automatically replaceable cubical units (carriers) for reconfigurable manufacturing systems
with low-waste production (RMS). Results of automatically replaceable units basing holes
machining modeling on the basis of the dimensional chains analysis are presented. Influence of
machining parameters processing on accuracy spacings on centers between basing apertures is
shown. The mathematical model of carriers basing holes machining accuracy is offered.

Introduction

The present stage of engineering industry development is characterized by a heading automatically
replaceable machine systems and units, for solving of the nomenclature expansion, of released
products, abbreviation of a time and resources on manufacture preparation problems. To overcome a
complex of industrial contradictions it is necessary at the expense of theoretical researches conducting,
working out of new designs. So continuation of configurations and designing machine systems,
automatic transfer lines development theory is the theory of configurations of automatic machine
systems of variable configuration and structure (reconfigurable manufacturing systems - RMS).
Reconfigurable it is directed configuration and architecture RMS changes. Along with known
solutions it was possibly to provide with application in the capacity of basing, fastening and details
transportation units - automatically replaceable cubical units (carriers) [1-5].

This engineering solution improves the accuracy and performance of the parts. The most complete
processing of one part is implemented in a separate working position. Implementation of low-waste
production based on RMS is ensured by reducing metal consumption in machine tool systems,
reducing extent of the production process, reducing the number of working positions, required areas
and multiple reduce of production waste [5-14]. A heading of carriers is connected with some
questions of their manufacturing accuracy maintenance.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
[ of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOIL
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Formulation of the problem

It is possible to present a design of the carrier in the form of a cube (Figure 1) where on each basil-
plane is available basing holes T,, T g+, T @+2, T». On two non-adjacent holes, for example,
(T,, T (n+2) and (T 4,44, T,,) there is a carrier basing on a working position, under the two non-adjacent
holes and a basil-plane (Figure 2).

For raise of efficiency of the automated machining the carrier with the details installed on lateral
basil-plane is resurface on a working position. Thus there is an interleaving of a complete set of basing
holes and a basil with conservation of the theoretical scheme of basing [1]. Resurfacing the carrier
provides change of attitude of a detail. In XOY-system group of holes 7, T ,+1), T (4+2), T,» dimensional

communications define: 4;" - not recut spacings on centers between holes (i==1,2,3,4, m), A;" - recut

spacings on centers. Each processed holes 7}; possesses a set of parameters 4", 4;", Ly, Ly, By (Figure
2) which define an arrangement of each hole concerning a basil of carrier G. The parameters
H n

influencing accuracy of a mutual bracing of holes are spacings on centers 4", 4;", the set tolerance of
hole - Ty,

Figurel- Design of thecarrier

So accuracy of hole T, machining is defined by sizes L, in OX, OY - directions (Figure 3). In an OX
axis direction the arrangement of hole 7, is characterized: nominal size L,, size L ), = =L, + 4 L,
where AL, - a deviation of size L,. The data set of sizes forms a dimensional chain of hole 7,
machining. The closing chain link is size L 4, ,, increasing a deviation 4L, reducing - face value L,,.
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Figure 2 - Model of the carrier with basing holes on case lateral faces
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At calculation of link L .+, accuracy for holes 7,,+; will observe a chain of sizes B, s+1), At 1) Lns
L 4+ (Figure 4). Sizes L,, B, (»+1) - have the set rating values and limits deviations 4L,, 4B, ¢,+;. Link
A, w11y - defined (face value is not known), is known its limiting deviation 44, 4+, -

L (H,Ip:l:él.r{.n

Ln X
L mjp+Aln

Figure 3 - Dimensional chain

At closing link L 4 theoretical values and limiting deviations #; ;) are set. It is necessary to
count magnitude of required link A4, ;,+; face value. At calculation of link L 4, accuracy holes 7+,
will observe a chain from sizes B, ;+2, An w+2, Ln L @+2), and also a chain which is switching on sizes
Ay iy An wi2p A i1y me2- Link 4, 442 - defined (face value is not known), is known its limiting
deviation 44, j+2.

oo
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Figure 4 - Dimensional chain hole 7)., machining

At closing link L 4. theoretical values and limiting deviations #; ;5 are set. It is necessary to
count magnitude of required link A4, ;+5. face value. For spacing on centres size 4 (+1) 42 it 1S
necessary to count magnitude of face value, and to check, whether there are settlement limiting values
of link 4 ,+) @+ for its regulated values.

Accuracy of each holes machining is characterised by several closing links of dimensional chains.
For hole 7, it is sizes L, in OX, OY - directions. For hole 7., it is sizes A, s+1), L @+1). For hole T, it
is sizes Ay w+2), L w42, A w+1) m+2- Accuracy of hole T,, machining is defined by accuracy of following
links chains, in a OX - direction: B, 41, A 1) m Lm L @w+1), In OY - direction: B, 42, A +2)m Ly L
m+2- Also independent chains form the diagonal crossing sizes, in OX, OY - directions: 4, j+2, 4 @+2)
m A gy An 1y A ety A oy (Figure ).
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Figure5 - The settlement of basing holes machining dimensional chains

Thus, for maintenance of carrier basing accuracy of basing holes T, T +;), T @+2, T, machining it
is necessary to stand equal in limits of maximum deviations recut spacing on centres sizes A+ 1)m+2)
Agmy, that is possible if equality in tolerance limits of sizes L; and spacings on centres A; between
basing holes is stood. For hole T, it is sizes A +2) m Aw+1) m Awmpy L.

Method of investigation
Let's make an auxiliary dimensional chain concerning each closing link and we will write down the

additional equation defining rating value of an unknown making link. Also considering, that
machining of holes begins, for example, with aperture 7,, sequence of holes T, T u+1, T @e2, T
machining accuracy calculation can look like: 1) machining of hole 7,, machining of hole 7.,
machining of hole 7,,; 2) machining of hole 7,, machining of hole 7,,.,, machining of hole 7,, (Figure
5). The simplified record of dimensional chains for each alternative sequence of machining can look
like: 1) T,, Ty+; — T,; 2) T, T,+» — T,. In both cases hole 7,, is closing. It allows, using results of
calculations to define alternative of hole 7,, machining (a chain 1 or 2), providing the highest accuracy
of its positioning concerning next holes 7,, T 1), T ;+2 in each basil G.

The arrangement of hole T, of relative holes 7,, T,+, is defined by rating values of closing links 4
w2y m A gy and sizes L ), L 45 in OX, OY - directions:

Layp=Laux(dm+iL), (1)
Lws2p=Lws2 (A2 HL). ()
where L , - rating value of distance of hole T, to edge of a basil of the carrying agent, 4

- value of a deviation of hole T () taking into account elastic deformations of the tool and a carrier, L -
a limit deviation on manufacturing of holes 7', and T (,+2), L (42 - rating value of distance of hole 7
m+2) to edge of a basil of the carrier, 4 (,+, - value of a deviation of hole 7}, taking into account
elastic deformations of the tool and a carrier basil, L - a limit deviation on manufacturing of hole

T, (n+2)-
The interconnection of sizes A4+, and A, is being out through a system gear ratio ¢ =2 equal-

arrangement holes of settlement chain 7, T,,, —T,. Deviation closing links 4+, », and A, are

defined by relationships:
AA(n+2)m = AB+(tL(n+2)+A(n+2))+fL. (3)
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AA,, = & (AB+(tL,+4,)+tL) 4)

Let's mark out 44,,, - a deviation of a closing size A ), 44+ » - @ deviation of a closing link
Aw+2ym, 4B - a deviation of carrier basil size B, L - a maximum deviation on machining of hole 7,,, ¢L
m+2) - @ maximum deviation on machining of hole 7' ,+,), L, - a maximum deviation on machining of 7
-

Let's define displacement (correction) e a design value of closing links A4y+2) » p and Agpm) p
concerning their face values A1) » and A,,:

em+2m = Amintnr2mp = Aminin+23m)H L+ (AB+(tL 27 A m42); (5)
em = (Aminump = Amintum)+ (LLE)") + (AB+(tL gy +A ))& (6)

Where Ayin (n+2) m) p A0A A iy (umy p- the minimum design values of links A ,+2) m, Aums Amin (n+2) my and
Auin (nmy - the minimum values of links And ;1) » and A,; € ;42 m - correction of a closing link A ,+5)
design value; e ) - correction of a closing link design value 4,,,,.

Using expressions (5,6) is being out calculation of links A, ,, and 4,,, correction on values €12 »
and e 4, taking into account deviations of links L), Lx+2). On design values of closing links 4 ,+2)mp
and A, paccuracy of machining in XOY - system (Figure 5) hole 7,, of settlement chain 7, 7,., =T,
in OX, OY - directions is provided.

For settlement chain 7,, T,+; — T, the rule of hole T}, of relative holes 7, T,+; is defined by rating
values of closing links 4+ ;) » and A4, the rule of holes 7,, T+, is defined by sizes L ), L 4+ in OX,
OY - directions. Expressions for calculation of sizes rating values L () p, L 4+2 p on an auxiliary
dimensional chain (Figure 5) look like:

Lp=LuE(Am L), (7)
Lowspp=Liws 1Ay HL). )

L , - rating value of distance of hole T}, to edge of a carrier basil; 4 4, - value of a deviation of
hole 7, taking into account elastic deformations of the tool and a carrier basil; L - a maximum
deviation on manufacturing of holes T}, and T,+;); L -+, - rating value of distance of hole T+, to
edge of a carrier basil; 4 (., - value of a deviation of hole T ., taking into account elastic
deformations of the tool and a carrier basil; 7L - a deviation on manufacturing of hole 7' ;4.

Expressions (13) represent dependence of nominal sizes L (), L (1) from machining parametres, the
tolerances of holes in diameters D (), D ;. Deviations of closing links A+, m Apm are defined
according to:

AA s pym = ABH(tL 1)+ A 1) HEL. (€))
AAyy = & (AB+(tL,+A4,)+tL). (10)

Let's mark out 44,,, - a deviation of a closing size Agm); 4Am+1) m - @ deviation of a closing link
Awi1y m; 4B - a deviation of size Bj; of a carrier basil; L - a maximum deviation on machining of
aperture 7T,,; tL (,+;) - a maximum deviation on machining of hole 7 ,+); tL, - a maximum deviation of
hole 7.

Let's define displacement (correction) e a design value of closing links A,+1) m) p and Agpm) p
concerning their face values 4+ ) » and 4,,,,:

e(n+1)m = (Amin((n+])m)P - Aniin((n+])m))+ tL+ (AB+(tL(n+I)+A(n+])); (1 1)

€inm) = (Amin((nm)P - Amin((nm))+ (tL(f)_I) + (AB+(tL(n)+A(n))f- (12)

Aminn+1 m p A0 Apingump - the minimum design values of 1inks A4+ ) » and Aum; Amin (n+1) my a0d Ay

(nm) - the minimum values of links A+ » and A4,.,; €u+1) m - correction of a design value of a closing
link A+ 1) m; €mm) - correction of a design value of closing link 4,,,,.

Modeling solutions

Using expressions (11, 12) is being out calculation of links 4nd (,+5) » and 4,,, correction on values e
m+2)m and e ), taking into account deviations of links L (), L 2. Generally for machining of basing
hole T,, it is necessary to execute preliminary with given machining accuracy of basing holes 7,, T+,

T,+>. Thus in calculations dimensional chains 7,,—T7,+; T,, T,+;—T,+> (Figure 5). For calculation of
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equal-arrangement holes (7, T (+1), T (+2), ... T») machining accuracy following equations are gained.
For rating value of size 4, ;,+):

Cnm+l) = A(n(n+]))P_ (Amax(n(n+1)) + Amin(n(n+1)))/2; (13)

enin+1) = (Aminn+1p = Aminnin+ 1))+ w1yt (AB+AL); (14)
enm+) = (Amininin+1))P - Amir1(il(n+1)3)+ tL(n+1)'t_(AB_’_(tL(n)—’_A(n))); (15)
Cnin+1) = €nm+1) = €nm+l) (16)

Aumin n n+1)) p - the minimum design value of link 4, 4+ 1); Amin 1 n+1) - the minimum value of link 4,
m+1); en m+1) - correction of a closing link design value 4, 4,+,); AL () - a deviation at machining of hole
T,; 4B - a deviation of a carrier basil size Bj; ; tL ;,+; - a maximum deviation on machining of hole 7
m+1); tL, - a maximum deviation on machining of hole 7' ), 4 ,, - a deviation on machining of hole T,
taking into account elastic deformations of the tool and a carrier basil. For maintenance of given
machining accuracy is necessary performance of equality (16) according to a condition for link 4,,,
(e.m=0). For rating value of sizg Ay 2

e{g(n+2) = A(n(n+2))P_ (Anzax(n(n+2)) + Amin(n(nJrZ)))/Z; (17)

Cnin+2) = (Aminnin+2)p = Amininin+2))+ tlnr2yt (AB+AL ), (18)
€nm+2) = (Amin(n(71+2))1’ - Amin(n(n+2))”)+ tL(nJrZ)t (AB—F(tL(n)"_A(n))); (19)
€nm+2) = €nm+2) ~ €nm+2) (20)

Aumin (n (n+2)) p - the minimum design value of link 4, ;,+2); Amin 1 n+2) - the minimum value of link 4,
m+2); €n m+2) - correction of a closing link design value 4, ,+2; AL () - a deviation at machining of hole
T,; 4B - a deviation of a carrier basil size Bjj; tLs+2 - a maximum deviation on machining of hole
Tn+2); tL, - a deviation on machining of hole 7/,; 4, - a deviation on machining of hole 7}, taking into
account elastic deformations of the tool and a carrier basil. For rating value of a size 4+ 1) n+2):

Cmtnm+2) = A+ 2p— (Amaxinr nin+2) + Amingns e 1)/2; (21)

e nynt2) = Aminins s 2p = Aminins s 2)) L) (&) + (ABFAL gy ) (22)
entiyin+2) =(Amintn 2P = Amingns nin+2)) L +2) (5)_1+(4B+(tL(n+l)+A(n+]))f); (23)
Cm+1)m+2) = €m+l)(n+2) = €m+l)n+2) - (24)

Aumin (n+1) n+2 p - the minimum design value of a link A,11) w125 Amin m+1) m+2)) - the minimum value
of a link A1) w25 € w1 mr2) - correction of a closing link design value 4 (1s) w125 AL sy - @
deviation at machining of hole 7,.;, 4B - a deviation of a carrier basil size Bj; tL 4+ - a maximum
deviation on machining of hole T (,+,); tL 4+, a - maximum deviation on machining of hole 7 ;,+); 4
m+1) - a deviation on machining of hole 7' ) taking into account elastic deformations of the tool and a
carrier basil. For rating value qf a si1ze A2y m:

en+ym = A i mp— (Amaxins2om + Aminns2)m)/2; (25)
eur2m = (Amintm+2mp = Aminin+2ym)+ L+ (AB+ ALy+2); (26)
emram = Amininr2mp = Amingnr2pm) T IL+ (AB+(tLws 2T A112); (27)
€m+2m = €m+2)m = €m+2)m - (28)

Amin (n+2) m p - the minimum design value of a link A ,+2) m; Amin (n+2) m) - the minimum value of a link
A2y m € mr2)m - correction of a closing link design value 4,+2) m; AL (442 - a deviation at machining of
hole T},+,); 4B - a deviation of a carrier basil size Bjj; tL (12 - a maximum deviation on machining of
hole T},+2); tL - a maximum deviation on machining of hole 7},,; 442 - a deviation on machining of
hole T, taking into account elastic deformations of the tool and a carrier basil. For calculation of
rating value of a size A4+

entim = A ymp— (Amaxinr ym + Aminns m)/2; (29)

(n+1)m = (Amin((n+1)m)P - Amiil(n+])m)+ tL+ (AB+ AL(nJrI)); (30)
emrim = (Amintn+ymp = Amingarym) T tL+ (AB+ (L)t Ae1); (31)
€m+l)m = €m+l)m = €(n+Dm (32)

Apin (n+1) m p - the minimum design value of a link A+ 1) m; Amin (n+1) m) - the minimum value of a link
A1y m; € w1y m - correction of a closing link design value 4«1y m; AL (4+1)- a deviation at machining of
hole T},+;, 4B - a deviation of a carrier basil size Bj; tL ;,+; - a maximum deviation on machining of
hole T},+); tL - a maximum deviation on machining of hole 7},,; 44+, - a deviation on machining of
hole 7, taking into account elastic deformations of the tool and a carrier basil.
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Concerning closing hole 7,, machining can be spended out in OX, OY - directions (Figure 5),
according to calculations of nominal sizes of chains 7, 7,+; - T,, and T,, T,+, = T,, results. Direction
sampling is defined by calculations corrections e (,,) on each settlement chain results:

”e(nm) = A(nm)P_ (Amax(nm) + Amin(nm))/Z; (33)

e'(rjzm) = (Amin(nm)P - Amin(nm))+ tL(é:)_]+ (AB“’AL(,,))&' (34)
€mm) = (Amin(nm}P - Amirg(nm))+ tL(éf)l + ,(AB+(tL(n)+A(n))f); (35)
€mm) = €mm) = €(nm) (36)

Aupin nmy p - the minimum design value of a link A )5 Amin umy - the minimum value of a link A,,,;
eum) - correction of a closing link design value A, AL 4, - a deviation at machining of hole 7,,, 4B - a
deviation of a carrier basil size B;; tL ;) - a maximum deviation on machining of hole T ,,); tL-
maximum deviation on machining of hole 7},); 4., - a deviation on machining of hole 7}, taking into
account elastic deformations of the tool and a carrier basil.

Conclusions

In production conditions of low-waste RMS carrier is constructive conferred a basing redundancy
property under the condition of variable spatial position in the work area in order to enable the
simultaneous advance of the tool to multiple parts disposed on the lateral faces of its body G;. This
allows:

1. Reducing metal consumption of machine tool systems and obtaining a number of technical
effects that simplify the organization of the production process.

2. Reducing waste of the production concerning to traditional production forms of organization.

3. In order to enable the accuracy of spatial arrangement of parts on the RMS carrier in this study
were obtained dependences of basing parameters on its manufacturing precision parameters of basing
holes of its body. Thus, on carrier basing accuracy the essential agency renders mutual bracing
accuracy of basing holes on each basil. Oscillations of basing holes mutual bracing accuracy are
caused by alternativeness of machining concerning each carrier basil dimensional chains.

4. The carrier machining algorithmic sequence where each subsequent hole is machining taking
into account a lapse of the previous hole machining and maximum deviations of spacings on centres
between them is offered.

5. The machining process mathematical model, allowing to count accuracy of basing holes
spacings on centres taking into account at stage of their manufacturing lapse of machining process is
offered.

6. Results of modelling are confirmed by calculations of carrier basing accuracy and results of its
one basil basing holes T}, T,+;, T,+2 T, machining.

References

[1] Cao S K, Yang S W, Chen X S, Wang G C, Song W W, Milling machine design based on open
CNC system, Applied Mechanics and Materials, 52-54 (2011) 887-892. Information on
https://www.scopus.com/inward/record.uri?eid=2-s2.0-
79954456243 &partnerlD=40&md5=223dfcd1b59608abbb73¢25b694d4716 DOI: 10.4028/w
ww.scientific.net/ AMM.52-54.887

[2] Chu C-L, Tai T-Y, Liu Y-H, Lu C-T, Chuang C-H, Liao H-W, Development of high-precision
micro CNC machine with three-dimensional measurement system, International Journal of
Automation and Smart Technology, 2(2) (2012) 95-101. Information on
https://www.scopus.com/inward/record.uri?eid=2-s2.0-
84905676733 &partnerID=40&md5=7612a5d68d06aaf5c460023bf63b7b63 DOI: 10.5875/aus
mt.v2i2.138

[3] Zakharov O V, Bobrovskij I N, Kochetkov A V, Analysis of Methods for Estimation of Machine
Workpiece Roundness, Procedia Engineering, 150 (2016) 963-968. Information on
http://www.sciencedirect.com/science/article/pii/S1877705816313807
DOI: 10.1016/j.proeng.2016.07.071



Ecology and safety in the technosphere: current problems and solutions IOP Publishing
IOP Conf. Series: Earth and Environmental Science 50 (2017) 012013 doi:10.1088/1755-1315/50/1/012013

[4] Mehrabi M G, Ulsoy A G, Koren Y, Reconfigurable manufacturing system and their enabling
technologies, International Journal of Manufacturing Technology & Management, Proquest

ABI/INFORM, 1 (2000) 114-131. Information on
http://www.inderscience.com/info/inarticle.php?artid=1330 DOI: 10.1504/IJMTM.2000.00133
0

[5] Mustapha N, Daoud A K, Wassy I S, Availability modeling and optimization of reconfigurable
manufacturing systems, Journal of Quality in Maintenance Engineering, Emerald Group
Publishing Limited, 9(3) (2003) 284-302.

[6] Bobrovskij N M, Melnikov P A, Grigoriev S N, Bobrovskij I N, Aspects of thermal field by wide
burnishing, IOP Conf. Series: Materials Science and Engineering, 91 (2015) 012035.
Information on http://iopscience.iop.org/article/10.1088/1757-899X/91/1/012035
DOI:10.1088/1757-899X/91/1/012035

[7] Pérez R, Davila O, Molina A, Ramirez-Cadena M, Reconfigurable micro-machine tool design for
desktop machining micro-factories, 7th IFAC conference on manufacturing modelling,
management, and control, MIM 2013, (2013) 1417-1422 Information on
http://wwwsciencedirectcom/science/article/pii/S1474667016344913 DOI: 103182/20130619-
3-RU-301800031

[8] Sung-Yong S, Tava L O, Derek Y H, An approach to scalability and line balancing for
reconfigurable manufacturing systems, Integrated manufacturing systems, 12(7) (2001), 500-
511 Information on http://pubdbwiwiuni-jenade/publications/publication_view/3464 DOI:
101108/09576060110407815

[9] Koren Y, Shpitalni M, Design of reconfigurable manufacturing systems, Journal of
manufacturing systems, Elsevier Science Publishing Company, (2011) ISSN: 0278-6125
Information on http://www-
personalumichedu/~ykoren/uploads/Design_of Reconfigurable Manufacturing Systemspdf
DOI: 101016/jjmsy201101001

[10] Patil, S Van J, Vyatkin V, Pang C, Patil S, On composition of mechatronic components enabled
by interoperability and portability provisions of IEC 61499: A case study, 2013 IEEE 18TH
International conference on emerging technologies and factory automation, ETFA 2013, IEEE
Industrial Electronics Society, University of Cagliari, 2013 ISSN: 1946-0740 Information on:
http://ieeexploreieeeorg/document/6648136/?reload=true DOI: 101109/ETFA20136648136

[11] Abrishambaf R, Hashemipour M, Bal M, Structural modeling of industrial wireless sensor and
actuator networks for reconfigurable mechatronic systems, The International Journal of
Advanced Manufacturing Technology, Springer-Verlag London Ltd, 64(5) (2013) 793-811
ISSN: 0268-3768 Information on http://linkspringercom/article/101007/s00170-012-4070-y
DOI: 101007/s00170-012-4070-y

[12] Plitea N, Lese D, Pisla D, Vaida C, Structural design and kinematics of a new parallel
reconfigurable robot, Robotics and Computer-integrated Manufacturing, Elsevier Science
Publishing Company, Inc, 29(1) (2013), 219-235 ISSN: 0736-5845 Information on
http://wwwsciencedirectcom/science/article/pii/S0736584512000786 DOLI:
101016/jrcim201206001

[13] Bobrovskij N M, Melnikov P A, Grigoriev S N, Bobrovskij I N, Simulation of thermal fields
using different types of wide burnishing, IOP Conf Series: Materials Science and Engineering,
91 (2015) 012034 Information on  http://iopscienceioporg/article/101088/1757-
899X/91/1/012034 DOI: 101088/1757-899X/91/1/012034

[14] Abdi M R, Labib A W, Performance evaluation of reconfigurable manufacturing systems via
holonic architecture and the analytic network process, International Journal of Production
Research, Taylor & Francis Group, 49(5) (2011) 1319-1335 ISSN: 0020-7543 Information
on http://wwwtandfonlinecom/doi/abs/101080/002075432010520989?mobileUi=0&journalCo
de=tprs20 DOI: 101080/002075432010520989





