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Abstract: This paper explores the structural optimization of CNC machining processes, considering that in
complex dimensional structures, the structural effect manifests as increased machining allowance
tolerances, which reduces the degree of technological assurance of accuracy. This structural effect increases
the required machining accuracy. The phenomenon of error compensation and its impact on reducing
tolerances in both formed technological dimensions and machining allowances is evaluated. The paper
proposes a tool for evaluating technological dimensional structures, based on the relationship between
acceptable tolerances in formed technological dimensions and machining allowances.
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1. INTRODUCTION

Optimizing CNC machining technologies

involves  assigning  tolerances to  all
technological dimensions based on the
precision  requirements of the design
dimensions.

Technological tolerances directly influence
machining costs, following the relationship
C=Cp+Cy(w), where Cp is a fixed cost
independent of tolerance, and Cy(«) is a

variable cost that decreases as tolerance
increases [1]. In the technological design and
comparative analysis of process variants, fixed
costs do not influence the allocation of optimal
tolerances [2].

The relationship between design tolerances
and technological tolerances is well recognized.
To establish and analyze this relationship, the
tolerance diagram method is frequently used
[3,4]. Allocating design tolerances requires a
parallel assignment of appropriate
technological tolerances, ensuring both cost-
effective manufacturing and correct functional
performance [5]. Therefore, in technological

design, dimensional tolerances serve as both
constructive and technological variables.

The allocation of design and technological
tolerances must ensure the functionality of both
the part’s design structure and the technological
process structure [6].

The most reliable method for ensuring linear
dimensional accuracy is to derive the design
dimension solely from its corresponding

technological dimension (Fig.
Ag(waq)
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Fig. 1. The design dimension is assured only by the own

technological dimension, Wy :a)At

The machining process reaches optimality
when the technological dimensional structure
closely mirrors the design dimensional structure
[7]. In CNC machining, the recommendation
for structural similarity is extended to the blank
(cast, molded, etc.) and the technological
system, due to the  morphological
transformation capabilities of the machine tools
[8].

Dimensional chains derived from similar
structures (Fig. 2) indicate that each design
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dimension (e.g., A;,.B,,...) is formed by its

corresponding technological dimension
(A,.B,,..), its initial blank dimension
(A°,.B°,..), and any individual adjustments
(Augj»-Bagir-)-
a) Ad Bd Cd Ld Md
N B’ c? L’ M°
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Fig. 2. The similarity for technological optimality of
various dimensional chains: (a) of the part (design), (b)
of blank, (c) technological, and (d) of technological
adjustment.

1. STRUCTURAL EFFECTS IN
COMPLEX TECHNOLOGICAL
DIMENSIONAL CHAINS

When defining the dimensional structure of a
machining operation in terms of technological
tolerance allocation, the assurance of precision
must be considered by adapting the
characteristics of equipment, machining
methods, and adjustment procedures [9]. The
statistical data on machining accuracy included
in the guidance refer to elementary dimensional
structures (Fig. 3).

L%(wy) o
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Fig. 3. Formation of a link between "technological
dimension's tolerance" and "machining allowance
tolerance".

Experimental statistical analysis is performed
on processed artifacts [10], where technological
dimensions L, (¢«;, ) are primarily formed from

LDS by
transforming the blank dimensions ¢ W ).

the locating datum surface

From the elementary dimensional chain in

Figure 3, it can be concluded that precision

improvements « , — «; are limited by the
I t

allowance
during

increase in
All=All,, +a,,

technological design and, consequently, by the
increased tolerance of the machining allowance

machining
considered

bpp =Gt The machining allowance

value, and consequently its tolerance,
determines the degree of technological
precision assurance.

This establishes the link between machining

stat

accuracy @, and machining allowance

stat

tolerance w,;, - one of the key conditions for

ensuring technological accuracy. The link

between the statistical ¢, A

values of the technological colim |
tolerance @) and the

machining allowance

tolerance wyy) is ey |
represented in Figure 4. wp™|

This link represents the

interval of the

technological functionality Fig. 4. The
and objectively technological
characterizes the furilr«:tt;?\rllzll'lty
elementary  dimensional '

: X " antat ~ tat y
structure in a physical and L All

technical way.

However, this does not reflect the specifics of
complex technological dimensional structures,
nor does it consider the position of a formed
technological dimension within a chain
composed of interacting and interdependent
elements.

A complex technological dimensional
structure is considered functionally optimal if
each technological dimension is formed with
precision and machining allowance tolerance
within the limits of the physically and
technically defined functional interval of the
elementary dimensional structures.

In modern CNC machining, technological
dimensions are integrated into complex
dimensional structures. The formation of
technological dimensions within such systems
occurs under mutual constraints with systemic
effects [11], and their complexity is expressed
through three distinct structurally driven
phenomena:

1. increasing the precision requirements
imposed to technological dimensions;



2. increasing the tolerances of machining
allowances (worsening the technological
assurance of machining accuracy);

3. error compensation, which results in the
reduction of both the tolerances of machining
allowances (improving the technological
assurance of machining accuracy) and the
reduction of the tolerances of technological
dimensions.

2.1. Increasing accuracy requirements
imposed on technological dimensions.

When forming a technological dimensional
structure similar to the design structure, it often
happens that a design dimension B, is

composed of its own technological dimension
B, and one or more already existing (historical)
dimensions C, (Fig.5).

L B4(ewg4)
B (ewsy) C (ewep)
t Ct

Fig. 5. Formation of the design dimension through its
own technological dimension and through a already
existing (historical) one.

As a result, both B, and C, must be formed
with increased precision, such that:
Gy, tac, =g, (1

Reducing the ol
permissible limit of Jim | wlim!
the  technological ~ ®*!
dimension tolerance
(a)iiml < ajLim )’ also
necessitates reducing
the machining
allowance tolerance
limit (i’ <adin)
with the placement
of the machining
allowance tolerance
in the inadmissible area (Fig. 6).

liml lim
WAl <WAp<@an

@

lim|

@y,

Fig. 6. The structural
effect of technological
non-assurance of
accuracy.

2.2. Increasing machining allowance
tolerances.

In complex technological dimensional
structures, the tolerance of a machining
allowance depends on the position of the
formed technological dimension within the
dimensional chain. The tolerance of the
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machining allowances increases with the
increase in the order number of the element in
the chain and includes all the tolerances of the
target dimensions and the semi-finished
product, starting from the locating datum
surface [8].

According to the maximum and minimum
method, the machining allowance tolerance can
be expressed by:

Wy, = 2(6f 4, ) @
i=r

An inadmissible increase in machining
allowance tolerance—exceeding the
technological assurance limit - triggers a
structural effect that increases the technological
dimension’s tolerance, resulting in reduced
accuracy (Fig. 7).

Wan \

These effects can be A EZ
mitigated by dividing the WA} 3
complex technological %:‘ Z
dimensional structure v Ea
into smaller segments A \35 =
with fewer elements [8]. i "
The formation of L 3

stat
technological dimensions “L

from such structures can
be achieved in variants.

The first variant
involves forming
technological dimensions
from the locating datum
surface LDS in opposite
directions (Fig. 8a) with k elements in one
direction and r elements in the ather direction
from a total of n elements:

" (right )= i(wg. tawy,;)
i=r

Fig. 7. Correlated
structural effects of
inadmissible increase
in machining
allowance tolerance
and technological
quota tolerance

Ally

3)

All]

k
ait(left)= (68, + @y, )
i=r

The maximum values of the allowance
tolerances in both directions must differ as little
as possible, so that the degree of technological
assurance is identical.

The second variant provides for the formation
of technological elevations from the locating
datum surface LDS and subsequently in the
same direction from the technological
adjustement base TAB (Fig. 8b). The first
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group consists of k elements, the next group -
of r elements. The tolerances of the maximum
addition on the groups are:

k
Wy (LDS)= X (ef, + @y, )

=" (4)
W (TAB)= Y (of, +y,;)

Ally = i

el Lo Lyt SLy Ly Ly
LDS TAB

b)\‘ th L2t L3t } L4t LSt L6t ‘

Fig. 8. Reducing effect of increasing machining allowance's

tolerances by dividing the dimensional chain into parts.

2.3. Reducing machining allowance
tolerances and technological dimension
tolerances through error compensation

Errors caused by elastic deformation &7,

cutting edge wear &£", and mounting

inaccuracies £™" during sequential machining

are mutually compensated [12] (Fig. 9) by the
value:
o =minf &) +&" +MN;E)  +el, +eM ) (5)

w mnt
Li, &l i

18 Sl

—

All,_J
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Fig. 9. Compensable errors when evaluating machining
allowance tolerances

As a result, the machining allowance
tolerance takes the value:
Wy =@y, + oy, — 20 (6)

Error compensation improves the accuracy of
the closing element in the technological
dimensional chain (Fig. 10):

Wy =y, +o, —20S, (7
where o =min{ af ;af }.
. adi
L Wi El+E]
2 A
) L, WY +E+&0
4

Fig. 10. Compensable errors when evaluating the
dimension's tolerance — closing element 4 in chain.

Error compensation also is manifested for the
technological dimensions in the chain, except

for the first (fig. 11).
mnt

wpel el +el

-

L
LDS

M OMiErFan+ oo

£
TAB

Fig. 11. Compensable errors in the formation of
technological dimensions in the chain

Note. In all cases, the normals to the
machined surfaces must be aligned.

It can be stated that the machining accuracy
evaluated by the maximum - minimum
method for the closing element in the
dimensional chains or for the technological
dimension formed in the chain is estimated as

lower than the real one. Similarly, the tolerance
of the machining allowances is estimated as
higher than the real one.

Considering error compensation modifies the
assessment of the structural effects described
earlier. The increase in the accuracy
requirements of technological dimensions is
mitigated (Fig. 5). The tolerances &, and a,

of technological dimensions B, and C, may be
increased. The relation (1) can be rewritten in
the form:

1

The increase in machining allowance

tolerances is mitigated by the error

compensation effect according to equation (2)
rewritten in the form:

n
wAlln:Z(agi+afLi_2WQ/L;)- ©)
1 1

i=r L

Here wzo/ represents the compensated
i

t
L

errors when evaluating the
allowance tolerance.

machining

The desired technological dimensional
structure are accepted under the following
conditions (Fig. 12): a) increasing the
machining allowances' tolerance without
exceeding the technological assurance limit
through the effects of error's compensation; b)
increasing the technological dimensions'
tolerances without loss of accuracy through the
effects of error's compensation.

The final result depends on the specifics of
the dimensional structures.



3. STRUCTURAL EFFECTS IN
VARIOUS DIMENSIONAL
TECHNOLOGICAL STRUCTURES

To evaluate the extent to which structural
effects influence the allocation of technological
tolerances, a series of similar design and
technological dimensional structures was
analyzed, involving the machining of front
surfaces S1, S2, S3 and S4, positioned relative
to surface 0 at 200, 150, 100, and 50 mm,
respectively.

The analyses were — “aij

lim

performed using the — @il

lim
All

. =3
maximum and 2y v
« <
minimum and o 3
maximum and im
.. . wL
minimum with error
compensation
methods. The effect Fig. 12. Acceptable
(due to structural and
of error

error's compensation
effects) tolerances of
formed technological
dimensions and of
machining allowances.

compensation ~ was
evaluated by the
relationship

o =u Ly, in

relationship (7) and by «f =uld), in
relationship (8). Here u represents the weight
of compensable errors in the tolerance field of
the dimension with the smaller value from the
pair of dimensions participating in the
manifestation of the compensation
phenomenon. The value u =0,4 was accepted.
It should be noted that the analysis is of a
comparative nature, so the exact value of the

factor u is not of principle.

3.1. Similars fan-shaped dimensional
structures (Fig. 13). From the dimensional
relation graphs (Fig. 13a, b) , it is evident that
the structural similarity leads to accuracy
formation as described in Figure 1:

CL,»SCL,»,CL,-SCL,-
At AC Bl‘ BL‘

b
a,<a,;
c ()

a,<a (10)

E! El

This situation of technological accuracy's
forming is valid for all cases analyzed below
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with similar constructive and technological
dimensional structures.

The machining allowance tolerances @, for
surfaces 1, 2, 3 and 4 are determined from the
relationships:

Wy =( Wy +W 0 )‘2@-’;/10
‘ ,

Waipy =( Wy, + 0 ) =2 Dw;/zo
; ,

a)All3 :(C()Ct +C()Ct0 )_2 B();/30 (11)
Wyity = (W, +wE? )_2%/40

Calculation results are given in the table 1.

Fig. 13. Dimensional relationship graphs for fan-shaped
structure.

Table 1
Machining allowance tolerances @,;, on

stat

surfaces and theirs statistical w,; and

1
structural w);, components

Allowance Machining surfaces
tolerances, mm| S, | S, ‘ S; S4
Maximum and minimum method
Wi 355 | 317 | 273 | 2.10
Wy 0 0 0 0
Wy 3,55 | 3.17 | 273 | 2.10

Maximum and minimum with errors
compensation method

Wi 211 | 191 | 165 | 1.32
1
Wiy 0 0 0 0

Wy, 211 | 191 | 1.65 | 132
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It is noted that there are no cases where
technological tolerances exceed the optimal
statistical reference value, because each
technological dimension A, B,, C,, E, 1is
independently formed from the locating datum
surface LDS with statistical accuracy. For
machining allowances tolerances, the errors
compensation effect is manifested according to
the scheme in Figure 9.

The structural effects for this type of structure
are illustrated in Figure 14, with the machining
strategy being considered functional.

Functional
technological structure

ONIT -
All \ Compensation's
mm [
X\ effect

4
2 - N
|
‘TS s s s
Zero effects of compensated accuracy
IT13
IT11

E! C B! Al
Fig. 14. Structural effects in fan-shaped
dimensional structures.
Here and further on the limit value of the

allowance tolerance is 4 mm - a conventional
one and used for comparison purposes.

3.2. Similars displaced  fan-shaped
dimensional structures (Fig. 15).
S S, S, S, S,
® Aq C)E\d&Q Bd
) a)

LLDS A=A, G

v/
b)
A? -
LDS A, Al
©) 0
’ 0
LDS A All} B Ally
0 O—
d) C?
Al ] ]
LDS A All j ¢ AL
0 ©
e) o
E¢
AY . )
LDS A, Allj E, Ally
0 @,
f)

Fig. 15. Dimensional relationship graphs for
displaced fan-shaped structure.

The conditions for ensuring dimensional
accuracy are optimal and align with relations
).

Figures 15d-f show that the dimensional
chains for machining allowances on surfaces 2,
3, and 4 include the machining allowance of
surface 1 as a component.

The machining allowance tolerances for
surfaces 1, 2, 3 and 4 can be determined as
follows:

w =(w
Alll A

Wy, =(Wp, + W )‘2@);/20 +
t

tw )-20S
. A,O) o

Ty, +Wo )_2@');/10
t

- C
Wpipy =(We, ¥ W g ) =200y 9 +

C
+(a)At + a)AO )_2 m]/lo

w ; =(wp tw,)-20,, +
All; E; Eto 4/49

(W, +wA§7 )_ZDW;/]O

Calculation results are given in the table 2.
Table 2
Machining allowance tolerances ,; on surfaces
and theirs statistical CJX;;I and structural
a)X,“,’ components
Allowance Machining surfaces

tolerances, mm| S, ‘ S, ‘ S; S4
Maximum and minimum method

" 3.55 | 210 | 273 | 3.17

1
N 0 | 355 | 355 | 3.55
Wy 3.55 | 565 | 6.28 | 6.72

Maximum and minimum with errors
compensation method

Wi 211 | 132 | 1.65 | 191
1

e 0 | 211|211 | 211

Wy, 211 | 343 | 376 | 4.02

Each technological dimension B,, C,, E, 1is
formed as the second element in chains that
include the technological dimension A, . For
B,, C,, E, dimensions, the errors compensation
manifested

effect is according to the



mechanism given in Figure 11. For machining
allowances, the errors compensation effect
manifests itself according to Figure 9.

From table 2 it can be seen that the increase
in the tolerance of machining allowances
caused by the structural effect occurs for
surfaces 2, 3, 4 in the value of the tolerance of
the technological dimension A, . Graphically,

the specifics of these dimensional structures are
presented in Figure 16.

W AT —
Iﬁrllll \Compensation’s  Aglimit-functional
effect \ technological
\ \ structure
4 \
N\
2
0

Situational effects of compepsated accuracy

IT13

IT11

E! c B! Al
Fig. 16. Structural effects in displaced fan-shaped
dimensional structures.

The structural effects of increased machining
allowance tolerances are not critical, as each
chain contains only two elements. Error
compensation effects result in decreased
machining allowance tolerances (improving
technological  assurance) and increased
technological dimension tolerances (reducing
accuracy requirements).

The machining strategy shown in Figure 15 is
marginally acceptable.

3.3. Similar fan-shaped - chain
dimensional structures (Fig. 17). The
technological dimensions A, and E, arranged

in a fan pattern from the locating datum surface
LDS, are formed with statistical accuracy and
without error compensation effects. For
technological dimensions C, and B, ,

positioned in the chain after E, , as well as for

all machining allowances, error compensation
effects occur according to the mechanisms
shown in Figures 11 and 9, respectively.

Figure 17c shows that the machining
allowance tolerances for surfaces 1, 2, 3, and 4
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can be calculated wusing the following
relationships:
Wyyp, =( Wy, +wAzO )—29'016/10
Wy, = 2 (@, T o) > ZD'U;/XO
X=B,C.E t x=234
Wy = X (Wy, @)= 2 20
X=CE r x=34

Wpy =(Wg, + )_230;/40
t

Calculation results are given in the table 3.

So Sy S3 Sy Si

Ee Ce 3 Be 4
LDS
Ac '0)
/a) N
TABL| | /1%13]321
E]:E] —=Cc =Bc A
1ps Lo (Alen )
{ C

Fig. 17. Dimensional relationship graphs for fan-
shaped — chain type structure.

Table 3

Machining allowance tolerances (J,; on surfaces
and theirs statistical le‘f and structural

a)j;’,‘;’ components
Allowance Machining surfaces
tolerances, mm| S, | S, ‘ S; S4
Maximum and minimum method

wie 1355] 2.1 | 2.1 | 3.55
i 0 (42021 0
w, |355] 63 |42 |355

Maximum and minimum with errors
compensation method

i 2,11 | 1.32 | 1.32 | 1.32
Wy 0 |264 132 0
Wy 2.11 | 396 | 2.64 | 1.32
The structural increase in machining

allowance tolerances for surfaces 2 and 3

(13)
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equals the sum of the tolerances of all
technological dimensions between the locating
datum surface LDS and the target surface (Fig.
17, tab. 3). Graphically, the specifics of these
dimensional structures are presented in Figure
18.

@Al Compensation's
e NG

Non-functionall
\ technological
\ structure

|
0 S, S, S, s

Situational effects of compensated accuracy|

IT13

IT11

E G B A
Fig. 18. Structural effects in fan-shaped — chain
dimensional structures
The structural increase in machining
allowance tolerances for surfaces 2 and 3
equals the sum of the tolerances of all
technological dimensions between the locating
datum surface LDS and the target surface (Fig.
16, tab. 3). Graphically, the specifics of these
dimensional structures are presented in Figure
17.
The machining strategy illustrated in Figure
17 is unacceptable due to an insufficient degree
of technological accuracy assurance.

3.4. Similar chain dimensional structures
(Fig. 19). The technological dimensions placed
in a chain form from the locating datum surface
LDS constitute complex structures of different
lengths: 2, 3 and 4. The error compensation
effects are manifested for technological
dimensions B, ,C, ,E, and for all machining

allowances according to the mechanisms
presented in figures 11 and 9.

Machining allowance tolerances for surfaces
2, 3 and 4 include as component elements all
the pairs machining allowance tolerances of the
previously machined surfaces according the

following relationships:

wAlll = (@ +wA,0 )=20 0

a2 = X:Zz:‘l,B(a)Xt +th0 )_x:zl,zzm);/xo

Wanz = X:AZ,B,C( Wy, * Wyo )_F]Zylzyf B");/xo (14)
Wpy = X=A§,C,E( Wy, * @yo )=

- 2 2

x=i234 /X

Calculation results are given in the table 4.

7

S, S, S, S,

Fig. 19. Dimensional relationship graphs chain
structure.

Table 4

Machining allowance tolerances (J,, on surfaces

and theirs statistical Allall and structural

wj{,‘j’ components
Machining surfaces
S, | S, | S | s4

Maximum and minimum method

Allowance
tolerances, mm|

a)X;l" 355 | 2.10 | 2.73 | 3.17
1

Wy 0 3.55 | 3.55 | 3.55

w 3.55 | 565 | 628 | 6.72

All
Maximum and minimum with errors
compensation method

tat
N 241 | 132 | 165 | 191
Wi 0 | 211 | 211 | 211
Wy 211 | 343 | 3.76 | 4.02

Graphically, the specifics of these
dimensional structures are presented in Figure



20. This technological dimensional structure is

unacceptable.
Wall e — —
\Compensation's Non-functional
mm \ Y effect technological
structure
’ \
6 \ \
\
4
2 KN N
0 S S S, S,
Situational effects of compensated accuracy
IT13
IT11

E{ Ci B Al

Fig. 20. Structural effects in chain" dimensional

structures
4. CONCLUSIONS

Geometrically, the similarity between
the design and technological dimensional
relationship graphs reflects structural
optimality - a design dimension is formed
through its own technological dimension.

The properties of a dimensional
structure composed of optimal elements
may still be suboptimal due to systemic
structural effects.

In complex technological dimensional
structures, the following effects are
observed:

v the structural effect of increasing
the tolerances of the machining
allowances (the effect of decreasing the
degree of technological assurance of
precision);

v the structural effect of increasing
the necessary machining accuracy if the
design dimension is formed not only by
its own technological dimension;

v the effect of errors compensation
with the decrease of the necessary
machining accuracy;

v the effect of errors compensation
with the decrease of the machining
allowances’ tolerances.

The machining allowance tolerance is
determined by the position of the
technological dimension within the chain,
accumulating the tolerances of all target
dimensions - along with error
compensation effects - including the one
in which it participates, cumulating with
error compensation effects the tolerances
of all target technological dimensions,
including the dimension in which it
participates.
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A desired technological dimensional

structure is acceptable under the
following conditions:

»machining allowance tolerances
increase  without  exceeding the

technological assurance limit, due to
error compensation effects;

»technological dimension tolerances
increase without compromising
accuracy, also due to  error

compensation effects.
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Optimizarea tehnologiilor de prelucrare CNC prin efecte structurale dimensionale

Lucrarea discutd metodologia de optimizare structurald a proceselor tehnologice CNC de prelucrare mecanicd, tindnd
cont de faptul cd in structurile dimensionale complexe se manifestd efectul structural de crestere a tolerantelor
adaosurilor de prelucrare, ceea ce reduce gradul de asigurare tehnologica a preciziei. Acest efect structural provoaca
cresterea preciziei de prelucrare necesare. Este evaluat fenomenul de compensare a erorilor si efectele acestuia de
micsorare a tolerantelor atét a cotelor tehnologice formate cit si a adaosurilor de prelucrare. Este propus un instrument
de evaluare a structurilor dimensionale tehnologice bazat pe legitura dintre tolerantele acceptabile ale cotelor
tehnologice formate si ale adaosurilor de prelucrare.
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