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% ABSTRACT

>

Pu K. Design of a machining workstation for the part “Mandrel” using
CAD/% systems: master's qualification work for the competition of the
educationaf (Qglification level "Master" in specialty 131 "Applied mechanics” / K.
Liu. Vinnitsa ?

In English spe!@,Bibliography: 32 titles; Fig.: 15; table 21.

The aim of the v@ is to solve the problems of achieving accuracy and
efficiency of their processing@' g the CAD/CAM system.

al Technical University. Vinnitsa, 2025. 151 p.

This 1s achieved by systeMbally analyzing the purpose, design features and
requirements for the processing o s, and a reasonable machining route is
developed. For the milling plane proceg‘%a special fixture is designed, and the
positioning accuracy, strength and stiffnes’s?&lalysis are verified to ensure the
reliability of clamping. Based on the functio ;(/"eriticality and multi-objective
decision-making model, the measurement tool is selet@ﬂ and the measurement error
is deeply analyzed to ensure the measurement accuracy. Q@

The industrial robot technology is used to complete the @1 of the automated
processing workstation, covering robot selection, gripper design%ﬁon trajectory

planning, etc., so that the workstation repeat positioning accuracy re +0.01mm,
the grasping success rate is >299.5%, and the cycle time is shortened to 2° inutes,
which significantly improves production efficiency. lsr

The project has good financial benefits and a short investment payback peri’c?d-,Q
and it also has significant strategic and social benefits. The research results provide a
complete technical solution for the processing of mandrel parts and promote the
intelligent transformation of the machinery manufacturing industry.

The graphic part illustratively complements the materials presented in the
explanatory note.

Keywords: CAD/CAM; spindle processing; industrial robot; fixture design;

economic benefits.



% AHOTAIIS

Q)QZ];K 621.8

IQ . [IpoexTyBanHa pobodoro Micis MexaHi4HOi 00poOkm geTani «OmpaBkKay»
3 BHKopHc/}'eﬂﬂM CAD/CAM-cucrem: maricrepcbka KpamidikaimiitHa pobora Ha
3100yTTS  OC o-kBaNidikarifHoro piBHS «Marictp» 3a croemiaibHicTIo 131
«ITpuknanna Me{\ pa» / K. Jio. BiHHUUBKHN HaMiOHAJNLHMH  TeXHIUHHIA
YHIBEPCUTET. BiHHIjI% 5.151 ct.

Ha anrniicekii Mosggjiorp.: 32 Ha3B; puc.: 15; Tabm. 21.

MeTtoro po6oTH € BUpiII 3aBIaHb JOCATHEHHS TOYHOCTI Ta €(PEKTUBHOCTI iX
00pOOKH 32 TOTIOMOTOI0 CUCTEMH @ /CAM.

Ile fmocATaeThcs  MUISIXOM &CTGM&TI/I‘{HOFO aHaj i3y  MpPU3HAYCHHS,
KOHCTPYKTUBHHUX OCOOJIMBOCTEM Ta BUMO éﬂpouecy 00po0KH JeTaneit po3po0iIeHo
PO3YMHHI MapumpyT MexaHiqyHoi oOpoOxu. mpouecy (pe3epyBaHHSA IUIOIIHHH
po3pobiIeHO  criemianbHe  IIPUCTOCYBAHHA, /}'31(0)1( IIEPEBIPEHO  TOYHICTH
MTO3HIIOHYBAHHS, aHAJI3 MIIHOCTI Ta J>XOPCTKOCTI @ 3a0e3meUYeHHsT HaaIMHOCTI
3aruckanas. Ha ocHOBI (QyHKI[IOHAIBHOI KPUTHYHOCTI OaraTomniIboBOi MOJIEII
NPUMHATTS  pilllcHb  BUOpAaHO  BUMIPIOBAJIBHUM  1HC HT Ta TIHOOKO
MIpoaHaTi30BaHO TTOXUOKY BUMIPIOBAHHS /1A 3a0€3TMCUCHHS TOUH @ &Mip}oBaHHSI.

}ZaBepﬂleHHH

MIPOEKTYBAHHS aBTOMATH30BaHOI poOouoi cTaHiii 0OpPOOKH, IO OXO ﬁe BUOIp

TexHoNOrisI MTPOMUCIOBUX pOOOTIB BUKOPUCTOBYETHCS 1

poboTa, TPOEKTYBAHHS 3aXOIICHHS, TUIAHYBAHHS TPAEKTOPIlT PyXy TOIIO} &KI/IM
YUHOM, II0 TOYHICTh MOBTOPIOBAHOTO MO3UIIIOHYBAaHHS poOOUOi CTaHIii J0C
+0,01 MM, KoedillieHT YCIIIIHOTO 3aXOIUIEHHSA CTaHOBHTL >99,5%, a dJac HI/IKH’S&
CKOPOYEHO 10 2,72 XBUIMHH, 1110 3HAYHO M1BUIIY€E e(PEKTUBHICTh BUPOOHUIITBA.

IIpoexkt mae xopoml (1HAHCOBI BUrOAM Ta KOPOTKHM TEPMIH OKYIHOCTI
1HBECTHUIII, a TaKOXK 3HAuYH1 CTpaATEriuHl Ta COLlalbHI IepeBaru. Pesynsraru
TOCTIIKCHHS 3a0e3IMeUyI0Th KOMIUICKCHE TEXHIYHE PIICHHSA I OOpOOKH IeTanci
OIIPABJICHHS Ta CIIPUAIOTH IHTEICKTYaIbHIH TpaHchopmallli MamMuHOOYI1BHOT rary3l.

I'padiuna wacTMHA UTFOCTPATHBHO JIONIOBHIOE MAarepialid, Kl MPCJCTABICHI B
TOSCHIOBAJILHIN 3aIIUCIl.

Kitouosi cnoBa: CAD/CAM; o00pobka WMUHACHS; TPOMUCIOBUH POOOT;

KOHCTPYKIisl MPUCTOCYBAaHb; EKOHOMIYHI BUTO/IH.
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’Q,O INTRODUCTION

R@nce of the research topic. The manufacturing industry is transforming
from traditioer@/oiie to digitalization and intelligence. Enterprises are faced with
challenges such as @oving production efficiency, controlling costs, and achieving
high-precision flexible pr&alction. CAD/CAM technology is widely used in the design
and processing of mechanical st, and integration with automation equipment can
solve the manufacturing bottleneck ﬁ@ém

The spindle 1s a key component of th&&wer transmission system, and has high
requirements for machining accuracy. Traditi%/sgi‘ndle processing has problems

7/

such as accumulated positioning errors and low prod@tion efficiency. Building an
automated processing workstation based on the CAD/% system is of great
significance to improving the level of spindle processing. This s'é’ aims to improve
the efficiency and quality of spindle manufacturing and integra\a%dtiple key
technologies to realize the digitization and automation of the entire processm%«:ess.
The study adopts methods such as literature research and theoretical modeling,e%;
carried out according to the "design-analysis-implementation-evaluation" process.

The work considers ways to increase the productivity of technological
preparation and machining of the workpiece of the “Mandrel” part. The current ones

are the use of an automated workplace, the development of special devices and modern

computer applications for the design of measuring tools.
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e

;,O Purpose and objectives of the research work.

%e purpose of the work is to increase the productivity of technological
preparat‘igﬁnd machining of the workpiece of the “Mandrel” part by developing
software appr%ns to automate the work of engineering personnel and using

automated devices t@ncrease positioning accuracy and reduce time for auxiliary

operations. &
To achieve the goal, it is }Qphed to solve the following tasks:
— analyze the “Mandrel” par@&
—  design a device for manufacturin%ts on the “Mandrel” part;
—  ensure maximum accuracy of positio§ he part on the device;

/0

—  develop an application for calculating contr(@‘nd measuring instruments;
—  directly improve the workplace for machini@g workpiece of the
“Mandrel” type part. &o
The object of research is physical and mechanical processes 16 /&qulpment
The subject of research is equipment and mechanisms for 1mpr% the
technological process. /S,/s,
Research methods. Mathematical logic, methods of functional modeling and
methods of surface and solid modeling using the SolidWorks software package, a
program code editor for Visual Studio applications.
Scientific novelty of the results obtained. The method of achieving the

accuracy of the special adaptation of the part "Mandrel" has been further developed,

which allowed to improve its design in order to ensure the necessary speed.
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Q%@ 7
% Practical significance of the results obtained. A device for the manufacture of
flats been developed. An application of the caliper-clamp control and measuring
tool has#—ega developed. The workplace for machining the workpiece of the “Mandrel”
type part has B%mproved by installing an industrial robot.
/\ .

Personal con@ution of the master's student. The main theoretical, program
and simulation results o@lculations and modeling, which are given in the master's
qualification work, were obtair@)ndependently.

Publications: Poberezhets V.,@Y@a O., Lui K., Piontkevych O. Application in
C# programming language for automated ﬁs‘sion of geometric parameters of a snap
gauge. Collection of scientific papers of Intern? /]..}(outh Scientific and Technical
Conference «Young science - robotics and nano-téb@logy of modern mechanical

engineeringy. Kramatorsk: DSEA, 2025. P. 43-46. %
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IQ HAPTER 1 ANALYSIS AND SERVICE USE OF THE PART "MANDREL"

0

lf&alysis of the service use of the part ""Mandrel"
0
O.
"Mandrel" (sp/@z\k) is a typical rotary part, which is mainly used for bearing,
positioning, connection a@transmission of rotational power in mechanical systems.
In modern mechanical manufa@;}ng systems, especially automated processing units,
Mandrel may be a processing obje%éd 1s often used as a tooling component to
participate in the clamping and assemblﬁéocess. By analyzing the engineering
drawing shown in Figure 1.1, it can be se%ai. the part consists of multiple
//.
functional structures, such as a cylindrical positioniﬂbection, a tapered transition
section and an external threaded connection end, and its g@%‘[ric characteristics are
highly consistent with the engineering requirements of torc%ransmission and
coaxial assembly. #Q
Mandrel has a compact structure and excellent rigidity. It can pel@él the
following functions in multiple subsystems: /S,/s,
As the core shaft in the rotary drive chain, Mandrel can realize power input o‘r9
output through its axis. Its end thread 1s connected with the matching hole to form a
rigid assembly, thereby effectively transmitting the rotational torque. The conical

surface design helps to enhance the connection strength and reduce the influence of

the matching clearance on the coaxiality.
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Figure 1.1 - Workpiece drawing of the part "Mandrel" /szs,

The planes machined on both sides of the part body are often used as positioning
references for process fixtures or robot grippers. Through these two symmetrical
planes, stable angular positioning and reliable clamping force distribution can be
achieved, which is suitable for high-frequency start-stop or large vibration processing
scenarios.

The M48x1.5-6¢g threaded section design at the end is not only used for rigid
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IQ,@)nnection between components, but also can bear a certain axial preload and
addiﬁ%al axial load. This structure is suitable as a transition interface in complex
systems port adjacent mechanisms.

In autom‘e%production, “Mandrel” can also serve as the gripping reference of

/\ .
the robot end effect%nd cooperate with the positioning program generated by the
CAD/CAM system to Qlize functions such as automatic clamping and tool
compensation. G)s

In summary, Mandrel has multoi%onal composite characteristics, which is not
only suitable for high-precision rotary tran%ion requirements, but also compatible
with various assembly and clamping requireme?%aﬂecting a high degree of system
integration and application flexibility. /@

Mandrel (spindle) has demonstrated wide app jlity and  significant
engineering reuse value in the field of high-end equipment ma%turing due to its
standardized axial structure and excellent connection, positioning a.n%ad-bearing
capacity. Its typical application scenarios and quantitative benefits are as fo%@é

1. Fixture system on CNC machine tool. As a replaceable clamping elemen/t,sfgﬁ
core function of the spindle is to transfer the positioning reference and align the
center hole. In the crankshaft grinding process, a certain automobile engine
production line uses a high-precision spindle (matching accuracy < 0.003mm) as the
positioning support shaft. Through the combined clamping of the three-jaw chuck and
the top, the cylindrical error of the crankshaft journal is controlled within 0.005mm,

and the coaxiality error is < 0.01mm. Data shows that this process reduces the engine

scrap rate by 15%, the maintenance rate by 20%, the power output efficiency of a



s !
;%b engine by 8%, and the fuel consumption by 5%.

Z‘SAerospace parts manufacturing. In the milling of aircraft engine blades, the
high-pre’!;son positioning characteristics of the mandrel (positioning accuracy
+0.008mm) e‘r% the processing accuracy of the complex blade surface (surface

7
error <+0.01mm). T/l@agglication case of an aviation company shows that after the
use of the mandrel, the a@dénamic efficiency of the blade is improved by 6%, the
engine fuel consumption is red@;}i by 8%, the overhaul interval is extended by 10%,

and the maintenance cost of a singl%ine over the entire life cycle is reduced by

2

about 2 million yuan. %

3. Agricultural machinery power unit. In a%d/ltgral equipment such as fertilizer
spreaders and seed drills, the mandrel is the core con{p@nt of the transmission shaft,
with a torque range of 50-200N = m and an axial load of @N. The transmission
system of a seed drill uses a 40CrNiMoA mandrel. By optimizi%e spline segment
tooth profile parameters (module m=4, number of teeth z=20), %nsmission
efficiency is increased to 98%, the overall machine operation stability is 1m d by
25%, and the downtime due to failure is reduced by 30%. &/s,

4. Main drive system of construction machinery. The main drive intermediat‘e9
shaft of high-load equipment such as cranes and loaders generally adopts a spindle
structure. Taking a 50-ton loader as an example, its spindle is supported by a tapered
roller bearing, which can withstand a radial load of 150kN and an axial load of S0kN,
and the surface hardness reaches HRC58-62. Actual measurement data shows that

after 5,000 hours of continuous operation, the wear of the spindle is <0.02mm, which

1s 40% longer than the life of traditional shaft parts.
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% 5. To using with industrial robot. In the robot modular grasping system, the

spin%an quickly replace the positioning interface (such as the HSK-63 interface)

to achiggﬂ second-level response for workpiece handling and multi-process

switching. A BQ@roduct production line uses a grasping system constructed with a

spindle, with a p(gl}@\{ing repeatability accuracy of +0.01mm, and the production

cycle is increased fronQZ seconds/piece to 8 seconds/piece, and the fixture
replacement time is shortened Q)O%

6. Precision assembly and testi%uipment. In aircraft engine support fixtures
and coordinate measurement systems, tl@‘ﬁrecision centering capability of the
mandrel (coaxiality < 0.002mm) is crucial. ?@a}‘n aviation assembly line uses
mandrels to achieve positioning and assembly of tur/b@blades and casings, with an
assembly error of < 0.005mm, a 50% increase in detection%iency, and an increase
in the one-time pass rate of key processes from 78% to 95%. ’s’o

The engineering value of the mandrel is reflected in the organiu%)ination of
its high-precision positioning capability, complex load bearing capa% and
cross-domain rapid adaptation capability. Through material optimization (su%
carburizing and quenching process to make the surface hardness reach HV800),
structural innovation (such as hollow lightweight design to reduce weight by 30%)
and process collaboration (such as one-time molding by turning and milling
composite processing), the mandrel is becoming a core basic component to promote
the development of high-end equipment towards precision and intelligence.

In application, the working environment of “Mandrel” is complex, often

involving multiple load couplings, dynamic working conditions and high-precision
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%&Hrements. The main technical challenges include:
%Joad conditions.
o @ional load (It is necessary to stably withstand the torsional output of the
transmission ¢ for a long time);
o Radial/axial/;@kposite load (It is generated by the superposition of processing
force and tooling clampin@orce);
e Impact load (It comes f@@equipment start-stop, robot grasping error, etc).
2) Motion characteristics requi@g‘[s.
e Maintain high dynamic balance %r medium-speed rotation (500-1000
rpm); Q{///
¢ Angular positioning error should be controlled@hin +0.05°;
e Must have excellent repeat positioning stabilit@ low clearance fit
performance. &O
3) Environmental adaptability. %
e The working temperature is generally room temperature ~ 8% and
sufficient thermal stability is required; &/s,
e Surface treatment must meet the requirements of anti-oxidatio;,9
anti-corrosion and anti-fatigue performance;
o The processed surface must meet the lubrication requirements to reduce

friction and wear.

The core technical indicators of the part "Mandrel" are shown in Table 1/
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;,O Table 1.1 - Core technical specifications of the component "Mandrel"

% Technical Specifications:

ite

Maximum § fter Deviation < 0.005 mm

Technical Requirements

Thread Pitch Gra /\ &g (ISO Tolerance)
Surface Roughness /é Ra 0.8-1.6 um
2
Material Performance & o<sub>b</sub> 2 600 MPa, HB 200-250
Surface Treatment Q@ Zinc Plating / Nickel Plating {For Visual Use)

2
0)
%,
To achieve these indicators, high—p&re ron machining equipment, stable fixture
systems and CNC process parameter contr%}e..‘required. The application of
CAD/CAM system can improve the efﬁciency/@d accuracy of modeling,
programming and automated processing, and is the core@gort for ensuring the

quality of Mandrel parts [1, 2]. ’s'o
1.2 Part design analysis G

In order to meet the multiple functional requirements of parts in the transmission
system, "Mandrel" reflects a high degree of unity of functionality, processability and
structural stability in geometric design. Its overall structure is a stepped shaft
structure with an axisymmetric layout, which has good rotational balance and
processing adaptability. As shown in Figure 1.2, the part is mainly composed of a
positioning section, a transmission section and a connection section [3]. Different

structural sections are smoothly connected through a conical transition surface, which
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;@fectively reduces the risk of stress concentration and improves fatigue life.
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Figure 1.2 - Sketch a) construction and 3D model b) of the part "Mandre@&&
.9
From the analysis of the three-dimensional model and engineering drawings, the
total axial length of the part 1s 161mm, the maximum outer diameter i1s 48mm, and
the size belongs to the category of medium-sized shaft parts. According to the
functional division, its structure can be clearly divided into the positioning end, the
transmission section and the connection end. The positioning end (left end) achieves

high-precision axial positioning and angular anti-rotation through specific size and
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IQ,@a e with tooling or fixtures, providing a benchmark for subsequent processing and
asse%r. The transmission section in the middle part is the core power input part of

the pal“[.’l;sdopts a tapered transition section design with a length of about 136mm. It

not only has‘%d guiding performance, but also can effectively reduce stress
concentration When{é‘smitting torque, thereby improving the fatigue life of the part.

The connection end (r@t end) includes a standard external thread structure
(M48x1.5 - 6g) and a @44m1‘§c)slindrical guide section, which provides a reliable
structural foundation for the rigid co@éion between the part and other components.

Conical transition section: the small-a% cone design (0=1.5°) not only plays a
role in smooth connection in structure, but als% a.‘certain self-centering function,
which is conducive to positioning accuracy and asseg@convenience;

Transition fillet and chamfer: there are transition ﬁl% R1~R3mm and 45°
chamfers between ecach functional section, which effecti weaken  stress
concentration and improve the fatigue strength and crack resistance 0%;

The two positioning planes are processed on the @35mm cylindr1ca@§tion,
with a parallelism of <0.02mm and a width of about 3mm, providing an an%

clamping reference and preventing relative rotation. ‘9
The spline section and the thread section are reasonably distributed, which
avoids the problem of fixture interference and improves the overall clampability.
The dimension and tolerance design of the "Mandrel" parts directly determines
the reliability of its function realization, processing difficulty and assembly

compatibility. In order to ensure that the parts have excellent transmission

performance, assembly accuracy and interchangeability, their dimension design
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;,@llows the principle of function priority and process adaptation, and strict geometric
toler% control is implemented in key parts.
Fro‘\l:@he perspective of key dimension parameters and function analysis,
according to 't?oengineering drawings and three-dimensional models, each key
o s . . o
dimension of the pan&ls its specific function. The typical dimensions of the part and
their functional signiﬁcan@g shown in Table 1.2 below.

Table 1.2 - Key dimensional pa%ers and functions of parts

2

Dimensional Section Parameter é\ Function

Positioning Section @35 mm (h6) x 10 mm Achieves high-precision axial positioning and

Q)ﬂﬁ;rotaticn with tooling or fixtures

Tapered Section 1.5° taper, total length 136 mm Pm@ alignment during assembly, reduces
stres entration, and enhances structural
rigidity

Guide Section for Connection @44 mm (h7) x 20 mm Forms a transitigr&rference fit with bearing
holes or mating par O@

Threaded Section M48x1.5-8g, length 10 mm Ensures reliable transmisw amping
force through standard thread ﬂection

Two Positioning Surfaces Flatness < 0.02 mm, width Provides an axial clamping reference és@

approx. 3 mm prevents relative rotation &

%,
.9
The total axial length is controlled at 161 mm, the overall structure is compact,
and the functional sections are naturally connected through geometric transitions,
which is convenient for processing and measurement.
Dimension tolerance:

e A35 mm positioning section: h6 tolerance grade (basic deviation 0/—0.013

mm), ensuring transition fit with the fixture hole;
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% ¢ (¥44 mm transition section: h7 tolerance grade (basic deviation 0/—0.025 mm),
adapg¥l to the bearing installation accuracy requirements.

Th;!—atg,ed section: ISO 6g tolerance grade is adopted to meet standard
mechanical cc;%tion specifications.

/\ .

Non-critical ou/@\c‘ircle section: The tolerance is relaxed to h11 grade to control
costs while meeting the s@ort function.

Geometric tolerances: G)s

e Conical runout: the radialo §1t relative to the reference surface A is
controlled within <0.005 mm, which i1s the %est precision control area of the part;

o Coaxiality: the difference between eac?@ngrical functional segment must
be controlled within <0.02 mm to ensure assen/lb@ concentricity and rotation
stability; @ é

e Cylindricity: the 935 mm positioning segment and thé@4 mm matching
segment must be controlled within 0.01 mm to ensure axial guiding ac.(ln“ Y;

e Parallelism of the positioning plane: controlled within 0.02 mm to e%e the
repeatability of the angular positioning function. /s,/s,

Key dimension tolerance chain: the coaxiality of the positioning section ¥35h6
(0-0.013mm) and the matching section ¥J44h7 (0-0.025mm) 1s <0.02mm, and the
datum is unified through one-time clamping and turning.

The radial runout of the cone surface is <0.005mm, and the "double ¢jector +
fine grinding" process is used for control.

The thread section M48x1.5-6g has a middle diameter tolerance of =£0.012mm,

which is achieved through CNC thread turning.
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% The size and tolerance design of "Mandrel" parts is highly systematic and
targ Through the idea of combining functional differentiation with process
matchiné:g/takes into account processing cost control and structural stability while
ensuring high?@ision function realization. In particular, key indicators such as cone
runout, thread accul{aé‘ and matching coaxiality constitute the core points of this part
manufacturing and qualit@ontrol.

As a high-precision, hig@?ﬁability rotating shaft component, the "Mandrel"
part has a complex working environ%involving multiple factors such as torsional
load, axial preload, impact load and temp%e fluctuation. Therefore, the selection
of materials is crucial. It must not only me%e.j‘)asic mechanical performance

7/
requirements, but also take into account the process@ technology, heat treatment
responsiveness and service durability. @ é
This part is made of 40X alloy structural steel (DSTU 78(%15, or equivalent
international standard), which is a medium carbon chromium alloy Sté%i is widely
used in shafts, gears and connectors under medium load conditions. This ma@§1 has
strength, toughness and hardenability. Its typical chemical composition is sho%
Table 1.3 below. ‘9

In order to achieve the required balance of strength and toughness, the use state
of 40X steel in this part is the quenching and tempering state (quenching + high
temperature tempering), and its typical mechanical properties are shown in Table 1.4
below.

This performance combination enables the parts to have good static and dynamic

load-bearing capacity, while taking into account impact resistance, and is suitable for
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;,@éﬂication scenarios with instantaneous loads or installation errors.
Tal:lggﬁ - Chemical composition of 40X steel

Element A - Content Range {Mass Fraction)
L

, A
C é 0.36 - 0.44%

si & 0.17 - 0.37%
Mn SG 0.50 - 0.80%

O
@
P < Q. 035"«60

Note: The introduction of Cr element signiﬁcan% roves the hardenability, wear

Cr 1.10%

resistance and corrosion resistance of steel, and is an 1m1% strengthening element

suitable for medium-load structural parts. %s’

Table 1.4 - Mechanical properties of 40X steel in quenched and temper@,te

ltem Specification Requirements &

Tensile Strength o<sub>b</sub> = 600 MPa ,9
Yield Strength o<sub>0.2</sub> = 400 MPa

Elongation d«sub>5<fsub> = 16%

Reduction of Area ¢ z 45%

Brinell Hardness HB 200 - 250

The selection of 40X steel as the material for Mandrel parts is mainly based on

the following multi-dimensional considerations:
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% e after quenching and tempering, it has high strength and good toughness,
meeu'%the composite force requirements of the parts during clamping and rotation;
o td—e@r element enhances the depth of the hardened layer and ensures the
uniformity of';%rmance under medium cross-sectional dimensions;
e good cuttin{é‘erformance under normalizing state, suitable for rough
machining [4]; Good stab@y after heat treatment, suitable for precision machining;
e suitable for a variety ot@)& treatment and surface strengthening technologies,
such as high-frequency quenching, s%: nitriding, electroplating, etc.;
e compared with high-performance a)l‘@d‘?teels such as 42CrMo and 30CrMnSi,
40X has a better cost-effectiveness under t v}re{nise of meeting performance
7/

requirements. @

In the early stages of the design, several typical struc@] steels were compared

in terms of performance and cost. The results are shown in Table'? 6elow.

Table 1.5 - Comparative analysis of alternative materials G

Material Strength Machinability Hardenability Cost Application Evaluation S &

A5# Steel Medium Goodl Weak Low Suitable for low-load shafts ;
40Cr Medium-High Good Medium Medium General-purpose structural shaft

material
AQX (optional} Medium-High Good Excellent Medium * Good balance of performance,

machinability, and cost

42CrMo High Average Excellent High Suitable for high-load scenarios
30CrMnSi Very High Average Good High Consider when high impact resistance
is required

Comprehensive performance evaluation shows that 40X steel has good
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;,@echanical properties, processability and economy, and is most suitable for the
manv%ture of "Mandrel" parts in this project. Its heat treatment process route is as
follows:’l;s/initial normalizing or annealing state is adopted to facilitate turning and
pre-processing wance control; the quenching stage is heated at 850-870°C and
s
then quickly oil q@ched to form a martensitic structure; then tempered at
550-600°C to release str@ and obtain excellent comprehensive performance. The
final hardness is controlled a 200-250, which is suitable for positioning or
connection parts with medium stren%d toughness requirements. For key mating

surfaces (such as ¥35 mm positioning sect%and tapered surfaces), fine grinding or

surface strengthening treatment can be ful“[h%egl to improve fatigue life and

7/
assembly stability. @

40X steel also has certain requirements for processin@nology: in the rough
processing stage, it has good machinability in the normalizing sé’@nd is suitable for
large margin rapid removal; deformation factors need to be consid@ after heat
treatment, and it is recommended to reserve 0.3-0.5 mm finishing a%ance;
grinding or fine turning + polishing knife process should be adopted in the queng%sg
and tempering state to achieve high-precision control; in terms of cutting parameters,
small cutting depth, high spindle speed and sufficient cooling should be used to avoid
the generation of white layer or hard spots; if necessary, external nitriding or shot
peening can be performed to further improve the fatigue performance of key surfaces.

As a mechanical part with high-precision assembly and rotation requirements,
the surface quality of "Mandrel" is directly related to the operating stability, matching

accuracy and service life of the entire system. Due to the large differences in the
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%nctional sections of the parts, the requirements for roughness, hardness, residual
stres d integrity of each surface are also significantly different. Therefore, the
reasonal:l—e‘garmulation of surface quality indicators for each functional surface is a
key link to en@@he balance between performance and manufacturing cost.

7

Based on engin&ing drawings and design requirements, the surface roughness

indicators of each area ofﬁg/[andrel" part are shown in Table 1.6 below.

Table 1.6 - Surface roughness régfixgments

Section Function Descriptio} Roughness Requirement
935 mm Positioning Section Axial positioning refmancdx QO Ra 1.6 um

surface with fixtureftooling

*
’0

@44 mm Transition Section Support and guidance, mating wit / Ra 1.6 um

bearing
Conical Transition Section Coaxial transition, self-centering structure i@m, radial runout = 0.005

1Ty é

Positioning Plane Anti-rotation, clamping reference Ra 2.5 um,sass < 0.02 mm

Thread Section (M48x1.5) Tight connection Ra 3.2 pm @

Non-functional Outer Surface General support or non-mating area Ra < 6.3 um ; }

&
P
9
Based on the principle of "function drives quality”, the key mating surfaces GQ
this part need to be fine-machined to ensure low friction, high contact accuracy and
stable mating strength, while the non-functional surfaces use conventional machining
to control costs.
In terms of surface integrity control, the key surfaces must not have macro

defects such as cracks, pores, inclusions, etc. After heat treatment, network carbides,

decarburization and burns should be avoided, and the residual stress should be
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O@icro-pressure or neutral to reduce the formation of fatigue sources. The processing
direoﬂ‘g should be perpendicular to the main load to prevent stress accumulation and
ensure 7‘:@/ the surface roughness and microstructure meet the fatigue life
requirements.%

A * <

The "Mandrel%rts surface quality control system embodies the modern
manufacturing concept 0@precise control of key surfaces + cost optimization of
non-functional surfaces". Whi@ﬁeeting the requirements of high precision and high
strength, it achieves a balance betw%unction, manufacturing and quality through
the integration of process optimization a%sting methods. This provides a solid
processing foundation and quality assurance%thg subsequent processing route

7

formulation, fixture design and automatic control prog@éconstmction.

Process analysis is the key link for "Mandrel" parts to move design to

1.3 Process analysis

manufacturing . Reasonable design directly affects its processing quality,‘pP@uction
efficiency and manufacturing cost. This subsection conducts a systematic an%
from the aspects of process feasibility, part processability, benchmark selection an:l9
processing difficulties to provide theoretical support for subsequent process solutions.
Combined with the structural characteristics, dimensional accuracy and surface
quality requirements of the parts, the process feasibility is analyzed from the
following perspectives: processing method feasibility, feasibility of processing route.
This part is mainly a shaft-type rotating body, with mature processing

technology and rich means [5, 6]:
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% e turning (the shape is a typical rotating body, and turning is the main
proca%ng method. CNC lathes (such as 16b16D3) can efficiently complete
processg!— h as external circles, end faces, threads and grooves. The cone runout
requirement 0@005 mm, which can be achieved through fine turning + fine
grinding); /é

e milling (two pom@mng planes need to be milled. The DMG MORI NVX

5080 vertical milling machine@)a positioning accuracy of £0.005 mm, which can

ensure parallelism <0.02 mm); @&

¢ heat treatment process (40X alloy %tural steel 1s used, which needs to be

tempered to improve mechanical propertie??/?o‘r‘lsidering the high precision

requirements, professional heat treatment equipment@ould be used to accurately
control the heating and cooling process to reduce the risk o rmation);

e precision machining (the key surface roughness require%lﬁ um, and fine

turning or fine grinding processes are required. Equipment such as 1P3 CNC

lathe or 3M151®2 grinder can meet the precision requirements). 'PGQ
Taking into account the precision requirements and process characteristics c%
parts, the following process route can be adopted, as shown in Figure 1.3. ‘9
The process route of "roughing first and then finishing" and "reserving finishing
allowance before heat treatment" conforms to the basic principles of mechanical
processing and can effectively control the influence of heat treatment deformation on
the final accuracy. The processing contents of each stage are as follows: the roughing

stage completes the turning of the basic shape, and the outer circle reserves

0.5-1.0mm finishing allowance; the semi-finishing stage adjusts the size coordination
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;@ each part to prepare for heat treatment; the special process stage completes the
milli f two positioning planes and other non-rotating surfaces; the heat treatment

stage pj%rgs overall quenching and tempering to improve the mechanical

properties of%naterial; the finishing stage compensates for the heat treatment
7 . . .
e@the final size and surface quality requirements.

2

deformation to achi

Blank Preparation

Figure 1.3 Processing process ’?}

In terms of equipment configuration feasibility, it is recommended to use:%
lathe (such as 16b16®3, rotation diameter 400mm, spindle speed 0-3000rpm) to meet
turning needs; vertical machining center (DMG MORI NVX 5080, worktable
1300x650mm) has sufficient space, suitable for installing fixtures and plane milling;
heat treatment equipment should use heat treatment furnaces with precise temperature
control and temperature recording systems to ensure treatment quality; precision
grinder (MK6801®3 CNC) is used for high-precision fine lather of conical surfaces

and key outer circles.



%) 27
Q

% CNC turning and milling parameters: rough turning 800rpm, feed 0.3mm/r,

cutti%lepth 2mm; fine turning 1500rpm, feed 0.05mm/r, cutting depth 0.2mm;

millinggl;sp uses Y10mm end mill, cutting speed 100m/min, feed per tooth 0.06mm.

In terms he feasibility of detection means, it should be equipped with:
/\ .

three-coordinate m gring machine for measuring complex geometric tolerances
such as cone radial runo@0.00Smm; surface roughness tester for detecting surface
quality of Ra 1.6um; hardness@?er for verifying hardness after heat treatment (HB
200-250); optical projector for meas%plane position and parallelism.

Comprehensive analysis shows that@ manufacturing process of "Mandrel"

v

parts is technically feasible, and the existing pr?@ipg equipment, process methods
/0

and detection means can meet its technical requiremen@
Processability evaluation is an important basis for me%f'ng whether a part can
be manufactured economically and efficiently. A compreher% analysis of the

processability of the "Mandrel" part is helpful to optimize the procedefhg route and

1) Material processability evaluation. "Mandrel" uses 40X alloy structurallssa'sl,‘9

process parameters.

which has good processability: excellent cutting performance (moderate cutting force
and small tool wear in normalizing or annealing state), controllable heat treatment
deformation but need to reserve finishing allowance, and the surface can reach
Ra 1.6pm after finishing. The chromium element improves the hardenability and
ensures the uniform mechanical properties of medium cross-sections.

Material processability score: 4 points (out of 5 points), the overall process

performance is good and suitable for conventional processing.
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Q

% 2) Geometric shape processability evaluation. The part is a shaft-type rotating
bod ith a simple structure and good axial symmetry, which is conducive to
clampinj@d positioning; the diameter transition is reasonable and the structure is
rigid; each seE%is connected with a rounded corner to reduce stress concentration;

/\ .

the only complex p(é}f is that the two positioning planes need to be clamped and
milled twice. &

Shape processability scm@ A cgoints (out of 5 points), the overall structure is
easy to process, and only some parts%re additional processing.

3) Dimensional accuracy processa% evaluation [7, 8]. The outer circle
tolerance is mostly h6 and h7, which is mediqu@ h‘i‘gh precision but can be met by
modern equipment [9]; the taper runout is S0.00?@@ [10, 11], which is a high
requirement; the key surface roughness Ra 1.6um, which r@'&ées fine processing; the
dimension chain is reasonable, there is no risk of cumulativé’@or, and the key
dimensions can be routinely tested. #Q

Dimensional accuracy processability score: 3.5 points (out of 5 po@§, the
overall difficulty is medium, and the focus is on high-precision control. /s,/s,
4) Clamping and positioning processability evaluation. The parts have goo‘d9

reference conditions, and the axis and end face are easy to turn and clamp; the
cylindrical surface and end face can achieve "six-point positioning" and the
positioning is stable; the structure has no interference, and the clamping force is
evenly distributed; the overall rigidity is good, and the risk of self-weight

deformation is low; the milling positioning surface needs to add an angular

positioning device, which slightly increases the complexity.
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;,O Clamping and positioning processability score: 4 points (out of 5 points), the
clan% conditions are good, and only the positioning method during milling needs
to be opT[— éd.
5) Calcu% of comprehensive processability index. The weighted scoring
. s . .
method is used to e@late the comprehensive processability of "Mandrel" parts, as
shown in Table 1.7 below& Q

o)
Table 1.7 - Comprehensive%luation table of the processability of

2

"Mandrel" parts é@
Evaluation item Weight QQS::O!’& (1-8) Weighted Score
Material Manufacturability 0.25 / (;‘ 1.00
Geometric Shape Manufacturability 0.25 @ 1.00

e
Dimensional Accuracy Manufacturability 0.30 35 @e 1.05

Clamping and Positioning Manufacturability 0.20 4.0 5080

Total 1.00 - %

L

&

The comprehensive processability index is 3.85 (out of 5 points), indicat?%
the overall processability of the "Mandrel" part is good and suitable for large-scale
production. The main difficulties are high-precision requirements and positioning
plane milling, which should be focused on during processing.

6) Process improvement suggestions. Optimize the clamping scheme, design
special fixtures, and ensure the uniformity of multiple clamping benchmarks; arrange
the process sequence reasonably, reduce the number of clamping times, and reduce

cumulative errors; control heat treatment deformation, use graded reserve margins,
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;,@ui ensure fine processing correction space; use efficient grouping technology and
use %ti-axis CNC equipment to achieve multi-faceted one-time clamping
process@aéply advanced detection methods, use online detection of key precision,

and adjust prb%ing parameters in real time. The above improvements will help

*

improve process1ng4$c1ency and quality stability and reduce production costs.

S
>

1.4 Machining route deVQ}ment and demonstration

O

Based on the systematic analysis o%w structural characteristics, precision

requirements and processability of the "Mandr 5}, this section will scientifically
7

develop a machining process route suitable for the pap@qd conduct a comprehensive

demonstration from the perspectives of process rationalit 4hnical feasibility and

quality assurance. A reasonable process route is the basis for achi€yr % high-precision

machining and is also a prerequisite for the subsequent construction automated

%

The process route structure of the "Mandrel" part is shown in Figure 1.4. /st,

oY

machining workstation based on the CAD/CAM system.

Figure 1.4 - Schematic diagram of the complete process route for "Mandrel" parts
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% The process route adopts an integrated design, follows the principles of "from
rou fine" and "benchmark first and then others", combines the characteristics of
the part@the precision requirements, and reasonably arranges the heat treatment

position to en‘%he processing quality and economy. The more detailed machining

route is shown in F1 s 1.5, aandb.

a
(9&
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006

Final mspection

Main process content and technical requirements.

b

Figure 1.5 - Manufacturing process of the part "Mandrel"

Process 001: CNC turning (first clamping), see Figure 1.6.

Equipment: 1661603 CNC lathe.

Process content: three-jaw chuck + center support combination positioning;
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%e-turning end face 1 to establish a benchmark; turning surface 1 (d35mm end) and

surfa,%z (tapered section); machining groove 3 (J42mm), controlling the groove

width agbﬁesition; finishing surfaces 1, 2 and groove 3 to improve surface quality;

finally, qualit}%ection and disassembly.

*
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Figure 1.6 - Process 001 clamping diagram and processing path

Technical requirements: cylindrical surface roughness <Ra 3.2um; conical
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;,@éface reserve allowance 0.3—0.5mm; groove position accuracy +0.1mm; end face
Vert%y <0.05mm.
Pro’!;& 002: CNC turning (second clamping), the clamping and processing
diagram of pro 002 is shown in Figure 1.7:
/2
Equipment used965 163 CNC lathe.

Main process conten@

e workpiece clamping: c@ﬁping based on the surface processed for the first

time; @&

e pre-turn the remaining end face to e%e the total length requirement;
¢ turning surface 1 (P@44mm segment) an?@ﬁpm end face of the thread;
v
e machining groove 2 (¥43mm) to ensure th%oove shape and position
accuracy; %
e turning external thread 3 (M48x1.5-6g) to ensure thread %acy;

¢ chamfering to eliminate sharp edges. #Q
%
P

Technical requirements: external surface roughness <Ra 3.2um, thread accﬁs;sy‘9

Fine turning of each surface to improve surface quality

6g level to ensure thread matching quality; coaxiality of diameter ¥35mm and
P44mm <0.05mm, the length dimensions of each segment are controlled according to

the drawing requirements.
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Figure 1.7 - Process 002 clamping diagram and processing path /58:9

Process 003: Milling plane.

Equipment: DMG MORI NVX 5080 vertical machining center.

Process content: install special fixtures, precise angular positioning; mill the first
plane, rotate 90° and then mill the second plane; chamfer and finish.

Technical requirements: the parallelism of the two planes is <0.02mm, the

perpendicularity between the plane and the axis is <0.03mm; the roughness Ra 2.5um;
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;,@e plane depth is 3mm, and the error is +0.lmm. The clamping and processing

sche%or the milling plane process is shown in Figure 1.8.

: @10mmIr ]
] >
@ DMG MORI
LB (ve): 100mimin

) NVX 5080
RS () 3200mm - : Snan
CT U rd w,35~0.08mmf§ .

Figure 1.8 - Special fixture and proces&%oath for milling plane process

%

Equipment: precision temperature-controlled resistance%ace, oil quenching

Process 004: Heat treatment.

. o)
equipment. 6
5

Process content: pre-cleaning of parts; quenching and tempering?jyenching:

850-870°C oil cooling, tempering: 550-600°C slow cooling); cleaning a@,g}lst

%

Technical requirements: hardness HB 200-250; use special brackets to prevent

prevention after treatment; hardness test.

deformation; uniform structure, no segregation, overheating or decarburization;
deformation is controlled within 0.05—0.1mm to ensure subsequent correction.
Process 005: Precision turning.
Equipment: MK6801®3 precision CNC lathe.

Process content: use precision chuck + center frame support positioning; correct
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;,@at treatment deformation, fine turning ¥35mm and @44mm sections; fine taper
surfagS.control radial runout; fine turning threads and grooves to ensure size and

surface d%

Techmca ments: The radial runout of the cone relative to the reference

@nre
7
surface A is 30.0050@, (?44mm reaches h7 tolerance (0/—0.025mm); the key surface
roughness Ra 1.6um. &
Process 006: Final inspec@p)s
Equipment: three-coordinate %rmg machine, roughness tester, hardness

tester, etc. é
R

Process content: comprehensive inspect%f..all key dimensions, geometric
/0

tolerances (especially radial runout and parallelism), @ace roughness and material
hardness; final cleaning, rust prevention and packaging. @ é

Technical requirements: 100% inspection of key dimens%complete record
and filing of inspection data; strict implementation of qualified jud standards;

%

This process route reflects the scientific nature of modern manufacturing: /st,

oY

e scientific datum conversion (gradual transition from blank datum to finishing

rust prevention to ensure storage safety.

datum, forming an effective datum chain to ensure precision transfer);

e reasonable heat treatment position (set between rough machining and
finishing, taking into account material properties and deformation correction);

¢ special processing of processing difficulties (special processes and fixtures are
used for conical and flat surfaces to ensure key accuracy);

e comprehensive quality control (multiple inspection links, final inspection to
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;,@theve quality closed loop);
)‘éaking into account process economy (process combination optimization,

improvi;gfgciency and controlling costs).

Scientific m selection and reasonable positioning design are the key to
ensuring the machm& accuracy of "Mandrel" parts. The analysis of each process is
as follows: &

1) Datum selection basis.Q)Uow the "six-point positioning principle" (limit 7
degrees of freedom), "datum uniﬁ% principle" (reduce error sources), "datum
priority theory" (determine priority accord%co function and accuracy), "minimum
impact principle" (reduce the impact of datum %qokey dimensions).

2) Datum and positioning design of each proceg@

e Process 001 (CNC turning): the main datum is the @zgylindrical surface of
the blank, and the auxiliary datum is the right end face. It usé’@ three-jaw chuck
clamping + center support. The clamping force is controlled at @OON. The
comprehensive positioning error is <0.06mm, which meets the rough n@éining
requirements. /S',s,

e Process 002 (semi-finishing): the main datum is the @¥35mm processed oute:r9
circle, the auxiliary datum is the end face, and a precision chuck or fixture is used. If
necessary, a center stand is added. The comprehensive positioning error 1s <0.04mm,
which improves the positioning accuracy and maintains the consistency of the datum.

e Process 003 (milling plane): the main datum is the @35mm outer circle, and

the auxiliary datum is the end face. The V-block + angular positioning pin + clamping

device is used, and the positioning error is controlled within 0.033mm, meeting the
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%lative position accuracy requirements of the plane.

)‘érocess 005 (precision turning): the main datum is the ¥@44mm outer circle
after he’tspatment and the auxiliary datum is the turning end face. The precision
chuck/center ﬁ% + double center support system is used, and the error is controlled

/\ .
to <0.023mm, fully@fpensating for the heat treatment deformation.

3) Datum conversio@nd error control. From rough machining to semi-finishing,
the machining surface is used Q)he new datum to improve the accuracy; the datum
consistency is controlled by spec1&§hng before and after heat treatment; the
conversion from rotary datum to angul@‘ﬁosmomng is completed during the
finishing and milling stages. In order to cor%thp error, unified datum design,

//.
high-precision fixtures, process detection and compeﬂ@ion, and process integration
are adopted. In summary, through systematic datum m@;nent and reasonable
positioning design, the positioning accuracy of "Mandrel" p%at cach stage is
effectively guaranteed, and efficient and high-precision machining is %/ed.

In order to verify the scientificity and feasibility of the process %e for
“Mandrel” parts processing, a systematic analysis is conducted from the three a%
of technology, economy and reliability. ‘9

1) Technical rationality argument.

Processing accuracy guarantee capability. Conical surface accuracy will be
achieved. Adopting the step-by-step process path of “rough turning — semi-finishing
turning — heat treatment — finishing turning”, combined with reasonable reference

transfer and high-precision CNC lathe, the comprehensive error is controlled at

0.004mm, which is better than the technical requirement of 0.005mm.
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% Two-plane parallelism will be achieved. Special fixture + angular positioning

desi% one-time clamping to complete two-sided milling, effectively suppress error

accumud‘;snoand the comprehensive positioning error is <0.033mm, meeting the

requirement 0‘%4mm
7

C
Dimensional a&uacy control will be achieved. Reasonably arrange the

processes before and aftc@mat treatment and reserve margins, and ensure that key
dimension such as 44h7 Qe}t the standards through graded finishing and

temperature compensation. %

2) Economic rationality dernonstratimé

o

Analyze the working time of each proce%l"l\/[andrel" parts to evaluate the

production efficiency of the process route: @
e Process 001 (first turning): 20 minutes Q@é
¢ Process 002 (second turning): 25 minutes &06
e Process 003 (milling plane): 9.5 minutes #Q
e Process 004 (heat treatment): 120 minutes (batch processing) 'PGQ
e Process 005 (finishing): 15 minutes /S,/s,

oY

Process 006 (final inspection): 5 minutes

The total working time of processes 001 to 006 is about 75 minutes (excluding
heat treatment time), which is within the reasonable range of medium-complexity
parts.

According to the process arrangement and equipment configuration, an 8-hour
working system is adopted, and a single machine and a single shift can produce about

6 pieces per day, meeting the needs of small and medium-sized batch production.
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% The material cost of 40X steel accounts for about 30% of the total cost, and the
mat%utilization rate can reach 75%. Processing cost accounts for about 45% of

the tota@ of which equipment depreciation is about 15%, labor cost is about 20%,

0]

and auxiliary%erials are about 10%. Including heat treatment, testing and
o
transportation, acco@ing for about 15% of the total cost. The design and

manufacturing cost of ﬁx@es and special measuring tools accounts for about 10% of

the total cost, which can be ar@ﬁzed through mass production and is economically

O
reasonable. @
)

Compared with similar parts, the cosk%ex 1s 0.95, which has cost advantages.
The payback period of special tooling and eql%m‘investment is about 3 months,
which is lower than the industry average. /@

The energy consumption of each product is about @gh, which meets the
requirements of energy-saving production. The equipment util%n rate can reach
85%, which is higher than the industry average (75%). #Q

Through economic analysis, it is proved that the process route ofk%drel"
parts is reasonable in terms of cost and efficiency, and is suitable for indu@@
production. ‘9

3) Reliability and adaptability demonstration.

The impact of cutting speed and feed rate fluctuation of £10% on quality is less
than 30% tolerance; the impact of temperature difference £5°C is <0.003mm, the
impact of vibration is <0.002mm, and the error caused by clamping force fluctuation

of £15% is <0.005mm, all within the controllable range. The key dimension Cp>1.33,

the batch variation coefficient is <3%, and the stability 1s excellent.
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% It is suitable for multiple models of CNC equipment. When replacing similar
equip%nt, the adjustment range of process parameters is <15%; small batches
(10-50 p‘@séare directly applicable, and the cost of medium batches (50-500 pieces)
can be reducé% 10-15% through tooling optimization. Large batches can build
dedicated lines to fu@r improve efficiency. If the material is changed to 40Cr, only
the cutting and heat treat@téparameters need to be adjusted, and the process route
does not need to be reconstructQ)so
%
X

1.5 Summary of this chapter %
%
This chapter systematically analyzes the mandrel@rts, clarifies their functional
characteristics, design features and process difficulties, de@g a scientific process
route and demonstrates its rationality, providing theoretical and%nical support for

subsequent research. }
7

%
S
%,

%
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/Q CHAPTER 2 FIXTURE DESIGN FOR MILLING PLANE OPERATIONS

2
2.?@3sis of fixture design requirements
0
.O/}'.u. o .

For the spindle @hng plane process, the fixture needs to achieve high-precision
angular positioning and @ble clamping on the DMG MORI NVX 5080 vertical
machining center [12]. G)s

Geometric characteristics. Theo%@%mm cylindrical segment is used as the
clamping reference; total length 161mm; ximum diameter 48mm, aspect ratio
4.6:1; two positioning planes are located on tQ@Sgpm segment, 3mm deep, 8mm
wide, and perpendicular to each other; material 40X€1@ steel, HB 200-250.

Positioning reference. ¥35mm outer cylindrical s@cée, constraining Y, Z
translation and rotation around Y, Z axes; auxiliary reference: %ace, constraining
X-direction translation; orientation reference: angular posi% device,
constraining rotation around X axis. 'PGQ

Clamping constraints. Anti-milling vibration and deformation; prec%
constraints: meet angular positioning and parallelism requirements; accessibilit;9
constraints: avoid tool interference.

Processing conditions and process requirements:

1) Analysis of processing equipment conditions. DMG MORI NVX 5080
vertical machining center: worktable size 1300mmx650mm, standard T-slot layout,

providing sufficient space for fixture installation; spindle maximum speed 12000rpm,

maximum power 20kW, requiring the fixture system to have good dynamic
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O@aracteristics; X/Y/Z axis positioning accuracy #0.005mm, repeat positioning
accuy% +0.003mm, requiring the fixture accuracy to match; equipped with
advance NC system, supporting complex processing programs and online
monitoring. OO

2) Cutting foréand vibration analysis. Cutting parameters: cutting speed
ve=100m/min, feed per @th 12=0.05-0.08mm/tooth, cutting depth ap=0.3-1.0mm,
cutting width ae=8-10mm. C@m force calculation: The main cutting force Fc is
about 800-1200N, the radial force f&éabout 400-600N, and the axial force Fa is
about 200-300N. Dynamic characteristics %rements: The natural frequency of the
fixture system needs to be far away from the e>§@1/’0;{ frequency to avoid resonance,
and the stiffness needs to be high enough to make th{@ormation under the action of
cutting force less than 0.007mm (1/3 of the machining acc%equirement).

3) Accuracy requirements and tolerance analysis. The dé’@ accuracy of the
positioning plane is +0.1lmm, the width accuracy is +0.05mm, a%he fixture
positioning error is required to be <£0.03mm. Geometric accuracy: The p@é@lism
of the two planes is <0.02mm, the verticality is <0.03mm, the relative ané&;
90°+0.1°, and the fixture angular positioning accuracy is required to be <£0.05°.
Surface quality: The surface roughness of the plane is Ra 2.5um, and the vibration
amplitude of the fixture cutting process is required to be <2um. Position accuracy:
The position accuracy of the two planes relative to the axis of the part is =0.02mm,
and the fixture positioning repeatability is required to be <0.0Imm.

Fixture function requirements [13]:

1) Basic function requirements. Precise positioning function: Accurately
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IQ,@etermine the position of the workpiece, realize full constraint of the six degrees of
free% and ensure the consistency of the processing datum with the design datum.
Reliable’l—e@xéping function: Provide sufficient clamping force to ensure that the
workpiece do‘e?a/)t\ move or vibrate during the milling process, and control the
clamping force to a@ deformation of the workpiece. Angular positioning function:
The core function of th(&lxture, to achieve an accurate 90° angular relationship
between the two positioning p@éc, and the angular positioning accuracy is <+0.1°.
Provide accurate guide datum for f@&illing cutter, which is convenient for tool
setting and program coordinate system es%ment.

2) Special function requirements. One-ti%a@ping double-sided processing
function: Complete two plane processing in one {l@ping, or achieve it through
simple workpiece rotation, reducing repeated clamping % Quick loading and
unloading function: Use a quick clamping mechanism to redué’@xiliary time and
improve production efficiency. Online detection interface fuw@ Reserve
measurement probe detection path and space to facilitate online measure@ét and
quality control during the processing process. The fixture structure is universallslasd

can meet the processing requirements of similar parts. ‘9
3) Reliability and maintenance requirements. The components of the fixture
have sufficient strength and rigidity to maintain stable performance in long-term use.
The key positioning components have good wear resistance and the precision decay
is small in long-term use. Maintenance convenience: The fixture structure is easy to

clean, lubricate and repair, and key parts are easy to replace. Safety requirements:

The fixture operation is safe and reliable, and it has necessary safety protection
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Q%ign constraints [14]:

1) etric constraints. The overall size of the fixture is suitable for the
workspace of'?ﬁ)MG MORI NVX 5080 machining center and does not interfere
with the machine to@tructure Weight constraints: The fixture weight is moderate
and easy to install and a@lst generally not exceeding 50kg. The fixture provides

S

sufficient processing space @ )bhe milling cutter to avoid interference in the
machining process. @&

2) Material and manufacturing constra@té [15]. The main material of the fixture
has good mechanical properties and processingQ@q{ties. It is recommended to use
45 steel or ductile iron. Manufacturing accuracy: Theo@nufacturing accuracy of key
positioning surfaces reaches IT6-IT7 level, and the %ze roughness is Ra

0.8-1.6pum. Important parts are properly heat treated to imprm%rdness and wear

resistance. %

3) Economic constraints. The fixture design should minimize manufak% and
use costs while meeting functional requirements. Manufacturing cycle: The ﬁ%
structure is easy to process and manufacture, and the manufacturing cycle ;59
reasonable. Standard parts and general parts are used as much as possible to reduce
design and manufacturing costs.

Based on the above analysis, the main technical indicators of fixture design are
shown in Table 2.1.

Through the systematic analysis of part features, processing conditions,

functional requirements and constraints, a solid theoretical foundation has been laid
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;,@r the design of a special fixture for the milling plane process of "Mandrel" parts,

whid?‘ézill guide the subsequent fixture structure design, precision analysis and

strength‘gﬁ/*\élation.

K

7
Table 2.1 - Fix{é design specifications

Index item

&Technicai Requirement
-

Remarks

Positioning Accuracy

Angular Positioning Accuracy

Repeat Positioning Accuracy

Clamping Force

System Stiffness

Natural Frequency

Machining Accuracy Guarantee

Applicable Workpiece Range

Radial and axial positioning

< £0.1° O Control of relative angular alignment of two
@ planes
< 0.005 mm &) Consistency in multiple clamping operations
2000-3000 N é@ Adjustable range
S
> 5000 N/mm éé)ee‘tiffness indicator
» 200 Hz /

Avoid @nce
Key precis%@r

@30-40 mm shaft-type parts Consideration of g@;ppﬁcability

Flatness £ 0.02 mm

2.2 Analysis and calculation of reference positioning scheme };

A fixed angular positioning fixture is selected, which adopts a modulai@;i,gn

and consists of a base, positioning, angular positioning, clamping and guide modu%

Through calculation verification, the fixture positioning accuracy meets the

requirements and has high reliability and stability.

Figure 2.1 shows the general structure of the device, consisting mainly of the

following components: 1 - plate; 2 - hydraulic cylinder; 3 - keyway; 4 - bolt; 5, 6 -

screw; 7 - fixed prism; 8 - movable prism; 9, 10 - pin.



Figure 2.1 - Schematic diagvg})of the overall structure of the fixture

o

The fixture adopts a modular design COQ@/, .and each functional module is

relatively independent and coordinated: the base modu@)rovides overall support and
connection with the machine tool worktable; the posiu@émodule realizes the
precise positioning of the workpiece, including V-blocks and% face positioning
devices; the angular positioning module ensures the accurate anguléréelationship
between the two planes and is the core module of the fixture; the clamﬁk@nodule
provides reliable clamping force to ensure the stability of the processing procesé’}%;
guide module provides processing guidance for the milling cutter to improve
processing accuracy.

Design of main functional modules:

1) Design of base module. The material is ductile iron HT200, which has good
damping characteristics and processing performance. The overall dimensions of

400mmx*300mmx80mm meet the clamping space requirements. The bottom surface
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% designed with mounting holes that match the standard T-slot to ensure precise
conn%on with the machine tool worktable.

Thg';gchining accuracy of the top surface of the base reaches IT7 level, and the
surface rough'Qe Ra is 1.6um, providing an accurate installation benchmark for
other modules; the @nal reinforcement rib structure improves the overall rigidity,
and the static rigidity of ﬂs base is >8000N/mm; coolant channels and chip removal
grooves are reserved to facilita@?&)ling and chip removal during processing.

The flatness of the main mo%g surface is 0.01lmm, the mounting hole

position is £0.02mm, and the surface har%s HB 180-220.

7
achieving radial positioning of the workpiece, and@ design directly affects the

2) V-block positioning module design. %}Gblock is a key component for

positioning accuracy. Structural parameters: The V—groove%of 90° 1s suitable for
stable support of cylindrical workpieces, the V-groove width o%m ensures good

contact with @35mm workpieces, and the support length of 60mm pm% sufficient

V-shaped surface straightness 0.005mm, angle between two V-shaped surf?

support rigidity.

90°+0.01°, V-shaped surface roughness Ra 0.8um, V-shaped surface hardness HRC
45-50 (carburizing and quenching treatment).

V-block positioning error formula: AR=Td/2sin{0/2)
=0.013/2s1n(45°)~0.0092mm (Note: Td is the workpiece diameter tolerance, a=90° is
the V-block angle)

The adjustable V-block design is adopted to achieve £0.02mm fine adjustment

through precision adjustment screws; the V-shaped surface adopts an inlaid carbide
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;,@ock to improve wear resistance and precision retention; it is designed with a quick

posi%ng mechanism to improve workpiece loading and unloading efficiency. The

position?l—éprinciple of the V-block is shown in Figure 2.2.

*
/} .
NG

BETE

2N sind5° = G

Ni=G/(2 5indb%) = 0.707C
KELF

Ny cos48” = Ny cosdh®

Ni=Ny =N
EUNERAR

Figure 2.2 - Schematic diagram of V-block positioning

BsEa R
ISR L= 60mm
SR a=90°
MR P=NL
\RUTEREE: HRC 45-50

HEHERERE: Ra 0:8pm

ERESH

RIELIRE:

Ep O.S(dmax'dmin)

=0.5% 0013 = 0.0065mm
BEAERE:

Eh = £ X 008457

=10.0065 % 0.707 = 0.0048mm

WRBEER £0.01mm

%o

%

U

3) Angular positioning module design. The angular positioning module is,té:Q

core innovative part of this fixture, which directly determines the relative position

accuracy of the two planes. Design principle: The "reference pin + positioning

groove" combined positioning structure is adopted, and the high-precision angle

positioning of the workpiece is achieved through the cooperation of the

precision-machined positioning pin and the positioning groove.
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% The main positioning pin has a diameter of @10mm, a length of 20mm, and an
accuy% of h6; the auxiliary positioning pin has a diameter of @6mm, a length of
15mm, an accuracy of h6; the positioning groove cooperates with the
pre- machlned%ve on the workpiece to control the angular position; the angle
adjustment mechanls@chleves a precision angle adjustment of +0.1°.

The manufacturing a@uracy of the positioning pin requires a diameter tolerance
of £0.003mm and a cylindr@%y of 0.002mm; the machining accuracy of the
positioning groove requires a Width%nce of £0.005mm and a position tolerance
of 0.01mm; the angle measurement is Cahb@&? by a precision dividing head, and the
angle accuracy is £0.02°. QQ/

4) Clamping module design. Hydraulic clampm@s used for clamping, which
has the advantages of large clamping force, smooth r@c;ent and convenient
operation. The parameters of the hydraulic system are: workl%ressure 4-6MPa,
clamping force 2000-3000N (adjustable), response time <2s, clau@ accuracy
+50N. The clamping mechanism includes: a hydraulic cylinder with a %e of
30mm and a thrust of 3000N, an HRC40-45 hardened pressure plate, a pre%ﬁ
sensor for real-time monitoring of the clamping force, and a safety valve to preverzt9
overload. The shape of the pressure plate and the distribution of pressure points are
optimized through finite element analysis. The maximum deformation of the
workpiece is 0.003mm under a clamping force of 2500N, which meets the accuracy
requirements.

5) Guide and tool setting module design. The guide block is made of 45# steel

with quenching and tempering treatment, the guide surface straightness is 0.005mm,
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9,@1(1 the surface roughness is Ra 0.8um; a gap of 0.5-1.0mm is maintained with the
milli utter to ensure processing safety. The tool setting reference is equipped with
a standa‘lb&ol setting block to facilitate the establishment of the coordinate system.
The tool settiﬁ?gcuracy 1s £0.005mm, and the position accuracy of the reference

surface relative to t/h}&k)sitioning reference is £0.01mm.

Key parts design: &

1) Key parts of V—blocl@}S steel 1s tempered, hardness HB220-250. Key

dimensions are V-groove angle 90°%’, groove depth 204+0.02mm, support length

60+0.05mm. )%0

2) Angular locating pin. 20CrMnTi 1s carb?@l;‘md quenched, surface hardness
HRC58-62. Key dimensions are diameter @10h6 (+€/@O9mm}, length 20+0.05mm,
cylindricity 0.002mm, surface roughness Ra0.4um. @ é

3) Clamping plate. The plate is tempered with 40Cr, with a%ness of HRC35-
40, a pressure distribution area of 15x8mm, a force direction perp%ular to the
workpiece axis, and a blackened surface for corrosion protection. Fimte@ément
analysis is used to optimize the shape and contact area of the plate to make/y;gg
pressure distribution more uniform, and the maximum deformation of the workpiec‘e9
is controlled within 0.002mm.

Assembly relationship and tolerance chain:

1) Assembly relationship analysis. The assembly relationship between the
components of the fixture directly affects the overall accuracy, as shown on Figure

2.3. The base and the machine tool table adopt H7/h6 transition matching, the

V-block and the base adopt H7/m6 transition matching, the locating pin and the
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;,@cating hole adopt H7/h6 transition matching, and the clamping mechanism and the

base;%connected by threads and positioned by locating pins.

%,

Machine Tool Table . v-Block§ | | Workpiece Positioning Datum | o 1 Machining Surface

F@rél?a - Benchmark transfer chain
2) Assembly tolerance chain ca%ion. Taking angular positioning accuracy as

2

an example, its tolerance chain is: %

%

— 2 2 2 '9 2
€total = \/(Sbase + Elocating pin + Elocatingg + Eassembly) (2‘1)

2

Where: € pase = 0.01°, € locating pin — 0.02°, ¢ locating groove — O-Ozo,@mbly = 0.01°,

and the calculated € (o1 = 0.032° < 0.1°, which meets the design require and has
sufficient safety factor. Q&

3) Assembly process requirements. 100% inspection of key parts befor&
assembly, use special measuring tools to control accuracy during assembly, and
conduct comprehensive inspection after assembly. The assembly sequence is: 1 Base
installation and leveling — 2 V-block installation and adjustment — 3 Angular
positioning mechanism assembly — 4 Clamping system installation — 5 Overall

accuracy inspection and debugging.
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;,O 2.3 Analysis and calculation of fixture positioning accuracy

0

Th@] theoretical analysis and calculation, the positioning accuracy and repeat

positioning ac‘%y of the V-block in radial, axial, angular and other directions are

*

g . : . .
evaluated. The re/@s meet the design requirements, and combined with
comprehensive evaluatio@and optimization measures, high-quality processing is

ensured. G
¢e

Theoretical basis of posmomng%acy

1) Composition of positioning error positioning error 1s composed of the
datum misalignment error &g, the datum dl%erpent error ew and the fixture

// .
manufacturing error €;. The calculation formula (2.2) 1«@

@%
%,

\/(EZB + € + &) [mm]. Oo\ 2.2)

'QJ/

2) Evaluation indicators: radial positioning accuracy, axial positioning ac%,

%

3) Coordinate system establishment:X-axis (along the workpiece axis); Y-axis

angular positioning accuracy, repeat positioning accuracy.

(vertical axis, pointing to the first processing surface); Z-axis (vertical axis, pointing
to the second processing surface).

Analysis of radial positioning accuracy of V-blocks:

1) Positioning principle. The 90° V-shaped groove and the cylindrical surface

are positioned by two-line contact. The accuracy is affected by the geometric
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;,@curacy of the V-shaped groove, the roundness of the workpiece and the matching

clearj%e.

2) ﬁ:g; calculation to using formula 2.2, where: g = 0 (reference coincidence);

: @)
A * C
/é ew = 0.5 X (Dmax - Dimin) [mm]; (2.3)

Q: 0.5 x (35 - 34.987) = 0.0065 (mm);

g = J(o.oos?’ﬂ 0.005% + 0.003%)=0.0062 (mm);
gs = /(02 + %52 + 0.0062%)=0.009 (mm).
y
é@

Total error €z = 0.009 (mm) < =+0.01 (mm)Q@}egs design requirements.
/ L 4

3) Height direction error to using formula 2.4: @
%,
2
€h = €5 X c08(45°) [mm]; &06 (2.4)
g2 = 0.009 x 0.707 = 0.0064 (mm). Jf/Q
L

After calculation, height direction error, meets height accuracy requirementg.sg,

Analysis of angular positioning accuracy:

1) Positioning system components. Main positioning pin & 10h6 (length 20mm),
auxiliary pin @6h6 (length 15mm), workpiece positioning groove and fixture
precision angle reference surface.

2) Source of error:

e main pin diameter error 0.009mm, cylindricality 0.002mm, position

0.005mm;
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% ¢ auxiliary pin diameter error 0.008mm,;
)‘é ot width error +0.02mm, position 0.01mm, depth £0.05mm;
jﬁ%pnce surface angle error £0.01°, flatness 0.005mm, position 0.008mm.
3) Angul‘%or calculation:
e Main pin eméeel — arctan(0.009 / 20) = 0.026°
e Auxiliary pin errof%g arctan(0.008 / 15) = 0.031°

e Slot fit error: g3 = arcta{ (P02 / 17.5) = 0.065°

e Reference surface error: €4 Z%O
2
D
0=+ (01” + €02 +§9 + £p4”) (2.5)
= /(00262 + 0.0312 + 00652@ 0.01%) =0.076°.

Total error, g = 0.076° <=+0.1° — meets accuracy requlreme%6

Analysis of axial positioning accuracy: #Q

1) Axial positioning scheme. The axial positioning adopts the %face
positioning scheme: positioning datum (the end face of the workpiece afte%
machining), positioning element (the positioning block on the fixture), positioning
method (surface contact positioning).

2) Calculation of axial positioning error. Datum misalignment error €B (since the
axial positioning datum coincides with the design datum, €¢B = 0). Datum
displacement error eW (mainly caused by the verticality and surface roughness of the

workpiece end face):
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/Q,O eW = /(eperp? + eRa?) [mml], (2.6)

)‘Q eW = /(0.022 + 0.003%) =0.0202 (mm).
Fixture %facturmg error g (manufacturing and assembly errors of the

positioning block): é)
S
s

el = (X + eperp® + epos?) [mm], (2.7)
el = 1/(0.0052 +’%§2 + 0.008%) =0.0139 (mm).
by
é\?

Total axial positioning error to using form%. &
//‘

ex= /(eB? + £W? + s]) (2.8)

ex= /(07 + 0.0202° + 0.0139?) —ooﬁ%

This error value meets the axial positioning accuracy requirement of‘:k él

Analysis of repeatable positioning accuracy: /s,/s,
1) Definition of repeatable positioning accuracy. Repeatable positionin‘g9
accuracy refers to the consistency of the clamping position of the same workpiece
after multiple clamping in the fixture, usually evaluated by the 3o criterion.
2) Factors affecting repeatable positioning accuracy. Geometric accuracy of the
positioning surface, changes in the clearance of the positioning pair, consistency of

the clamping operation, fixture wear and deformation, and changes in ambient

temperature.
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Q
% 3) Calculation of repeatability. Radial repeatability to using formula 2.9:

2
Q
%,

3or= 3 X +/(cgeom? + oclear’? + ocoper?) [mm], (2.9)

‘903 x 4/(0.0022 + 0.0032 + 0.0022) =0.0123 (mm).
R
Axial repeatability t@smg formula 2.10:

>
S
@)

3ox=3 X \/(Ge'k&+ owear? + otemp?) [mm], (2.10)

3ox=3 X 4/(0.003% + oé;@ + 0.001%) =0.0111 (mm).

)
Sy
Angular repeatability to using formula 2.11: @
%,
2
360= 3 X +/(opin® + oslot? + Gbasé (2.11)

360=3 X +/(0.012 + 0.0152 + 0.008%) =o%

Comprehensive positioning accuracy evaluation /st,

oY

1) Positioning accuracy summary table. The above calculation results are

summarized as shown 1n Table 2.2.
2) Verification of key dimension accuracy. Verification of parallelism accuracy

of two planes (parallelism error is mainly caused by angular positioning error):

d|| = L x sin(gg) [mm], (2.12)

5| = 8 x sin(0.076°) = 0.0106 (mm),
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% where, L is the plane width 8mm. The calculated result 0.0106mm < the design

requi%ent 0.02mm, which meets the parallelism requirement.

Ve?xlas?tion of plane position accuracy (position error of the plane relative to the

workpiece ax1s)c.o
/\o
7t
é
2
@ Spos = /(er? + ex?) [mm], (2.13)

Q
Spos = \/"c?,bgaz + 0.0245%) =0.026 (mm).

@&/\

This error value meets the position req@g‘iment of £0.03mm.

%

Table 2.2 - Calculation results of fixture positioni@ccuracy

Precision Item Calculated Value Design Requirement Safet@r Evaluation
Radial Positioning +0.009 mm +0.0Tmm 1.1 s Pass
Accuracy

Axial Positioning Accuracy +0.0245 mm +0.03mm 122 Pa@
Angular Positioning +0.076° +0.1° 1.32 Pass @

Accuracy

Radial Repositioning +0.0123mm +0.015mm 1.22 Pass Qs

Accuracy

Axial Repositioning +£0.011 T mm +0.018mm 1.35 Pass ;
Accuracy

Angular Repositioning +0.067° +0.08° 1.40 Pass

Accuracy

3) Accuracy reliability analysis. Through Monte Carlo simulation analysis, the
random distribution characteristics of each error source are considered:
¢ number of simulations: 10,000 times

e radial positioning accuracy 99.7% confidence interval: £0.0127mm
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% ¢ angular positioning accuracy 99.7% confidence interval: £0.089°
)‘@Mallelism accuracy 99.7% confidence interval: £0.0139mm
Thj—ssnulatlon results show that the positioning accuracy of the fixture has good
reliability and‘%hty
Through systen@c positioning accuracy analysis and calculation, it is verified
that the design of the spe@l fixture for the plane milling process of "Mandrel" parts
can meet the processing accu@:)\ requirements. The calculation results show that
each positioning accuracy index ha%appropriate safety factor, which provides a

reliable guarantee for high-quality processi@

dé{/ ‘
v

2.4 Calculation of fixture strength and stiffnes@Q
<

Analyze the load borne by the fixture, calculate the stZ f key parts and
fixture stiffness, and perform dynamic characteristics analysis. The r% show that
the strength and stiffness of each key component meet the use requlrenﬁé and
propose strength and stiffness optimization design suggestions. /Sg,

Load analysis and calculation: ‘9

1) Load type and source. The main loads that the fixture bears during operation
include:

[J cutting force: main cutting force, radial force and axial force generated during
milling;

] clamping force: clamping force generated by the hydraulic clamping system;

LI gravity load: self-weight of workpiece and fixture;
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;,O [J inertia force: dynamic load during machining;
?gwrmal load: thermal stress caused by temperature change.
2) @ng force calculation. According to the milling process parameters and
empirical forn‘% calculate the cutting force when milling two positioning planes.
7
Main cutting force P@dlculation to using formula 2.14:

S

Fc=CF ;}&8 ae¥ x fzi x z x D% x n" [N], (2.14)
%,
where, CF = 730 (cutting force g%nt of 40X steel), ap = 0.5mm (axial
cutting depth), ae = 8mm (radial cutting depth?%.p.%mm/tooth (feed per tooth),
z= 4 (number of tool teeth), D = 10mm (milling @er diameter), n = 3200rpm
(spindle speed), index values: xt=0.86, yt=0.86, nf=0.72, q@é%, wf=0.16.
After calculated our cutting force: Fc = 1180 N. Radial for(%and axial force

Fa to using formulas 2.15 and 2.16: #Q
%

>
Fr=0.4 x Fc [N], é’}@
.9
Fr=0.4 x 1180 =472 (N),
Fa=0.3 x Fc [N], (2.16)

Fa=0.3 x 1180 =354 (N).

3) Dynamic load coefficient. Considering the dynamic characteristics of the
milling process, the dynamic load coefficient Kd = 1.25 is introduced:

¢ dynamic main cutting force: Fcd = Kd x Fc = 1.25 x 1180 = 1475 (N);
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Q
% ¢ dynamic radial force: Frd = Kd x Fr=1.25 x 472 = 590 (N);
)‘éynamic axial force: Fad = Kd x Fa = 1.25 x 354 = 443 (N).
4) @'mination of clamping force. According to the cutting force and safety
factor require%, determine the required clamping force. Anti-slip condition:
%
&Fé:lamp > K x (Fe + Fr) / 1 [N], 2.17)

where, K = 1.5 (safety factor), 15 (friction coefficient of steel to steel).

%

Felamp > 1.5 x (1475 + 5%0.15 = 20650 (N).
//0

2,

Considering the clamping efficiency and actual situat éhe designed clamping
force 1s Fclamp = 25000 (N). Through multi-point clamping ancfs'@onable clamping
force distribution, the anti-slip and positioning requirements are met. #Q

Strength calculation of key parts: 'PGQ

1) Strength calculation of main locating pin. The main locating pin (@10{189
subjected to radial cutting force and the strength analysis 1s performed according to
the cantilever beam. Material parameters: 20CrMnTi, carburized and quenched. Yield
strength: os = 1200 MPa. Allowable stress: [6] = as/n = 1200/2.5 = 480MPa. The
maximum load on the locating pin is radial cutting force: F = 590N. Cantilever length
L = 15mm (pin extension length).

Maximum bending moment: M =F x L =590 x 15 = 8850 (N-mm)

Section modulus: W = nd?/32 = w x 10%/32 = 98.17 (mm?)
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Q
% Maximum bending stress: omax = M/W = 8850/98.17 = 90.2 (MPa)

%ety factor test: 1 = [6]/Gmax = 480/90.2 = 5.32> 2.5

Thg'&ength of the main locating pin meets the requirements and the safety

factor 1s sufﬁc'%
/\ -

/75 . :
2) V-block str@th calculation. The V-block bears the combined effects of

workpiece gravity, clamp@g force and cutting force. Material parameters: 45 steel,

quenched and tempered. Y@} strength: os = 355MPa. Allowable stress:

[c] =355/2.5 = 142MPa. Workpiec%ity: G = 20N. Clamping force: Fclamp =

25000N. Radial cutting force: Fr = 590N)‘ ¢ dangerous section of the V-block is
located at the bottom of the V-groove. QQ .
//.

Maximum normal stress at the bottom of the V—gv@'é:

omax = M/W + N/A [MPa] ’s'o (2.18)

2
where, bending moment: M = Fr x h =590 x 30 = 17700 (N-mm), 'PGQ
axial force: N = Fclamp + G = 25000 + 20 = 25020 (N), &&‘9

section modulus: W = bh?6 = 50 x 40%/6 = 13333 (mm?),

sectional area: A=b x h= 50 x 40 = 2000 (mm?).
omax = 17700/13333 + 25020/2000 = 1.33 + 1.26 = 13.74 (MPa).

Maximum shear stress: tmax = 1.5 x Fr/A= 1.5 x 590/2000 = 0.44 (MPa).

Compound stress verification to using formula 2.19:
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2 oeq= 4/ (omax? + 3tmax?) [MPal, (2.19)

Q
+¢$¢ oeq= +/(13.742 + 3 x 0.44%) = 13.86 (MPa).
2
On.

Safety factor: @42/ 13.86 = 10.25 >> 2.5, the strength of the V-block meets
the requirements. &

Calculation of fixture st?@}k

1) Significance of stiffness g%s. The stiffness of the fixture affects the
processing accuracy and stability. Stat%iffness determines the dimensional
accuracy and surface quality. Dynamic stiffnes?@/rel?ted to the vibration resistance
of the system and is the basis of high-precision procg@.

2) Overall stiffness modeling. The fixture system @';pliﬁed into a series
spring system, including the base, V-block, locating pin ancfs@, and the series
stiffness 1/Ktotal = 1/K1 + 1/K2 + 1/K3 + 1/K4 is calculated. J’/Q

3) Calculation of stiffness of each component: 'PGQ

e V-block: F=590N, L=30mm, E = 2.1x10°MPa, [ = 50x40°/12 = 26666%&,
displacement 6 = FL3/(3EI) = 0.00095mm, KV = F/d = 621053N/mm.

e Dowel pin: d = 10mm, I = nd*/64 = 491mm*, L = 15mm, Kpin = 3EI/L? =
91840N/mm.

e Base: cross section 400x100mm, I = 133333333mm*, L = 400mm, Kbase =
48EI/L? = 15840000N/mm.

e Bolt: M12, A = 84.3mm? L = 25mm, single K = EA/LL = 707460N/mm, 4

parallel Kbolts = 2829840N/mm.
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% 4) System stiffness calculation. Radial stiffness Kr: 1/Kr = 1/621053 + 1/91840
+ 1/18840000 = 1.26x107°, Kr = 79365N/mm. Axial stiffness Kx. Mainly determined

by bolts%}gse Kx = 2650000N/mm.

5) StlffﬁQDevaluatlon Design requirements: Kr > 50000N/mm, Kx >
100000N/mm. The a&al values Kr = 79365N/mm, Kx = 2650000N/mm, both meet
the design requirements. ﬁ?e deformation under the maximum cutting force is: radial
or = 590 / 79365 = 0.0074l@}saxial o0x = 443 / 2650000 = 0.00017mm. The
deformation is less than 1/3 of the%hining accuracy tolerance, and the fixture
stiffness meets the requirements of high-pr%on machining.

Dynamic characteristics analysis: QQ/

1) Natural frequency calculation. The natural f@ency of the fixture system
determines its dynamic stability. Equivalent mass m = 151(%?/41‘1{@606 Skg + fixture
10kg). Radial natural frequency fr = (1/27)V(Kr/m) = (1/2m)N 5/ 15) ~ 36.5Hz;
axial natural frequency fx = (1/21)V(2650000/15) ~ 669Hz.

2) Excitation frequency analysis: spindle speed n = 3200rpm, splnd ency
fi = n/60 = 53.3Hz, number of teeth z = 4, tooth passing frequency f> = zXn/ég?

213.3Hz. ‘9
3) Resonance analysis: The frequency ratios fi/fi = 0.68 and fr/f> = 0.17 are both
less than (.8, indicating that resonance will not occur. However, the radial natural
frequency is low. Optimization suggestions: Increase the cross-sectional size of the
V-block or use higher stiffness materials to increase the radial natural frequency and

enhance dynamic stability.

Strength and stiffness optimization design:
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% 1) Structural optimization measures. The thickness of the pressure plate is
incref3ed from 8mm to 10mm; the positioning pin is made of high-strength alloy
steel; ard—ds}nforcement ribs are added to key connection parts.

Approprf% increase the cross-sectional arca of the V-block; set a
reinforcement rib pla/@\"nside the base; and use high modulus materials (such as
ductile iron). &

2) Material selection op?Q;Nion. Base, HT250 ductile iron (E = 1.7x10°MPa)
1s recommended, which has good %ing, strong vibration resistance, excellent
processability, and high cost performance. parts, V-blocks are made of 45 steel
(quenched and tempered + surface quenc?@g .Jocating pins are 20CrMnTi

//.
(carburized and quenched); and pressure plates are 40 uenched and tempered).

The reliability of the fixture structure design was Veri@ﬁgough the calculation
of the strength and stiffness of the system. All components meet’ts@se requirements.
The implementation of the above optimization suggestions will furthé’éhlprove the
performance, dynamic stability and service life of the fixture, and meet fg@glgem
requirements of high-precision machining. &/s,

oY

2.5 Theoretical verification of fixture structure strength

Based on classical mechanics theory, the strength of key fixture components,
including V-blocks, locating pins, clamping mechanisms, etc., was verified to verify

the overall structural stability and fatigue strength. The results show that the fixture
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IQ@S sufficient strength, reasonable design, safety and reliability, and some
com nts can be optimized to reduce costs.

Thgbsﬁical analysis based on classical mechanics:

1) Theoré? basis. The strength verification of the fixture structure is based on
the following class%‘nechanics theories. Basic assumptions of material mechanics:
material continuity, unifo@g isotropy, small deformation assumption. The fourth
strength theory (Mises yield c@;%ion) 1s used for composite stress evaluation. The
safety factor is 2.5 to 3.0 under d%c load conditions. Consider the impact of
alternating loads on part life. )%0

2) Simplified load model. The comple?@aq‘s in the milling process are
simplified into three mutually perpendicular concent{a@forces:

¢ main cutting force: Fc = 1475N (along the workpie%);

e radial force: Fr = 590N (perpendicular to the workpiece %

e axial force: Fa = 443N (along the milling cutter axis). #Q

The distributed load generated by the hydraulic clamping system 1S @éliﬁed
into a concentrated force: clamping force Fclamp = 25000N (vertically downv;?@
point of action 30mm above the workpiece centerline.

Vertfication of V-block structure strength:

1) Geometric model and force analysis. Geometric parameters of V-block: total
length L = 200mm, width B = 100mm, height H = 80mm, V-groove depth h = 40mm,
angle o = 90°.

2) Determination of dangerous section. The dangerous section A-A (bottom of

V-groove) bears the maximum bending moment and axial force. Section width b =
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IQ,@)Omm, effective height h_eff = 40mm, section area A = 4000mm?, section modulus
W= 67mm’.
3) @S calculation. Maximum bending moment M_max = 23600N-mm. Axial
force N = Fc]% + G = 25050N. Normal stress ¢ = 1.523MPa, maximum shear
stress T_max = 0. 22@}3
4) Strength Verlﬁcat@ V-block material: 45 steel, yield strength os = 355MPa,
safety factor n = 2.5, allow@}b stress [c] = 142MPa. Fourth strength theory
verification 6_eq = 1.567MPa, sa@éactor n_actual = 90.6 >> 2.5, meets the
requirements. é
Locating pin strength verification: QQ/ .
1) Force analysis of main locating pin. The @n locating pin (D10h6) is

subjected to radial cutting force, geometric parameters:@: 10mm, L = 15mm,

material: 20CrMnTi, carburized and quenched. %@
2) Bending stress calculation: #Q
¢ maximum bending moment M_max = 8850N-mm; ‘PG

e section modulus W = 98.17mm?; $/$:$,

e maximum bending stress ¢_max = 90.2MPa.

3) Shear stress calculation and strength verification. Maximum shear stress
T_max = 1.0MPa. Material allowable stress [c] = 480MPa, safety factor n actual =
5.32 >> 2.5, meet the requirements.

Clamping mechanism strength verification:

1) Hydraulic cylinder strength calculation. Hydraulic cylinder wall thickness t =

Smm, strength meets the requirements (t = 1.07mm).
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% 2) Piston rod strength calculation. Axial tensile stress ¢ = 7.96MPa, allowable
stres?@ = 142MPa, safety factor n=17.8 >> 2.5, strength meets the requirements.
3) *es'vﬁcation of the strength of the pressure plate. After optimization, the
thickness of t@@essure plate is h = 10mm, the maximum bending stress ¢_max =
75MPa, the safety { n=4.19 > 2.5, and the strength meets the requirements.
Verification of the o@all structural stability:
1) Analysis of the sta@% of the base. Overturning moment M tip =
53100N-mm, anti-overturning mom@&_stable = 50000N-mm, and stability factor
K s =0.94 < 1.5. Increase the weight of%base or expand the bottom area. It 1s
recommended that the base weight be increase%)O IN.
2) Verification of the strength of the connecting/@s. Tensile force F_tension =
88.5N, shear force F_shear = 147.5N, composite stress o\ ;S.ISMPa, allowable
stress of the bolt [c] = 320MPa, safety factor n = 102 >> 2.5, ar/k@e strength meets
the requirements. #Q
Fatigue strength verification: 'PGQ
1) Fatigue load analysis. Design life 10 years, 2000 working hours per year%
frequency 213.3Hz, total number of cycles N = 1.54 x 10'® times.
2) Fatigue strength calculation. Fatigue strength of positioning pin: effective
fatigue limit ¢ -1 eff = 191.25MPa, working stress amplitude ¢ a = 45.1MPa,
fatigue safety factor n f=4.24 > 2.0, meeting the fatigue strength requirements.

Simplified strength verification summary:

1) Summary of strength verification results shown in table 2.3.
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;,O 2) Design optimization suggestions. The weight of the base 1s increased to 300N

to im%ve stability. The radius of the corners at the transition of the positioning pin

18 incre;l;g/to reduce stress concentration. The thickness of the pressure plate is
adjusted to 10%t0 improve the safety factor. Material optimization: the V-block

A * .
uses ductile iron H”l/#,ﬂ to improve damping performance; the key load-bearing parts
are subjected to surface s@éthening treatment. Manufacturing process optimization:

important parts are subjectec@}stress relief treatment; improve the processing

accuracy of key dimensions; strengtl%e quality control of the assembly process.

%

Table 2.3 - Strength verification results of?@omponents of the fixture
/0

Component Name Check ltem Working Stress {MPa) Allowable @(Mpa) Safety Factor Conclusion

V-type Block Bending + Compression 1.567 142 906 Pass
.32

‘D
Main Positioning Pin Bending + Shear Cutting 90.22 480 @55 Pass

Auxiliary Positioning Pin Bending 45.8 480 ) Pass
(o)

Hydraulic Cylinder Internal Pressure 35 140 4.0 6 Pass

Piston Rod Tension 7.96 142 ‘/PQ&SS

Pressure Plate Bending 75 314 418 'k@

Connecting Bolt Tension + Shear 313 320 102 Pass

S
Combined &
%

3) Theoretical verification conclusion. Through strength calculation and
verification based on classical mechanics theory, the following conclusions are drawn.
The strength of each key component of the fixture meets the design requirements and
the safety factor is sufficient. The structural design is reasonable, the load transfer
path is clear, and the stress distribution is uniform. Under the design conditions, the

fixture can work safely and reliably, and the service life meets the requirements.
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;,@)me components are over-designed, and the cost can be reduced by optimizing the

demgﬁ‘

Thg'— oretlcal verification results provide a reliable technical basis for the

engineering aﬁ%tlon of the fixture, ensuring the processing quality and production

safety of the "Mandrépart milling plane process.

S
S
2.6 Summary of this chaﬁg)\

O
@Q

This chapter solves the fixture desi Lgroblem of the spindle milling plane

process, adopts modular design, designs the al%} Qositioning mechanism, verifies
/0

the positioning accuracy and strength stiffness, incre@ the proportion of standard

parts used, and lays a technical foundation for subsequent %h.
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% CHAPTER 3 RESEARCH ON THE THEORY AND METHOD OF
Q)‘Q MEASURING TOOL SELECTION
-+
A,
3.1 Ana?')%f part measurement requirements
%

Identification of hf@urement Features Based on Functional Requirements.
According to the functional a@)cis of the "Mandrel" part in Chapter 1, as a key
connector in the transmission syst@&'ts geometric accuracy directly affects the
operating performance of the system. Base%the function-accuracy mapping theory,
a hierarchical analysis model of part measurem%qy‘irements is established.

7/
The functional criticality coefficient Kf is used%uantify the importance of

each geometric feature: %
&O
o)
Kf= of x op x om, "}Q (3.1)
47

%

where of - functional importance weight, wp - precision sensitivity Weight,/é,%,
manufacturing difficulty weight. ‘9

Based on the above analysis, the key measurement features and their functional
criticality of the "Mandrel" part are determined, as shown in Table 3.1.

Theory of Matching Accuracy Level and Measurement Capability. According to

ISO 14253-1 standard, the measurement capability should satisfy:

Cg=T/6om =>4, (3.2)
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% where T 1s the tolerance of the measured feature, om is the standard deviation of
the m%urement system, and Cg is the measurement capability index.

Ba@n the "Golden Rule", the measurement uncertainty should satisty U <
T/k, where k i‘s%allocation coctficient:

J high-precisﬁ/é;;leasurement (IT6 and above): k > 10;

. medium-precision@easurement (IT7-IT8): k> 5;

e general-precision meas@ﬁent (IT9 and below): k > 3.

"Mandrel" part measurement d@hty requirements. For the extremely high
precision requirement of 0.005mm radla%nout of the cone, the measurement
uncertainty must satisfy U < 0.005/10 = 0.000% a;ld the standard deviation of the

%
measurement system must be controlled at om < 0.00S@ = 0.0002mm.

Table 3.1 - Key measurement features of "Mandrel" part% their functional

criticality #Q

Measurement Features Function Key Kf Tolerance Requirements Measurement Diffﬁk&el

@3Bh6 Positioning Surface 0.95 0/-0.013mm Level Hl (High) s&

Thread Diameter Jump 0.98 <0.005mm Level IV (Very High) ,9
Two-dimensional Flatness 0.92 <0.02mm Level Hl (High)

@44Nn7 Fitting Surface 0.88 0/-0.025mm Level H (Medium)

Wire Diameter 0.85 6g Level Level It (Medium)

Measurement system design criteria:
1) Abbe Principle. The measurement reference axis should coincide with the

direction of the measured dimension to eliminate the cosine error caused by angular
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;,@eviation. This principle must be strictly followed for the axial dimension

measﬂ@nent of "Mandrel" parts.

2) Mfpmum deformation principle. The workpiece deformation caused by the

O

measuring for?:? uld be controlled within 1/10 of the allowable measurement error,
o
that 1s, dmax < 83110‘@0).‘

3) Benchmark uni@tion principle. The measurement benchmark must be

consistent with the design Qp&hmark and process benchmark to reduce the

benchmark conversion error. @&
2
é\?

3.2 Theoretical basis for the selection of%}qring tools
/ *

Mathematical model of measurement error. The total%urement error can be

decomposed into: ’s’o
€=gs +er+ ee [mm], G

where s is the systematic error (with certainty), er is the random error (obeying
normal distribution), and e is the gross error (should be eliminated).

Theoretical analysis of systematic error. The main sources of systematic error
and their mathematical expressions include: instrument indication error (3.4),

environmental error (3.5), method error.

ginst = f(x) — x [mm], (3.4)
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Q
% where f(x) is the indication function of the instrument, and ideally f(x) = x.

’ljsyo genv =a-L-AT + B-AH + y-AP, (3.5)
O.

R /2 . : . .
where o is the l&ar expansion coefficient, L is the measurement length, AT is

the temperature deviation@ is the humidity influence coefficient, AH is the humidity

deviation, y is the air pressu@)nﬂuence coefficient, and AP is the air pressure

@)
deviation. @
S

Method error. Taking Abbe error as a mple, eAbbe = L-sin(6) = L-0 (when 0
is very small), where L is the measured length %ﬂ.}he angle deviation.
Statistical analysis of random error. Rancg;@error follows the normal
distribution N(0,5?), and its probability density function is @ é
&OO‘
f(e) = (1/6V2m)-exp(-e2/262). J’/Q (3.6)

For n independent measurements, the standard deviation of the arithmeti? %@
is 6X = 6/+/n, which is the theoretical basis for improving measurement accuracy. ‘9

Definition and classification of uncertainty. According to ISO/IEC Guide 98-3,
measurement uncertainty is "a non-negative parameter that characterizes the
dispersion of the measured value based on the information used".

Type A uncertainty evaluation. Evaluated by statistical analysis method, based
on t distribution theory. The standard uncertainty is uA(y) = s(§) = s/v/n, where s is

the experimental standard deviation, calculated by
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% s=V[EG — 9/ @0-1)]. (3.7

Ty@ uncertainty evaluation. Evaluated by non-statistical methods, based on
prior informatifpnCommon distribution types include: rectangular distribution u =

/\ .
C
a\/3, triangular dis%tion u = a/A/6, normal distribution u = a/k (k is the coverage

factor). &
>

Mathematical decision mt@)for measuring instrument selection:

e Multi-objective decision the&éhe selection of measuring instruments is a
multi-objective optimization problem, w@&equires comprehensive consideration
of factors such as accuracy, cost, and efficiery Establish a decision matrix D =

//.
[dij]m*n, where dij represents the score of the i-th solu@n under the j-th criterion.

e Application of analytic hierarchy process (A@éonstruot a criterion
hierarchy and calculate the weight vector w = [wl, w2, ..., Wn%re Xwi = 1. The
consistency test requires CR = CI/RI < 0.1, where CI = (Amax - n)/( and Rl is a
random consistency index. 'PGQ

e TOPSIS method. First, construct a standardized decision matrix %
dij/N(Zdij?), and then construct a weighted standardized matrix vij = wi-rij. Afte:r9
determining the positive ideal solution A* and the negative ideal solution A~, calculate
the relative closeness Ci = Di/(Di* + Di7). The larger the closeness, the better the
solution.

Classification and principle analysis of measurement methods:

o Contact measurement principle. Displacement sensing principle based on

mechanical contact. Taking the micrometer as an example, its measurement principle
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% based on the geometric relationship of the screw pair: 6 = P-n/N, where 0 is the
meagdiad displacement, P is the pitch, n is the angle of rotation, and N is the number
of scales"o—@zesponding to one circle.

o Non-cz)%t measurement principle. Laser interferometry principle: Based on
the Michelson inte{?é‘meter principle, the measured distance is L = (N-1)/2, where

N is the number of interfe@we fringes and A is the laser wavelength.
o Optical triangulation pﬁ%@. Based on triangular geometric relationships,

the distance calculation formula is d%n@ ~ -0, where f is the focal length and 0 is

2

the deflection angle. %

%

3.3 Design of measurement scheme for "Mand@garts
<

According to the central limit theorem, when the samplz%zw, the sample
mean approximately follows a normal distribution. For gem%c feature
measurement, the minimum number of measurement points needs to be dég%ed.

Layout of measurement points for key features of "Mandrel” parts.%
cylindrical surface measurement: 5 axial sections (equidistant distribution), 8
circumferential measurement points per section (45° interval), and a total of 40
measurement points. The theoretical basis is that considering the possible ellipticity
(2nd harmonic), 8 points can meet the measurement requirements.

Cone radial runout measurement: 10 measuring sections are arranged at equal
intervals along the generatrix, with 72 measuring points per section (5° interval), and

the sampling frequency meets the requirements of the Nyquist theorem.
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% Quantitative analysis of measurement tool selection:

)‘éor the measurement requirements of ¥35h6 (0/-0.013mm), the tolerance band
width T’L—@OBmm, the measurement uncertainty U < T/10 = 0.0013mm is required,
and the corres‘%ing instrument accuracy is £0.0006mm. Based on the principle of
SCrew pair transmis/s}é:‘ the theoretical resolution of the micrometer is dmin = P/N =
0.5/50 = 0.01mm, but ththual resolution is limited by the resolution of the reading
device (0.00lmm), the threﬁ?}pair clearance (<0.0005mm) and the thermal
deformation a-L-AT = 11X10‘6X35@§.0004mm After comprehensive analysis, a
digital micrometer with a resolution of O.%‘x 1s selected.

= for the measurement of radial runout O%Qm, according to the VDI/VDE
2617 standard, the measurement uncertainty of the C/W 1s U= A+ L/K, where A is
the fixed error term, L is the measurement length, and | he proportional error
coefficient. For cone measurement (L=50mm), U < 0.000Smn%‘e uired, so A <
0.0003mm and K > 100000 are required. The expanded un%ty of the
three-dimensional coordinate measuring machine is U=2.3um (k=2), coveri@&e 95%
confidence interval and meeting the tolerance requirements: U=2.3w{y/$§

0.005mm/10=0.5um (safety factor 4.6). Select a high-precision CMM (such as ZEISS

PRISMO navigator) to meet the requirements.
3.4 Theoretical calculation of measurement error

Accurate calculation of temperature error. The linear dimension change caused

by temperature is
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’% AL = 0o Lo-AT + (1/2)Bo- Lo-(AT)? + ... [mm], (3.8)
fm@ steel at room temperature, ao = 11.5x107%/°C, Bo = 0 (quadratic term can
be ignored) an A35mm measurement, when AT =+1°C,
%
&§11.5x10—6x35x1 = 0.0004 (mm),
Quantitative analysis of Abbe e%When the measuring axis does not coincide

with the scale axis, there 1s an angle 0, anc%bbe error 18

Q
¢Abbe = L-sin(0) = L-0 @é{mm].
<,

For 35mm length measurement, if the angle deviation 66@" (arc seconds),

(3.9)

then 0 = 10x4.848x107¢=4.848%107° rad, "}Q
L
Q
%,
eAbbe = 35%4.848x107° = 0.0017 (mm). &‘9

Propagation analysis of composite errors:
¢ Error propagation of multivariate functions. For indirect measurement y = f(x,

Xa, ..., Xn), When each input is independent, the error propagation formula is

Gy? = S(6f/0xi - oxi2 [mm?]. (3.10)
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;,O e Error analysis of composite features of "Mandrel" parts. Calculation of

coaxj&@r error: The coaxiality error between the two cylindrical axes is

2
O. Seonx = V[(A%)® + (Ay)*] [mm], (3.11)

%
where Ax and Ay are@e@axis coordinate deviations. The propagation equation is
Geoax> = (AX/ SCOM%)@ + (AY/Scoax)* 6AYy? [mm?]. (3.12)
%
e Error propagation of radial runout. Sin%,/inyolves extreme value statistics,
/0

error propagation is more complicated and requires t}@lse of Monte Carlo method

for numerical analysis. %

Uncertainty evaluation based on Bayesian theory. Considerfjgyhe measurement
uncertainty as the posterior distribution of the parameter, using Bayes)%@eorem.

Confidence interval estimation of type A uncertainty. For the me ment
results of normal distribution, the confidence interval under the confidence 1eve%
and the corresponding type A standard uncertainty. ‘9

Information entropy method for type B uncertainty. Based on the maximum
entropy principle, the distribution with the largest entropy is selected under the
constraint condition: H = -[p(x)In[p(x)]dx — max. For bounded constraints [a,b], the
maximum entropy distribution is uniform and the corresponding standard uncertainty
is uB = (b-a)/(2V/3).

The detailed uncertainty analysis of ¥44h7 measurement is shown in Table 3.2.
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;,O Table 3.2 Detailed uncertainty analysis of ¥44h7 measurement

81

)ncertainty Component Standard Uncertainty (um) Distribution Type Degrees of Freedom

@#ta bility w4 0.8 Normat Distribution 9

Instru%solution Uy 0.29 Gaussian o0

Instrument %w Uy 0.5 Normal Distribution oo

Temperature ug / {; Gaussian o0

Measurement Force uy Gaussian o0

Abbe Error ug 03& Gaussian 00

%,
Combined standard uncertainty: &)
?PQ
(O

uc= /(uA2 + ul? + u2? + u3? ¥4 + u5?) [um] (3.13)

>

As a result of the calculations, we have uc = 1.1 (ur@ffective degrees of

freedom (Welch-Satterthwaite formula): veff = uc*/Z(ui?/vi) Q@ Expanded

uncertainty (k=2.13, 95% confidence level): U =k-uc = 2.13x1.1 = 2.3@,

%
S
%,

%

3.5 Application for calculating and design of snap gauge

The development of the application for calculating the measuring instrument
was performed in the Visual Studio application program in the C# programming
language [16]. Using a convenient designer, the application was created based on

Windows Form. The appearance of the completed Windows Form is shown in Figure
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;,@1. The application requires sequential input of input data, and then, at the end,

calcu%on, report generation and its opening.
Thg'%ain elements of visual display are: labell; textBox1; label2; textBox2;
label3; textBo label4; comboBox1; panell; buttonl; button2 and button3.

o

Similarly to the pre@s program, the label elements are responsible for informing
the user about his actions@e textBox elements allow you to enter the required value
of the nominal diameter in nﬁ)the upper and lower deviations in microns. The
comboBox element provides the sel% of the required quality from the drop-down

list. The button elements provide sequenti%ecution of actions: calculation, report

generation and opening of its analysis date. QQ/ .
/0

2,

Enter the nominal shaft diameter, mm:
Enter the upper deviation for dimensions, um: @
Enter the lower deviation for the size, un: ; }

Select quality for size: &

|Select

Calculate Generate report

; Open report i

Figure 3.1 - Appearance of the application for calculating snap gauge

dimensions
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% The process of developing the software code takes a significant amount of time,
hower, further operation of the application allows you to save time on production
preparat‘igzlt is worth noting that the process of calculating the main parameters of
the snap gaug‘e%g the application and receiving the generated report takes up to 20
seconds. /é

When calculating th@am dimensions of the shaft of the part, the program uses

the following formulas 3.14-3.@)0
%
(&

dmax = d +%m]; (3.14)

dmin=d + ei [m% . (3.15)
/4
Td=es-e1 [mm]. @ (3.16)

When calculating the main dimensions of snap gauge%ldmg to GOST
24853-81, we find the maximum deviations and tolerances: Hj, Aéfénd Z,. We
calculate the working dimensions of the control and measuring tool usihgk%mlas

16320, %
3.16-3.20 &‘9

Through gauge and wear limit:

[TPmax = dmax — Z; + H; / 2 [mm], (3.17)
[IPmin = dmax — Z; - H; / 2 [mm], (3.18)
IIPzn = dmax + Y [mm]. (3.19)

Impermeable gauge:
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'Q,O HEmax = dmin + H, / 2 [mm], (3.20)

)‘ HEmin = dmin - H; / 2 [mm], (3.21)
<t
&O

The resﬁQ@ report for design calculations of the snap gauge control and
measuring tool is shc@i in Figure 3.2.

This application allo@ you to obtain limit deviations, dimensions and tolerances
for the required shaft diametQ)imit deviations for the manufacture of a caliper
bracket according to GOST 24853-@§arameters of the through and non-through

parts of the snap gauge. As well as the we%it for the through part.

*
»
%‘
Result of design calcoulations for a snap gaugezq
Limit deviations for shafts with a diameter of according to GOST
25347-82:
es = [ mm;
el = -0,025 mm;

Calculated limit dimensions and tolerances for a dldm@m}: mm:
dmax = 44 mm;

dmin = 43,975 mm; O

Td = 0,025 mm; 6

Limit deviations and tolerances for the manufacture of a snap gau

according to GOST 24853-81:

= (0,004 mm; }
0,003 mm;

0,003% mm;

Parameters of the passage part of the snap gauge and wear limits: s&

MPmax = 43,3985 mm;

=
-7
o0k

[Pmin = 43,9945 mm;
IPzn = 44,003 mm;

Parameters of the impassable part of the snap gauge:
HEmax = 43,977 mm;
HEmin = 43,973 mm;

Figure 3.2 - Generated report

The assembly design of the snap gauge for checking the cylindrical surface
44h7 1s shown in Figure 3.3. The main elements of the snap gauge design are: 1

housing, 2 nut, 3 screw and 4 handle-pad.



3.6 Summary of this chapter @Q

This chapter systematically studies the measurement tool%:tlon method for

"Mandrel" parts and establishes a complete theoretical analysis calculation

%

system. Q
Starting from the mathematical model of measurement error, the gene%
mechanism and mathematical description of systematic error and random error are
deeply analyzed. A measurement uncertainty evaluation method based on statistical
theory is established, which provides a theoretical basis for the quantitative design of
measurement schemes. The specific manifestation of basic metrology principles such

as Abbe principle and minimum deformation principle in practical applications is

emphasized.
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% Through rigorous mathematical derivation, a calculation model for measurement
error%pagation is established. Aiming at the key features of "Mandrel" parts, the
inﬂuencj—@various error sources 18 calculated in detail. A measurement uncertainty
budget table 1s blished, in which the expanded uncertainty of cone radial runout

/\ .
measurement is 1.8 p@which meets the design requirement of 0.5um.

A multi-objective de@ion model for measurement tool selection is established
by using hierarchical analysis @)hod and TOPSIS method. The technical parameter
requirements of equipment such %crometer and three-coordinate measuring
machine are determined through quanti%e analysis. A measurement feature
recognition method based on functional cri%.‘was established, providing a

7/
scientific basis for the systematic design of measurem@chemes.

The influence mechanism of environmental fa&? gch as temperature,
vibration, and measurement force on measurement accuracy Wé’@e ly analyzed. A
mathematical model for the propagation of composite feature errors %stablished,
and the correctness of the theoretical analysis was verified by Monte Carlo s%ation.
The orthogonal experimental design method was used to determine the main fe%;

affecting measurement accuracy and their optimal level combination. ‘9
Through the research 1n this chapter, a scientific and rigorous measurement tool

selection theory system was established, which provided a reliable technical

guarantee for the high-precision measurement of "Mandrel" parts, and also laid a

solid theoretical foundation for the design of online measurement systems in

subsequent automated workstations.
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Q CHAPTER 4 ROBOT-BASED PARTS PROCESSING WORKSTATION
®+,$, AUTOMATION DESIGN
)

As mod;Z dayfacturing continues to move towards intelligence, industrial
robots, as key equipmeft, for automated production, are playing an increasingly
important role in various ty@@f processing workstations. This chapter focuses on
the "Mandrel" parts processing \@[ station and conducts in-depth research from
multiple aspects such as industrial ro‘t@)election [17, 18, 19, 20], gripper design,
motion trajectory planning, and Workstation\a&iency analysis, aiming to build an

*

efficient, accurate, and stable automated processinf/#fstem.

>
<,
4.1 Analysis of workstation automation requirementsé&
(o)
With the acceleration of intelligent upgrading of manufacturin%dustry, the
automation transformation of "Mandrel" parts processing workstation is 1r@§tive.
The construction of automated processing workstation needs to meet the follolx%jsg
technical requirements:
Production efficiency requirements According to the process analysis in Chapter
1, the processing cycle of this part is about 75 minutes (excluding heat treatment
time). Under the traditional manual operation mode, the time spent on auxiliary links
such as workpiece loading and unloading, fixture adjustment and quality inspection

accounts for 25-30% of the total production time. By introducing automation
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&%@ .

%chnology, it is expected that the auxiliary time can be greatly reduced to 5-8%,
ther%ncreasing the overall production efficiency by 20-25%.

Pre’(l—@n assurance requirements The accuracy requirements of key features of
parts (such as'?@al runout of cone surface <0.005mm, parallelism of two planes
<0.02mm) put fof@‘ strict requirements on clamping consistency. The repeat
positioning accuracy of n@ual clamping is usually £0.02-0.05mm, which is difficult
to meet the requirements of Qg}\-precision processing. Therefore, the automated
clamping system must have highe@§ision, and its repeat positioning accuracy
should be ensured to be within £0.0 I mm.

o

Quality stability requirements During ma%}g‘eration, differences in operator
skill levels, fatigue and other factors can cause/ﬂ@uations in product quality,
affecting the quality consistency of batch production. %tomated system can
effectively eliminate the interference of these human factors aré’@sure the stability
of product quality. #Q

Flexibility requirements The workstation should have the ability{%pt to
changes in product specifications and process adjustments, and achieve ?%d
reconstruction through program modification and tooling replacement to meet th‘e9
needs of multi-variety, small and medium-sized batch production.

Definition of workstation functional requirements:

1) Basic functional requirements. In terms of automatic loading and unloading,
the robot needs to accurately grab "Mandrel" parts from the silo or conveyor line.

This requires the robot's visual recognition system to quickly and accurately locate

the part position, and its end effector has a stable and reliable grasping capability.
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%fter grabbing the part, the robot must accurately clamp the part to the processing

equip%nt according to the established process requirements to ensure the accuracy

of the dl%péing position and provide guarantee for subsequent high-precision

processing. A}Qd}i processing is completed, the robot needs to unload the finished

parts and transfer th@o the designated storage location. The whole process must be
efficient and stable to avo@damage to the parts.

The processing process Q)itoring function is crucial. By installing various

sensors on the equipment, the proce% status and equipment operating parameters

such as cutting force, temperature, spee% are monitored 1n real time. Once an

abnormal situation occurs, the system can qui and automatically identify it and
/0
take corresponding treatment measures, such as ending processing, alarm

prompts, etc., to prevent equipment damage and parts sc%g. At the same time,
the processing quality is tested online and relevant data is recé’ in real time to
trace and analyze the processing process. #Q

System coordination control is the key to ensure efficient operéﬁ@éf the
workstation. Synchronous control needs to be achieved between the robot ané%g
processing equipment to ensure that the loading and unloading actions of the rob(:t9
are closely coordinated with the processing rhythm of the processing equipment.
When working in multiple stations, the stations should be coordinated to avoid
waiting or conflicts. In addition, the system should also have fault diagnosis and
safety protection functions to timely discover and solve potential problems and

ensure the safety of operators and equipment.
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;,O 2. Extended function requirements. The online measurement function can further
imprﬂhé the processing quality. During the processing, the robot can automatically
detect t’l‘le—ﬁxey dimensions of the parts according to the preset program. The
measurement‘%is fed back to the control system in real time, and the processing

A *
L 7 : : ,
accuracy is judged édata analysis to see whether it meets the requirements. If
deviations are found, the@stem can automatically adjust the subsequent processing

parameters according to the me@ﬁement results to achieve closed-loop control of the

processing process and improve %onsistency and qualification rate of the

products. )%0

In terms of data management, the wo%&ign should have the ability to
//.

automatically collect and store production data, ine@ing processing parameters,
equipment operation status, quality inspection data, etc. @42] By establishing a
quality traceability information system, the production proces%ach part can be
traced throughout the entire process, which is convenient for timely d%wery of the
root cause of quality problems. At the same time, data interaction with T#%erior
management system is realized to provide accurate data support for the comp%
production decisions.

Establishment of technical indicator system:

1) Performance indicators. Based on the processing requirements of "Mandrel"
parts and the performance parameters of related equipment, the main performance

indicators of the workstation are determined, as shown in Table 4.1.

2. Economic indicators:
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;,O ¢ investment payback period: <3 years (based on equipment depreciation and

91

labo%t savings);

o Elggnction cost reduction: >15% (relative to manual operation mode);

. equipn‘%:tilization rate: >85% (under single-shift operation conditions).
%

Table 4.1 - Main per@manoe indicators of workstations

Performance Parameters c@ﬁ pecifications Requirements

Repeatability Accuracy +0. O’lmm 1/5 of the part precision requirement

Capture Success Rate 299.5% ;& Batch production reliability requirements

Setup Time <120s é Efficiency improvement target

System Avallability z86% Qdustna automation standards

Safety Grade PLd (ISO 13849) Ri 7?@;/ standards

%

4.2 Industrial robot selection and parameter analysis é&
(o)

Theoretical basis for robot selection include: load capacity ana@ Saworkspace
analysis, motion performance requirements. 'PGQ

When determining the load capacity of the robot, it is necessar/)%sp
comprehensively consider the static load and dynamic load. The static load includes
the workpiece weight Wworkpiece = Skg and the gripper weight Wgripper = 2kg, and
the total static load Wstatic = 7kg. The dynamic load considers the inertia force
during acceleration, and the dynamic load coefficient Kd = 1.5-2.0, then Wdynamic =

Kd x Wstatic = 1.8 x 7= 12.6kg. Considering the safety factor Ks = 1.3, the required

load capacity Wrequired = Ks X Wdynamic = 1.3 x 12.6 = 16.4kg.
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% According to the workstation layout, the robot needs to cover a workspace of
120 in the X direction (the distance from the silo to the machining center),
800mm‘i®e Y direction (the width of the machining center worktable), and 600mm
in the Z directi he range of clamping height variation). Considering the robot base
position and obsta?égvoidance requirements, the maximum working radius should
be >1600mm to ensure thﬁgxarious operation tasks can be completed smoothly.

Based on the productionQWe requirements, the robot's linear motion speed
should be >1m/s, and the joint spee%ld be >180°/s. To ensure smooth movement
and positioning accuracy, the acceleration)‘ §ld be controlled within 3m/s* to avoid
part shaking or inaccurate positioning due to eQ@@‘acceleraﬁon.

Technical analysis of KUKA KR 16 R2010 [23{@

1) Basic technical parameters. According to the ma%urer's technical data,
the main technical parameters of KUKA KR 16 R2010 are show{y@Table 4.2 below.

2,

Table 4.2 - Main technical parameters of KUKA KR 16 R2010 G

Parameter items Technical Specifications Units S &

Maximum Load 16 kg
Maximum Working Radius 2010 mm
Repeatability Accuracy +0.05 mm
Axes Count 6

Main Body Weight 270 kg

Protection Grade P54
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;,O 2) Kinematic analysis. Based on the Denavit-Hartenberg method, the robot's

kine%c model is established, as shown in Table 4.3 below, which provides an

importagbsathematical basis for subsequent motion trajectory planning and control

[24]:

2
O/},g

Z

Table 4.3 - D-H par

2

ter establishment

%% a(mm) @5 o) d(mm) o)
1 270 )-@ 400 0
2 270 0 Q) 0 0,
3 70 -90 L |0 03
4 0 90 0'(9 600 04
5 0 -90 ) e 05
6 0 0 *ﬁs@ B

3) Workspace verification [25]. The robot's workspace ac

ibility is verified

through inverse kinematics calculation. Taking the machining Qﬁéf? clamping

position (1200, 0, 800) mm as an example, it is calculated that this positlon@éithin

the robot's workspace and can be reached smoothly. At the same time, the sin%;

oY

points in the robot's motion are identified, and the area near the singular points is

avoided during path planning to ensure the stability and reliability of the robot's

motion.

The actual load requirement of 16.4kg is basically matched with the robot's rated

load of 16kg. It is recommended to optimize the gripper design to reduce the weight.

Accuracy Matching: The process accuracy requirement of £0.01mm is relative to the

robot's repeatability of £0.05mm. The process requirements can be met through
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IQ,@tlibration and compensation technology. The workspace requirements are fully met,
the %acle avoidance ability is good, and the 6 degrees of freedom provide

sufﬁcie’!—éovement flexibility.
The mar]?Qelce of KUKA KR 16 R2010 is about 250,000-300,000 yuan, which
has a good cost- effee@reness among similar products. The annual maintenance cost is
about 3-5% of the equianltérice, which is within a reasonable range. KUKA has a

complete technical support sf%%n in China, which 1s convenient for equipment

maintenance and technology up grad%

%

4.3 Robot gripper design and mechanic§ /cqlation
"1

Gripper design requirements analysis: @
1. Functional requirements: %@
[! reliable clamping of "Mandrel" parts to prevent slipping; #Q

&

[ ] accurate clamping position to ensure clamping reference. /Sg,

oY

[ ] adjustable clamping force to avoid workpiece deformation;

2. Adaptability requirements:

L] adapt to changes in part size tolerance (¥44h7);

[ quick loading and unloading to improve work efficiency;

[J compact structure to avoid interference with equipment.

3. Technical indicators. Based on the part characteristics and process

requirements, the technical indicators of the clamp are determined as shown in Table

4.4 below.
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% Table 4.4 - Technical specifications of the clamp

)éechnical Parameters Specification Requirements Notes
ed Diameter Range @44-20.025mm Corresponds to h7 tolerance
Suppor@ 100-500N adjustable Prevent deformation and slipping
Support Accur@ +0.02mm Meet installation accuracy
A/‘ o requirements
Response Time é) <2s Improve work efficiency
Operating Pressure & 0.4-0.6MPa Pneumatic system pressure

S
%

Clamp structure design: &)

%

1. Design scheme selection. Scheme co%son and analysis are shown in

Table 4.5 below. Q//"

1,
%,

Table 4.5 - Comparative analysis of gripper design optio%

Solution Type Advantages Disadvantages Applica;@laluation
Two-finger parallel Simple structure, easy to Middle tolerance Not applicfe
support support deviation
Three-claw self-centering Automatic centering, Complex structure, high Relatively applicable Q
uniform support cost &
Pneumatic hand support Fast response, precise Small support range Applicable ‘9

force control

After comprehensive consideration of factors such as clamping accuracy,
structural complexity and cost, the pneumatic finger clamping solution was finally
selected. This solution is based on the pneumatic drive principle. By adjusting the
pneumatic pressure, the clamping force is accurately controlled (within the range of

50-500N), meeting the clamping positioning accuracy requirements of +£0.03mm for
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O@aﬁ parts. Its structure adopts a double-finger parallel opening and closing design,
compfhed with an anti-slip toothed contact surface (friction coefficient 0.4), fast
action rj—s&nse (clamping within 0.3 seconds), high clamping stability (repeat
positioning a'(%cy +0.05mm), and modular installation. Compared with the
hydraulic clamping@‘tem, the pneumatic solution reduces costs by 40%, reduces
structural complexity by @A)Qand does not require an additional lubrication system.
It is suitable for the rapid cha@%ver requirements of automated production lines.
Real-time monitoring of the clampin%ce through a pressure sensor can effectively
prevent surface extrusion damage o%s and meet the requirements of
non-destructive clamping of precision shaft paQQ/ o
2. Structural design. The gripper adopts ra/d@ clamping mode, and two
symmetrically arranged clamping fingers are driven b inders to clamp the
workpiece. The main components include pneumatic actuator%viding clamping
power), clamping mechanism (realizing reliable clamping of ﬂaé’&rorkpiece),
connecting mechanism (connected to the robot end effector) and sensor %ction
(clamping state monitoring). /s,/s,
Based on the geometric characteristics of the workpiece, the key dimensions o‘f9
the gripper are determined as the opening range of the clamping finger 30-50mm, the
clamping depth >15mm, and the overall outer diameter <I120mm (avoiding
interference).
Working principle and structural features. Anti-slip patterns are designed on the

inside of the gripper fingers to increase friction with the surface of the part to prevent

the part from slipping during the clamping process. The opening and closing of the
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O%ers are driven by the cylinder, which is connected to the external air source
throu%an air pipe. The gripper is installed on the end effector of the industrial robot
and con@d to the robot arm through flanges or other connecting parts to ensure a
firm and relia@gnnection. When a part needs to be clamped, an external air source
supplies air to the cyéxier, and the cylinder pushes the piston to move so that the two
pneumatic fingers close t@lamp the part; when the part needs to be released, the air
source stops supplying air or s@}hes the air path to discharge the gas in the cylinder,
and the pneumatic fingers open to @é;e the part under the action of a spring or
other reset device. By controlling the on a ff of the air source and the size of the
air pressure, the clamping and releasing actions%e.glamping device and the size of

7/
the clamping force can be accurately controlled. The %ing device of an industrial

robot is shown in Figure 4.1. @é

Theoretical calculation of clamping force. This calculation% to determine the
clamping force required by the industrial robot to clamp the "Mandre%, to ensure
that the part does not slip during the clamping and handling process, and t6 e%e the
stability of the processing. The "Mandrel" part is taken as the research object, a%;
mass m = 5kg. ‘9

1. Mechanical analysis model: Establish a mechanical model of the
clamp-workpiece system to analyze the force transmission relationship during the
clamping process.

Coordinate system establishment:

[1X axis: along the axis of the workpiece;

LY axis: radial clamping force direction;
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;,O [1Z axis: perpendicular to the XY plane.

2
Q
-
&O

™

Figure 4.1 - Description of the Design Q)Norking Principle of the Industrial Robot's
Gripping B%@,e

The workpiece is subjected to the following%’in the clamping state:

e Gravity: According to the gravity calculation for@ G = mg, the known part
mass m = 5kg, the gravity acceleration g = 9.8m/s?, the gravﬂ% 5%9.8 = 49N, the
direction is vertically downward. O@

e Inertial force: Fi = ma, where a is the acceleration. Consideriné?ﬂnﬂuence
of the robot's acceleration during movement, assuming that the m%m
acceleration of the robot when handling parts 1s amax = 3m/s? (this value 59
determined based on the actual operating conditions and performance parameters of
the robot), the maximum inertia force Fi,max = mamax= 5%3 = 15N. The direction of
the inertia force is opposite to the direction of the acceleration, and it is generated
when the robot accelerates or decelerates to handle parts.

¢ Clamping force: Fc (to be calculated).

2. Anti-slip conditions. According to the principle of friction, in order to prevent
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;,@e workpiece from slipping during the clamping process, the clamping force Fc must
satisﬁ?‘QFC' u > G + Fi1, where p is the friction coefficient (steel-steel contact, p =

0.15). ’lfs,o

Consider tMg~nfluence of acceleration when the robot moves:
e

] Maximum ao@eratlon: amax = 3m/s?

(] Maximum inertia ch: Fi,max = ma = 5x3 = 15N

Therefore, the minimum c@%ﬂg force 1s:

%
Fe,min ?c')éémax)/u [N], 4.1)
Fc,min = (49 + 15)??{;;,427 (N).
4,

3. Determination of safety factor. In practical applicat%céin order to ensure the
reliability of clamping, a safety factor needs to be introduced. Cé@er the following
safety factors: #Q

] Friction coefficient change. The friction coefficient may chanéek éctual
working conditions. The friction coefficient change coefficient Ki = 1.5. /s,/s,

[] Load uncertainty. Due to factors such as vibration and impact during th‘e9
movement of the robot, there will be uncertainty in the load. Take the load
uncertainty coefficient Ko = 1.2.

[J System reliability. To ensure the reliable operation of the entire clamping
system, sct the system reliability coefficient Ks = 1.3.

Total safety factor: K = KixKaoxKs =1.5%1.2x1.3=2.34

The design clamping force Fc&design is the product of the minimum clamping
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Q
%ree Fc&min and the total safety factor K, that is:
2
<t
A Fc&design = KxFe&min [N], 4.2)
% Fc&design = 2.34x427 = 999N ~ 1000 (N).
%,
Clamping force for t@s&lected scheme:
%,
—% sin@ - F 4.3)
)‘

0
when designing the gripper, we take 4 120,%}.ﬁ2=0,09m, 0 =45".
/0

0,015

P =052 sin45-1000 = 235. 7(1v) g(N)

Let's calculate the diameter of the piston going into a single-acti%inder:

J@Q
F = ”—DZ — Fp—F ’é@
b, TP P> ‘9

where p_ is the working air pressure in the system. The working pressure in
pneumatic drives is usually 0.4-0.6 MPa. We take p_ = 0.5 MPa = 0.5-10° N/n?,
D is the diameter of the pneumatic cylinder piston; Fpp is the friction force in the
seals (usually assumed to be up to 10% of the force developed). We take Fpp =
23 N; Fpp is the force created by the pneumatic cylinder spring (at the end of the

stroke, it equals up to 10% of the force developed). We take Fpp = 23N.
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0 p= [EE @)

= 0.0268(m) = 26.8(mm)

®_®= 4-(F+Frp+ Fpp) |4 (236 +23 +23)

TP, m-0,5-10°
“0
Y.
Pneumatic sys @@demgn:

1. Cylinder selectio@alculation. The theoretical thrust calculation formula of
the cylinder: @)so
F= n(D%M [N], (4.6)

%
where, D - cylinder inner diameter, d - piston rod@meter, P - working pressure.
Considering friction loss and transmission efficiency: Fout@i Fxn = Fx0.85.

Z

Taking the working pressure P = 0.5MPa as an example,%glired cylinder

inner diameter is: #Q
%

4.Fc,design
D> |28,
R (
/ 4-1000 .

Based on the calculation results, a standard specification cylinder is selected
with a bore of 63mm and a stroke of 25mm.
2. Pneumatic control system. System composition:

[ air compressor (provide compressed air);
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% [J air tank (store compressed air and stabilize pressure);

Zﬁéﬂter pressure reducing valve (process compressed air and adjust pressure);

[] ;®oid reversing valve (control airflow direction);

[ throttl%?@xe (adjust execution speed);

[ sensor (dete/c\/&\/‘linder position status).

Use PLC control to ﬁlement the following logic: IF Clamping command AND
Workpiece in place THEN S(beid valve is powered on — Cylinder extends —
Clamp workpiece IF Clamping %He reaches set value THEN Clamping
completion signal ENDIFENDIFIF Re@ecommand THEN Solenoid valve is
powered off — Cylinder retracts — Rel% workpiece Release completion

//.
signal ENDIF 47

Analysis of clamping accuracy: Q@ é

1. Error source analysis. The main error sources affectin mping accuracy
include manufacturing error, pneumatic system error and Workpiec@erance. In
terms of manufacturing errors, the machining accuracy of the clamp%ts is
+0.01mm, and the assembly clearance is =0.005mm; in the pneumatic system
the cylinder repeatability accuracy is £0.02mm, and the air pressure fluctuation e:ffec‘t9
1s £0.0lmm; in terms of workpiece tolerance, the J44h7 tolerance band is
0/-0.025mm, and the effect on the clamping center is £0.0125mm. These error
sources interact with each other and jointly affect the clamping accuracy.

2. Comprehensive accuracy calculation. The comprehensive error is calculated

using the square root method:
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%
O gtotal = \/[c®manufacturing + o’pneumatic + o?workpiece] [mm], (4.8)

)‘Q ototal = \/[(0.0001 + 0.0004 + 0.000156)] =0.024 (mm).
@)
The clarr‘m% accuracy is £0.024mm, which meets the design requirement of
o
+0.02mm, but there étill room for improvement.
3. Accuracy improv@ent measures. In order to further improve the clamping
accuracy, a series of improvemQ})measures can be taken:

e Use servo cylinders to impro%eat positioning accuracy.

e Add position feedback sensors t hieve closed-loop control, real-time

/0
e Optimize the manufacturing accuracy of the @mp, reduce part tolerances,

monitoring and adjustment of clamping positio%/.

and improve the overall assembly quality. %
4.4 Theoretical analysis of robot motion trajectory #Q
Mathematical description of trajectory planning. The robot motion trajector%
be expressed as a function of time: r(t) = [x(t), y(t), z(t), a(t), B(t), v(t)]T, where the
first three items are position coordinates and the last three items are attitude angles.
Kinematic constraints. Joint angle constraint 9imin < 6i(t) < 6imax, joint
velocity constraint |0i(t)) < 6imax, joint acceleration constraint |Gi(t)] < 6i,max.
Geometric constraints. Obstacle avoidance constraint d(robot, obstacle) > dsafe,
workspace constraint r(t) is workspace. Task constraints. Initial condition r(to) = rstart,

terminal condition r(tf) = rend, path point constraint r(ti) = ri.
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Q
% Joint space trajectory planning: polynomial interpolation method, trapezoidal
Vz)o%planning.
Ca#—etsan space trajectory planning:
1. Straigﬂ% trajectory planning. When the end effector moves along a straight
line, the position Ve@i}i
(&
6@%8 = rstart + s(rend - rstart) 4.9)
%,
(&

where s 1s the path parameter, 0 <'s Q S-curve 1s used for speed planning to

ensure acceleration continuity. %.,
/ *

2. Circular arc trajectory planning. For circula@rc trajectory, the parameter

equation is: %
&O
6,
x(0) = xc + R cos(0) [mm]; #Q (4.10)
%

7(0) = zstart + (zend - zstart)0/0total [mm] (/4539

>

y(0) = yc + R sin(8) [mm]; 4.11)

where (xc, yc) are the coordinates of the center of the circle, and R 1s the radius.

Design of machining trajectory of “Mandrel” parts. Analysis of typical operation
trajectory.

Loading trajectory:

1. Starting position — Bin grabbing position

2. Bin grabbing position — Intermediate transition point
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;,O 3. Intermediate transition point — Machining center clamping position

%oading trajectory:

1. E!—ashining center clamping position — Intermediate transition point

2. Interm'Q@e transition point — Finished product storage position

In order to 1{5}6 industrial robots in the workplace, we implemented a ring
layout. The robot workst@n layout is shown in Figure 4.2. The use of a ring layout
will allow loading and unload@)@f workpieces on the machine. RTC consists of a
robot (1), a CNC lathe (2), a machin%enter (3), a feeding bin (8), a control device
(6), a finished product bin (9) and an auxi)l%device air compressor (10). The RTC
is operated by a control device (6), which is ?@igated with an auxiliary control
button (7). The robot (1) moves back and forth withig@rotation arca by rotating the
mechanical arm (4). The mechanical arm (4) rotates and te@es to the feeding bin
(8). The movable mechanical fingers (5) on the mechanical ané’@b the workpiece
and place it in the CNC lathe (2) for installation and processing. Aft%processing
of the CNC lathe is completed, the mechanical arm (4) rotates and telescol@éo the
CNC lathe (2). The movable mechanical fingers (5) on the mechanical arm greﬁ’&g
workpiece and place it in the machining center (3) for installation and processing.
After all the processing 1s completed, the finished product is transported by the robot
(1) and placed in the finished product bin (9). The robot workstation can reduce
manual calculation time, thereby improving productivity and ensuring the quality of

processing.
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T ey
Le%of the RTC

%

2. Coordinates of key path points. Based on the w@station layout, determine

Figure 4.2 -

the coordinates of key path points, as shown in Table 4.6 b%wé
Table 4.6 - Coordinates of key path points in workstation layout

Route Points X (mm) ¥ (mm) Z (mm) Pose (%\

Material Pickup 800 ~400 850 (0,90,0) v&

%,
Middle Passage 1000 0 1000 (0,45,0) ‘9
Equipment Position 1200 0 800 (0,0,0)
Finished Product Storage 600 400 850 (0,90,180)

Obstacle avoidance trajectory planning:
1. Obstacle modeling. Simplify the equipment and structures in the workstation

into geometric bodies:
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% [J machining center: cuboid (1500x1000x2000mm);
Zﬁéﬂo: cylinder (¥600x800mm);
[ d;&aench: cuboid (2000x1200x900mm).
2. Obsta‘c%voidance algorithm. Artificial potential field method. Construct
gravitational potentmé,ﬁeld and repulsive potential field.
Rapidly expanding rﬁom tree (RRT):
¢ build a search tree from%é\starting point;
e randomly sample target point%
¢ find the nearest node in the tree; %
e ecxpand new nodes (check for collisions?? .
// .
¢ repeat until the target is reached. @
3. Set the safe distance. According to the positioning %cy and dynamic error,
set the safe distance: %@

é4.13)
dsafe = 0.05 + 0.02 + 0.03 = 0.1 (m). &&_9

dsafe = dposition + ddynamic + dmargin [m],

4.5 Theoretical analysis of the efficiency of automated workstations

The production cycle of automated workstations includes: effective processing
time; time for milling the first plane.
From the above cutting force coefficient of 40X steel, it is known that ap =

0.5mm (axial cutting depth) ae = 8mm (radial cutting depth) fz = 0.06mm/tooth (feed
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Q
%r tooth) z = 4 (number of tool teeth) D = 10mm (milling cutter diameter) n =
320 (spindle speed).

In j;lg«nfé, the feed speed F is related to the feed per tooth fz, the number of tool

teeth z and the #pmdle speed n, and its calculation formula is:
%
@ F=fzxzxn [mm/min]. (4.14)

Q@»

Given fz = 0.06mm/tooth, z =%= 3200rpm, substituting these data into the

formula yields: %

%

F = 0.06 x4x3200 = 768 (n%mn).
Assuming the length of the machining plane is L = 30mm %16 plane width is

b = 10mm, according to the milling time calculation formula #Q

P
t=Lxbxap/Fxae [min], (/‘89‘9

£1=30%10x0.5/768%8=0.024414 (min).

The milling time per layer of a single plane is t1 = 0.024414 (min), which is
approximately 1.464843s. If the machining depth of a single plane is 3mm, it requires
6 layered millings, and the milling time of a single plane is t=t1x6=8.789058~0s.

Similar to milling the first plane, assuming the machining time is also

approximately 9 seconds. Subtotal: 9x2=18 seconds, 0.3 minutes
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% Auxiliary operation time:
QJ@ading time: 30 seconds;
ﬂu#—]&hng time: 25 seconds;
Ddetec‘u‘?@e 30 seconds;
[Isubtotal: 1 4%[111‘[68
System coordmatlon@ne
['robot movement time: 4@ )conds
[l fixture adjustment time: 15 se@&

2

_Isubtotal: 1 minute. %

Total cycle time: Tcycle = 0.3 +1.42 + 1 %Z minutes
74
Manual operation process 005 (milling plane): 9.5@inutes (based on the process

analysis in Chapter 1). @ é
The operation process of the robot and machine tool fun(%c cle (see Table
4.7): The RTC operation algorithm coordinates the work orders and t%ordination
between the robot, machine tool and other equipment, and intuitively pre%s the
operation process of the robot and machine tool at different time points in the fo%
a table, clearly showing the coordination of various equipment in the e:ntir‘e9
production process, and providing a basis for optimizing the production process.
Theoretical Production Capacity. Single shift (8 hours): Theoretical output = 60
x 8 =480 minutes / 2.72 minutes = 176 pieces/shift

Considering equipment availability (95%): Actual output = 176 x 0.95 = 167

pieces/shift.
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% Improved quality stability. The repeatability accuracy of automatic clamping is
+0.0 , which is significantly improved compared to the £0.05mm of manual
clampiné—énd the accuracy is improved by 5 times; by eliminating the difference in
human operati he quality fluctuation of batch products is reduced by more than

60%, effectively imp/@‘ing the stability of product quality.

S

Table 4.7 - The operation@gw of the robot and the functional cycle diagram of

the machine tool @
S

'ﬁ@y‘e, seconds
10-30 | 30-75 | S4p-115 |115-133]14¢
g~ &
robot | more worlvicee %% ‘¢C ya
Machine ti:u:ceﬂ A% V A
robot | st vorkpiee % G@&
%

Equipment operation

[o—
o e
ol
St
Loy}
A

N

tool

4

4.6 Summary of this chapter

This chapter cond ucts a comprehensive study on the "Mandrel" parts automated
processing workstation. Through system analysis, the functional requirements of the
workstation were determined, and a technical indicator system with repeat

positioning accuracy of £0.01mm and grasping success rate >99.5% as the core was



£
Q%Q 111
%tablished. The goal of increasing production efficiency by 20-25% after automation
trans%nation was clarified; the applicability of the KUKA KR 16 R2010 robot was
Veriﬁed,‘t;gra D-H parameter model was established to provide a mathematical basis

for trajectory f)%ing; a pneumatic finger gripper was designed, the design clamping

force was determine{é;)‘ be 1000N, and a standard cylinder with a cylinder diameter

of 63mm was selected, a@ the clamping accuracy basically met the requirements; a
mathematical model for trajec@)scslanning in joint space and Cartesian space was
established, a complete operating traj y was designed, and the obstacle avoidance
function was realized; through production d%zls analysis, the theoretical cycle time of

the automated workstation was determined to Q@Z{ﬂiﬂutes, the single-shift output

was 167 pieces, and the quality stability was sigﬁ@nﬂy improved; coordinated

control of the robot and processing equipment was a%d to ensure reliable

operation of the workstation. &06
L
e

S
%,
%
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IQ CHAPTER 5 THEORETICAL ANALYSIS OF ECONOMIC BENEFITS

0

S.I‘Qzlblishment of cost analysis model
On.
. 7 : :

Theoretical Bas@of Cost Analysis [26, 27, 28]. Based on the Life Cycle Cost
(LCC) theory, the total CQ of an automated workstation covers multiple stages and
aspects, and the calculation for O(S. 1) is:

Lccgz{smcnﬁ Cd. (5.1)
%

where, Ci - represents the initial investmer@cost, including equipment
procurement, installation and commissioning, design and %pment costs, etc.; Co
is the operating cost, involving labor, energy, material consum , etc.; Cm is the
maintenance cost, including preventive maintenance and fault maint% costs; Cd

- represents the scrapping and disposal cost. 'PGQ

Costs can also be classified according to different natures. Direct costs in%g
equipment procurement, installation and commissioning, labor and ellerg;9
consumption costs, etc.; indirect costs include management costs, plant occupancy
costs, insurance costs and capital occupancy costs, etc. From the perspective of the
relationship between cost and output, the fixed cost FC does not change with output,
while the variable cost VC changes with output. The total cost TC is the sum of fixed

cost and variable cost. This classification method helps to analyze the cost structure

more clearly and provides a basis for cost control and economic benefit evaluation.
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;,O Equipment investment cost model. The data sources used for the economic
anal in this chapter are as follows:
L] %nent price, based on the manufacturer's public quotation and market
research in 2024,
OA

*

] labor cost, /1&}1” to the average wage level of the manufacturing industry
released by the Nationalﬁeau of Statistics [30];

[ energy price, calculate(Q;bed on the average industrial electricity price of 0.8
yuan/kWh in 2024, @&

L] currency unit, RMB (yuan), based@&e price level in 2024.

[J exchange rate basis, the exchange rate%)s.dollar to RMB is calculated at

//.
7.2 (average level in 2024). @

Basic assumptions. To ensure the objectivity of the ar@vsé, the following basic
assumptions are set: the equipment service life is 10 years, the%ual value rate is
5%:; the capital cost rate (discount rate) is 10%, referring to the averaga@ital cost of
the manufacturing industry [31, 32]; the annual working time is 2000 houfts @édays
x 8 hours/day); the equipment load rate is 85%, taking into account the maintefé%g
and adjustment time; the inflation rate i1s 3%/year, based on the average level of the
past 5 years.

Based on the above data sources and assumptions, the main equipment
investment composition is determined, as shown in Table 5.1.

Notes: ! Based on DMG MORI's 2024 China standard configuration quotation.

2 Reference to the standard model price published on KUKA China's official website.

* Based on the fixture design, material and processing cost estimates in Chapter 2.
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;,OBased on the SMC pneumatic component standard price catalog. > Reference to

114

Hexa%’s three-coordinate measuring machine market quotation. ¢ Siemens PLC and

HMI s;!:&n standard configuration price. 7 Based on the industry standard

conﬁguratlon%fety fences and light curtains.
%,
Table 5.1 - Major eq@ment investment

Unit Price {10,000
Equipment Name Quantity NB) Subtotal (10,000 RME)

Data Source

DMG MORINVX 5080 1

‘©
Machining Center @
KUKA KR 16 R2010 Robot 1 28 &) 28

180

Special Fixture 1set 8

‘e
Pneumatic Gripper 1set 3 // *»
Measuring Equipment 1set B 15 ¢‘

DMG MORI Official

Quotation®

KUKA China Public
Quotation®

Estimated in Chapter 2
Design®

SMC Product Catalog Price’

Hexagon Quotation®

Control System 1set 12 12 Q Siemens System Quotation®
Safety Protection 1set 8 8 @ dustry Standard
guration’
Equipment Subtotal - - 254
The installation and commissioning costs are usually 8-12% of the ipment

cost. This project takes 10%, so the installation and commissioning costs Cins%

oY

254x10% = 254,000 yuan. Design and development costs include process design,

programming, system integration, etc., totaling Cdesign = 300,000 yuan. Therefore,

the total initial investment Ci = Cequip + Cinstall + Cdesign = 254 + 25.4 + 30 =

3.094 million yuan

Data source and assumptions of labor cost:

e average wage in manufacturing industry: refer to the National Bureau of

Statistics "Average wage of urban unit employees in 2024";
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% e regional adjustment coefficient: adjusted according to the wage level of
manu%turing industry in Jiangsu Province;
o TI—& insurance premium rate: calculated according to the proportion of
social 1nsuran3?@mlums paid by enterprises stipulated by the state.
Specific param@ assumptions:
o annual salary of c@rators: RMB 150,000 (including social insurance, before
tax); G)\

o annual salary of quality insp%: RMB 120,000 (including social insurance,

before tax); %

o annual salary of maintenance technic% RMB 150,000 (including social
//.
insurance, before tax); @

o annual working days: 250 days (excluding statutor)@gays).

Traditional manual operation cost: ’s’o

[! operators: 2 people x RMB 150,000/year = RMB 300 OOO/ye%

[ ] quality inspectors: 1 person x RMB 120,000/year = RMB 120 000@&

[ subtotal of labor cost: RMB 420,000/year. &/s,
Automation operation cost: ‘9
= operators: 1 person x RMB 150,000/year = 150,000 yuan/year;

* maintenance technician: 0.5 person x 150,000 yuan/year = 75,000 yuan/year;
= Jabor cost subtotal: 225,000 yuan/year.
Labor cost savings: AClabor =42 - 22.5 = 195,000 yuan/year.

Electricity price data source:
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% ¢ industrial electricity price (refer to the "National Coal-fired Power Generation
Gri lectricity Price" issued by the National Development and Reform
Commls’!—xsaa

» reglonﬁ?dectrlclty price (calculated according to the large industrial
electricity price of/ &&u Province of 0.8 yuan/kWh (including basic electricity
fee)); @

+*» peak and valley electri(@)srice impact (calculated according to average load,
without considering the peak and Val‘@§ice difference).

Equipment power consumption data S%@Z

» machining center power consumption?&/:r.ﬁto the DMG MORI technical
specification for a nominal power consumption of 251{@

» robot power consumption (refer to the KUKA tech%nanual for a nominal

power consumption of 3kW); ’s'o
» auxiliary equipment power consumption (estimated at 2kW b n the rated
power of air pumps, lighting and other equipment). '%b
Annual energy consumption calculation: 68:9
E =P x t xn [kWh/year], (5.2)

E =30 x 2000 x 0.85 = 51000 (kWh/year).

where, P - total installed power 30kW, t - annual working time 2000 hours, n -
average load rate 85% (industry experience data).

Energy cost:



117

% Cenergy = E X electricity price [yuan/year], (5.3)

)~® Cenergy = 51000 x 0.8 = 40,800 yuan/year

-+
%

MaterlalQ@Jmptlon cost; annual consumption of cutting fluid is about 500L,
cost 5,000 yuan/yeaeannual consumption cost of cutting tools is about 20,000
yuan/year; other auxilia@ materials (including lubricants, seals, etc.) are about
10,000 yuan/year. Therefore, tQ)ubtotal of material cost Cmaterial = 0.5 +2 + 1 =
35,000 yuan/year. @&

Theoretical calculation of maintenalékpcost. Based on equipment reliability
theory, maintenance costs include: Preventive n%;n;}nce cost:

7/
4,

Cpm = X(Cpm,i x fi), Q@ (5.4)
%,
(@)
where Cpm,i is the cost of the i-th maintenance, and fi is thé’&aintenance
L
&
%,

%,

Ctfm = A x MTTR x (Crepair + Cdowntime), (5.5)

frequency. Failure maintenance cost:

where A is the failure rate and MTTR is the mean repair time.

Specific maintenance cost calculation. For robot maintenance, the annual
maintenance fee is 3% of the equipment price, that is, 28x3% = 8,400 yuan/year, and
the cost of replacing wearing parts is 10,000 yuan/year, with a subtotal of 18,400

yuan/year. For machining center maintenance, the annual maintenance fee is 4% of
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;,@e equipment price, that is, 180x4% = 72,000 yuan/year, and the overhaul cost (once
every@rears) is 360,000 yuan, with an average of 72,000 yuan/year, and a subtotal
of 144,(®1an/year. For other equipment maintenance, fixture maintenance is 5,000
yuan/year, me‘a%@ equipment calibration is 10,000 yuan/year, and control system
maintenance is 10, @yuan/year, totaling 25,000 yuan/year. Total maintenance cost

Cm = 18,400 yuan + 14,4@§an + 25,000 yuan = 187,400 yuan/year.

5.2 Theoretical model of bene%ediction

%

Benefit of improving production efﬁcienc?&/o/m‘paring the production capacity
of traditional production methods and automat@ roduction methods, the
single-piece processing time under the traditional product@gethod is 9.5 minutes,
and the annual output N1 = 480x250+9.5 = 12632 pieces/y’é@the single-piece
processing time under the automated production method is 2.7%nutes, the
equipment availability is 95%, and the annual output N2 = 480X250X0€%72 =
41912 pieces/year. Output increase AN = N2 - N1 = 41912 - 12632 = 2/‘$$§9
pieces/year. ‘9

Data sources and assumptions for benefit calculation. Product pricing
assumptions: product price (RMB 200/piece (based on market research of similar
products')); variable cost rate (60% (refer to the average level of the mechanical
processing industry?)); fixed cost allocation (not considered).

Production calculation basis: traditional processing time (9.5 minutes/piece

(based on process analysis in Chapter 1)); automated processing time (2.72
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%inutes/piece (based on analysis in Chapter 4)); equipment availability (95% (refer to
auto%on equipment industry standards?)).

Baggpn product price of RMB 200/piece and variable cost rate of 60%,
Bproduction %80 pieces/year X RMB 200/piece x (1 - 0.6) = RMB 2342400/yecar
= RMB 2342400/yeaé

Defective product ra@data. Defective product rate of manual operation: 0.27%
(based on theoretical analysis Q/Ghapter 4). Defective rate of automated operation:
0.0006% (calculated based on proc@éapablhty index). Unit price of scrap loss:
RMB 150/piece (material cost + processmﬁ‘ﬁt)

Assumptions on rework cost. Rework ra%./SQ:% of scrap quantity (industry
experience data). Rework cost: calculated at the equg@t value of scrap loss.

External failure cost. Customer complaint handlin@eée: RMB 20,000/year
(estimated based on company historical data*). Data sourceé@ assumptions on
inventory cost. #Q

Inventory value estimation. Work-in-process inventory: RMB 500,001% @éed on
a survey of the company's current situation). Safety stock: RMB 300,000 (calmﬁgsd
based on inventory management theory). Capital cost rate: 10%/year (reference to
bank loan benchmark interest rate plus risk premium).

After automated production, assumptions on inventory reduction ratio.
Work-in-process inventory reduction: 30% (based on expectations of lean production

theory). Safety stock reduction: 20% (based on the expected improvement in quality

stability).
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% Product switching parameters. Labor switching cost: RMB 500/hour (labor cost
+ eq%nent idle cost). Annual product switching times: 20 times (based on the

compan;,;&oduction plan). Switching time reduction: from 8 hours to 2.5 hours.

%,
B@bility = (8-2.5) x 500 x 20 = 55,000 (yuan /year).
S
Notes: ' Based on the in@}g price index released by the China Machinery
Industry Federation. ? Reference to t%st structure data in the "Machinery Industry
Economic Operation Analysis Report". %rence to the "Automation Equipment
Reliability Evaluation Standard" GB/T 5080-2% “Based on the empirical data of
//.
enterprise quality cost statistics. @

Economic Benefits of Quality Improvement. Acco@né to the quality cost

theory, quality cost includes prevention cost Cp, identiﬁcatlébost Ca, internal

failure cost Cif and external failure cost Cef, and the total quality cosk/}?

<
>
CQ = Cp + Ca + Cif + Cef. @9
4o

After automation transformation, internal failure cost is reduced. Scrap loss is
reduced by ANI1 = N2x(0.27% - 0.0006%) = 41912x0.269% = 112.74 pieces/year,
and rework loss is reduced by 50% of scrap, that is, 56.37 pieces/year. Internal failure
cost savings Bif = (112.74 + 56.37)x150 = 25366.5 yuan/year ~ 25,400 yuan/year.

Due to the improvement of product quality, customer complaints and claims are



#
6% 121

;,@duced, and external failure costs are reduced by Bef = 20,000 yuan/year (estimated

base historical data). Total benefit of quality improvement
)
% Bquality = Bif + Bef [yuan/year], (5.7)
U

<> Bquality = 2.54 + 2 = 45,400 yuan/year.

S
>

Benefit of inventory cost @}ktion. Automated production makes the production
rhythm more stable, and the invent% work-in-progress can be reduced by 30%.
The original value of work-in-progress 1s @ 000 yuan, the inventory is reduced by

0

50x30% = 150,000 yuan, and the capital c?@/is. saved by 15x10% = 15,000
/0

yuan/year. @
>

Due to the improvement of quality stability, the %y inventory can be
appropriately reduced. The original safety inventory is 300,000 Y the inventory is
reduced by 30%x20% = 60,000 yuan, and the capital cost is saved by\é@% = 6,000
yuan/year. Inventory benefit subtotal Binventory = 1.5 + 0.6 = 21,000 yuan/@é

Evaluation of flexibility benefits. When switching products in the tradit/iggl
way, the fixture replacement time 1s 2 hours, the program debugging time is 4 hours,
the first trial production time is 2 hours, the total switching time is 8 hours, and the
switching cost is 8x500 = 4000 yuan/time.

When switching products in the automated way, the program call time is 0.5
hours, the clamp adjustment time is 1 hour, the parameter verification time is 1 hour,

the total switching time is 2.5 hours, and the switching cost is 2.5x500 =
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;,@50 (yuan/time). Assuming that the number of annual switching times is 20 times,

the ility benefit Bflexibility = (4000 - 1250)x20 = 55,000 (yuan/year).
5.3 Theo'l%)l analysis of investment return
%
Classic investment @rurn rate calculation. Net present value (NPV) is an
important indicator for eval@?&g the investment benefits of a project. The
calculation formula is %

R

NPV = X[CFt t] - 10, 5.8

[ % ]@ (5.8)
where, CFt is the cash flow in the tth year, r is th? @nt rate (10% for this

project), and 10 is the initial investment. ’s’o

The annual benefit summary includes labor cost savings of 19%yuan/year,
capacity improvement benefits of 2,342,400 yuan/year, quality improvemen@gteﬁts
of 45,400 yuan/year, inventory optimization benefits of 21,000 yuan/year,/slasd
flexibility benefits of 55,000 yuan/year. The total annual benefit 1s 2,658,800
yuan/year.

The annual cost increase includes energy cost of 40,800 yuan/year, material cost
of 35,000 yuan/year, maintenance cost of 187,400 yuan/year, equipment depreciation
of 309.4+10 = 309,400 yuan/year, and the total annual cost is 572,600 yuan/year.

The investment analysis parameters are determined as follows: the discount rate

refers to the benchmark loan interest rate of financial institutions issued by the
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O@Ople's Bank of China plus the risk premium, which is 10%, considering the risk
fact manufacturing projects of 1.25, and the average inflation rate of 3% in the
past ﬁvj—lsears has been included in the nominal discount rate; the equipment
depreciation ﬁ% 1s 10 years, referring to the depreciation period of machinery and
equipment in the {;@}gise Income Tax Law Implementation Regulations", using
the straight-line method f@dgreciation, the residual value rate is 5%, and the annual
depreciation amount is (309.4G}09.4><5%)+10 = 293,900 yuan/year; the corporate
Income tax rate is 25%, and the V&lh@éied tax is 13% (in the cash flow analysis, it
1s treated as price-tax separation). )%0
Cash inflow includes increased sales rex?@a/ Ctzased on increased production
capacity of 29,280 pieces/year x 200 yuan/piece = g@,OOO yuan/year = 5,856,000
yuan/year) and cost savings (labor cost savings of 195,0%an/year + other cost
savings of 123,900 yuan/year); cash outflow includes addit% operating costs
(energy 40,800 yuan/year + materials 35,000 yuan/year + main%e 187,400
yuan/year) and income tax impact (calculated at 25% of incremental proﬁf%Q
Annual net cash inflow is 2,658,800 yuan (total benefits), annual net?gﬁh
outflow is 263,200 yuan (new costs, excluding depreciation), annual net cash flow ;9
2,658,800 yuan - 263,200 yuan = 2,395,600 yuan/year.
5.3.2 Dynamic Investment Return Analysis
The internal rate of return (IRR) is the discount rate that makes NPV = 0, which
is solved by trial calculation. When IRR = 73.4%, NPV = 0 (obtained through
professional financial calculation software or multiple trial calculations). This internal

rate of return is much higher than the industry benchmark rate of return, indicating
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%at the project has a strong ability in capital appreciation and is very attractive to

inves%.
Stzgl—eﬁnvestment payback period Pp = 10/NCF = 309.4/239.56 = 1.29 years
(here NCF is't?Unnual net cash flow). Considering the time value of money, the
dynamic paybackgo}é@}d needs to be calculated by discounting the annual cash flow
according to the discount@te. The dynamic payback period is calculated to be about
1.65 years (calculation process@)k:ulate the discounted value of the annual net cash
flow year by year and accumulate it% the accumulated present value exceeds the
initial investment of 3.094 million yuan, ar%w dynamic payback period is obtained).
Short static and dynamic investment recoveQ@r/ip‘ds mean that enterprises can
recover their initial investment in a shorter period of@e, with fast capital turnover
and relatively low investment risk. @ é

When conducting sensitivity analysis, set the parameter c%e range: product
price £10% (RMB 160-220/unit, based on historical market ﬂ\\{@ion data),
equipment cost £20% (RMB 2.475-3.713 million, considering technologlca@égress
and exchange rate changes), labor cost +15% (based on the wage growth trend é’jﬁg
past 5 years), maintenance cost +25% (considering differences in technology maturit;9
and supplier service levels).

Analyze the impact of key parameters on NPV. When the product price changes
by £10%, the price increases by 10%, NPV = 3.9221 million yuan; the price
decreases by 10%, NPV = 1.0037 million yuan. When the equipment cost changes by

+20%, the cost decreases by 20%, and the NPV = 3.4109 million yuan; when the cost

increases by 20%, the NPV = 2.1789 million yuan. When the labor cost changes by
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;,@1 5%, the labor cost increases by 15%, and the NPV = 2.5343 million yuan; when

the 1B}y cost decreases by 15%, the NPV = 2.8631 million yuan.

Calcula‘;!:sz sensitivity coefficient S = (NPV change rate)/(parameter change rate),

the results are%own in Table 5.2.

Table 5.2 - The resu@of calculation of key parameters on NPV

Parameter
Product Price

Product Price

Equipment Cost

Equipment Cost

tabor Cost

Labor Cost

Maintenance

Cost

Maintenance
Cost

Parameter Change

Rate

+10%

-10%

+20%

-20%

+15%

-16%

+25%

-25%

@ Sensitivity Coefficient
»nge Rate {8)

(39220 1/318.5 = +23.14% 2.314
(100.37 - I% = ~G8.49% ~6.849
{217.89 ~ 318.5)/818;@0% -1.568
{341.09 - 318.5)/3185 = +7.@ 0.3545

(263.43 - 318.5)/318.6 = -20.42% Q/O.‘ ~1.361

(286.31 - 318.5)/318.5 = ~10.11% / -0.674
{Calculatior: First calculate new cost 18.74 x (1@ Calculsted Result
25%) = 2.3425 million RMB/year, then compute NP\%

NPV change rate = (NPV, - 318.5)/318.5)

{Caleulation: First calculate new cost 18.74 « (1 - Ca@suu

26%} = 1.4055 million RMB/year, then compute NPV,.

NPV change rate = (NPV, - 318.5}/318.5) O@

L

Sensitivity Rank

1
1

2

&

From the sensitivity coefficient, it can be seen that the product price @;s}he

most significant impact on NPV, and its absolute value of the sensitivity coefficient 59

the largest. This shows that the fluctuation of product prices has the greatest impact

on the economic benefits of the project. During the implementation of the project, it

1s necessary to pay close attention to market price trends and formulate reasonable

pricing strategies. Changes in equipment costs and labor costs also have a certain

impact on NPV, which are secondary sensitive factors. Enterprises should focus on

these two items when controlling costs. The sensitivity of maintenance costs is
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%la‘[ively low, but it cannot be ignored. It is necessary to reasonably plan
maim%nce costs during the project operation.
Ris’l\l—/gtssessment. Monte Carlo simulation analysis i1s carried out, and the
parameter dis'%ion assumptions are: product price normal distribution N (200,
7
20%), equipment cos@angular distribution T (280, 309.4, 340), annual output normal
distribution N (41912, 5@). After 10,000 simulations, the results are: NPV mean
3.185 million yuan, NPV stand%)deviation 1.024 million yuan.
NPV>0 probability 96.8%. The%er NPV mean and the greater probability of
NPV>0 indicate that the project has a goo%oﬁt prospect overall, but the standard
deviation of 1.024 million yuan also shows %‘hg project has a certain risk of
//.
income fluctuation. @
Considering the project risk, the discount rate is adj\@éto 15%. At this time,
NPV (15%) = NPV (15%) = 239.56 x (P/A, 15%, 10) - 30 querying the
annuity present value coefficient table (P/A, 15%, 10) = 5.019, it c%calculated
that NPV (15%) = 239.56 x 5.019 - 309.4 = 9.9315 million yuan. After fﬁ@§ount
rate is increased, the NPV value drops significantly, which means that as the prﬂ%@
risk increases, its profitability is greatly affected, which further shows that the project
1s more sensitive to the cost of funds. In actual investment decisions, it is necessary to
fully consider the potential impact of market interest rate fluctuations, difficulty in

obtaining funds and other factors on project returns, and reasonably assess project

risks.
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% 5.4 Comprehensive benefit evaluation

0

Fr;\l;sbe perspective of traditional financial indicators, this project shows good
economic fea‘?@y The net present value (NPV) is about 3.185 million yuan at a
discount rate of lo%dlcatmg that the project can bring positive economic benefits
to the company througho@ts life cycle and has a high investment value. The internal
rate of return (IRR) is abo&Q}lA%, which is much higher than the industry
benchmark rate of return, which meeﬂ%at the project has a strong ability to increase
the value of funds and is very attractive %&cially. The static investment payback
period is about 1.29 years, and the dynamic in%u)e;lt payback period is about 1.65
years. The payback period is short, and the co/% can recover the initial
investment in a short time. The capital turnover efﬁciency%gh, which effectively
reduces the investment risk. These indicators show that the pﬁ’@t has significant
financial profitability and risk resistance, and has a positive effect o company's

financial situation. 'PGQ
Further scenario analysis of financial benefits, considering factors su%
market demand fluctuations and changes in raw material prices, and constructing
different scenario assumptions. In the optimistic scenario of a 10% increase in market
demand, combined with the possible upward space of product prices, the net present
value and internal rate of return of the project are recalculated, and it is found that
NPV is expected to increase to more than 4 million yuan, and IRR will also increase

to about 80% accordingly; in the pessimistic scenario of a 10% decrease in market

demand, through cost control and efficiency improvement measures, NPV can still be
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%aintained at about 2 million yuan, and IRR remains above 50%, which further
veri he stability of the project's financial benefits and risk resistance.

Fro‘\t&the perspective of corporate strategy, the automated processing
workstation p@@ /is of great significance. At the technical level, the introduction of
advanced CAD/CA%}EtemS, industrial robots and automation equipment will
promote the transforma@l of enterprises to intelligent manufacturing, enhance
technological competitiveness,Q}N help enterprises gain a foothold in the field of
high-end manufacturing and expan%ir market share. For example, automated
processing can enable enterprises to und §e high-precision and complex orders
and enhance their brand image. In terms o§@dqction management, automated

//.
production improves efficiency and quality stabilit)@duces manual dependence,
reduces production risks, and is conducive to enterprises to%ﬂish standardized and
normalized production processes. With the help of equipment é’@'sion control and
data collection functions, real-time monitoring and optimization oﬁ%oroduction
process can be achieved, and the accuracy and flexibility of production 13‘21#@ n be
enhanced. In addition, the implementation of the project enhances the ﬂe/x%g
production capacity of enterprises, enabling them to quickly respond to changes in
market demand, meet the diverse needs of customers, improve customer satisfaction,
and consolidate cooperative relationships. Taking the example of a company in the
same industry whose market share increased by 15% and customer complaint rate
decreased by 50% after automation upgrade, the feasibility and importance of the

strategic benefits of the project are fully demonstrated.
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% This project has made significant contributions in terms of social benefits. In
ter éf optimizing the employment structure, although automated production
reduces‘!l:s/demand for traditional front-line workers, it has created new positions
such as auto@ equipment maintenance technicians. Through targeted skills
training and re-edu@n projects, it helps traditional workers transform, promotes
the transformation of theQnéloyment structure to high-skilled types, and promotes
the improvement of regional l@g)\quality. In terms of driving industrial upgrading,
the project provides a demonstrat éor the industry. Its automated processing
technology and management model can é‘ﬁeplicated and promoted, promote the
application of advanced manufacturing tech?@y“ promote the intelligent and
automated upgrading of the machinery manufacturﬁ@ldustry, enhance the overall
competitiveness of the industry, form an industrial agglom@ cffect, and drive the
high-quality development of the regional economy. In addition, %ﬂted production
improves resource utilization efficiency, reduces scrap rate, and red\\@nergy and
raw material consumption, which is in line with the concept of Sl%nable
development. Comparing the data before and after the implementation of the prg?og,
it can be seen that it has achieved significant results in energy conservation and
emission reduction. It is estimated that this project can drive the creation of 50-80
high-skilled jobs in the surrounding area, promote the production efficiency of the
regional machinery manufacturing industry to increase by 10-15%, reduce energy
consumption by 15-20%, and reduce waste emissions by 10-15%, contributing to the

sustainable development of the region.
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Q
% To further improve the project benefits, measures can be taken from three
aspeo% technological innovation and cost control, equipment management and
mainten;‘:& optimization, and market expansion and product upgrades. In terms of
technological‘%vation and cost control, attention should be paid to industry
/\ .
technology trends, a/&}new materials and advanced manufacturing processes should
be introduced, such as e@)ring high-performance, low-cost composite materials to
replace traditional materials, dQ;)éging efficient cutting processes, and using digital
simulation technology to optimize%écessing processes to improve production
efficiency and product quality; in terms o Lgipment management and maintenance
optimization, an equipment life cycle managen%@‘tem should be established, and
7
the Internet of Things and big data technologies should@: used to monitor equipment
operation and predict failures, and preventive mainten@éstrategies should be
adopted. Cooperation with suppliers should be strengthened t(ﬁ’ ce maintenance
costs and ensure production continuity and stability; in terms of ma%expansion
and product upgrades, market research should be strengthened, product fune®§ and
performance should be adjusted according to market feedback, high Value-aé'dgd
products should be launched, new markets should be opened up, and customized
products should be developed through market segmentation and precision marketing
to improve customer satisfaction and loyalty; in addition, a detailed implementation
plan and timetable should be formulated, goals and tasks should be clarified, an
evaluation indicator system should be established, and the effects of adjustments and

improvements should be regularly evaluated to ensure that various measures are

implemented and effective.
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%@ 5.5 Summary of this chapter

0

Ba@n the theory of life cycle cost, this chapter constructs a cost analysis
model for aﬁQ@/tfd workstations, covering cost elements such as equipment
investment, operat@ and maintenance, and performs detailed calculations on
various costs. By compa@ traditional production methods, the project benefits are
predicted from aspects suc§)€ production efficiency improvement, quality
improvement, inventory cost reduc@@and flexible production, and the economic
benefits of the project are quantitatively %yzed. The investment value and risk
level of the project are comprehensively evaluz%}si;}g methods such as classic ROI
calculation, dynamic ROI analysis, sensitivity anrﬁy@ and risk assessment. The
results show that the project has strong financial proﬁta%and a short payback
period, and also makes positive contributions in strategic and so@lghbenefits. Finally,
suggestions for improvement are put forward, which provide a reii( ce for the
implementation and optimization of the project. Overall, this project is Tg@§ and

sustainable at the economic level, and is of great significance to the developme/%f

enterprises and industries.
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’% CONCLUSIONS

Thd—lga]dy was carried out around the "Mandrel" parts and achieved many
results: a cor%ensive analysis of the parts and optimization of the processing
o
route, the developed&ocess route is scientific and reasonable, and can ensure the
processing accuracy and Qcienoy; a special fixture is designed for the milling plane
process, and after accuracy VQﬁcation and performance optimization, it provides
reliable clamping guarantee for p@éion machining; a theoretical system for
measuring tool selection is established, 4& measurement error is analyzed and

v,

effectively controlled, and technical supp%s.. provided for high-precision
//.

measurement; an automated processing workstation @esigned based on industrial
robot technology to complete a number of key tasks, imp@céproduction efficiency
and quality stability, and realize automation functions; a co{}'@alysis model is
constructed to predict project benefits, evaluate investment value a%s, and the
results show that the project has strong economic feasibility and has s1r} ic and
social benefits. In terms of theoretical contribution, methodological innovati%;
achieved, multiple theoretical models are constructed, and technical integration
innovation is carried out.

In terms of application value, the results are applied to parts production, have

engineering practical value, and related technologies can be promoted and used for

talent training.
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% Research prospects suggest that in the future, it can develop in the direction of

intellf@ant and flexible technology, and expand its application to other parts

manufag% fields and international markets.
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L] No 31gns of plagiarism, fabrication, or fals% ion were found in the work, but the
excessive number of text borrowings and/or esence of typical calculations do
not allow a decision to be made about the o a'llity and independence of its
execution. Send the work for revision.

[! Signs of plagiarism and/or text manipulation were founo%ag work as attempts to

hide plagiarism, fabrication, or falsification, which contradi he requirements of
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