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MECHATRONIC DEVICE FOR TWO-STAGE CLAMPING OF
CYLINDRICAL OBJECTS IN MACHINE TOOL SPINDLES
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The design of an electromechanical device for fixing cylindrical objects in the spindle units of technological
equipment is presented. The new two-stage concept of the clamping process with a separated first stage is
developed. The design of the presented mechanism provides advanced capabilities for control and regulation of its
operating characteristics. The control system with the possibility of carrying out the first stage of clamping in
automatic mode and without connecting to the upper-level control system in a technological machine is proposed.
The involvement of electrical devices for the conversion and transmission of energy instead of their mechanical
analogues is used as one of the promising ways to increase the performance efficiency of machine units. It helps to
simplify and expand control capabilities, as well as reduce energy losses during intermediate transformations. The
absence of mechanical energy converters in the proposed structure helps to reduce energy losses on intermediate
transformations. The simplicity of the design expands the possibilities of integration of the proposed clamping
mechanism into the structure of both new and existing technological machines in order to modernize it. This allows
to achieve technical results, such as an expansion of the metalworking machines functionality, increase the level of
automation of the clamping process and the accuracy of clamping objects in spindle units. The task is achieved by
equipping the jaw of the clamping chuck with a special mechanism for identifying the presence of the object for
clamping. For this goal, the clamping jaw is equipped with a probe that is capable of simultaneous force interaction
with the object and the plunger. The plunger is rigidly attached to the magnetic element whose magnetic field has
the possibility to interact with the magnetic field sensor. The sensor transmits its electrical signals to the control
system of the device. The research results are aimed at meeting the requirements for effective control of clamping
mechanisms with the possibility of automatic operation according to a preset algorithm for maintenance of optimal
characteristics of a clamping process and a wide range of optional settings.
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Introduction

Under the modern trends in machine tool constructions and the creation of industrial robots, the share of
mechatronic modules is increasing. The modules comprise not only electromechanical units but also the final
control element of the technological machine. Using mechatronic modules, which have a number of advantages
over their functional counterparts, allows performing some movements of output links independently without
connection to the main control system of the technological machine [5, 6]. Such a feature can help to increase
mechatronic modules autonomy, simplify communication between the modules and the central control device,
facilitate the implementation of wireless communications, computer diagnostics, protection, collection of
information for comprehensive assessment of a current state of equipment parameters, etc. To use electrical
devices for the conversion and transmission of energy instead of their mechanical analogues is one of the
promising ways to increase the performance efficiency of machine units. It helps to simplify and expand
control capabilities as well as reduce energy losses during intermediate transformations [8, 9].

The possibility of applying the maximum cutting modes (depth, feed, speed), and consequently, getting
high productivity and quality of machining on metalworking machines depends on the parameters of fixation
of workpieces and tools in spindle units. However, the reliable restraint of the workpieces and tools from
displacements under the cutting forces is no longer a sufficient condition. The requirements for effective
control of clamping mechanisms (CM) with the possibility of automatic operation according to a preset
algorithm for maintenance of optimal characteristics of a clamping process and a wide range of optional
settings are relevant. The properties of objects for clamping, such as physical and mechanical characteristics
of their materials, features of a design (thin-walled), accuracy requirements to etc should be considered for
providing effective settings for CM operation. It is also important that CM operation does not cause distortions
in the spindle unit work.

Constantly growing requirements to the efficiency of metalworking machines are forcing the improvement
of the performance of spindle units and their characteristics, such as high rotation speed, vibration resistance,
reliability, ease of integration into the structure of new and existing machines. The design and performance of
CM as a subsystem of the spindle assembly also determine many of its characteristics. In particular, the
suitability of spindle assemblies for high precision balancing (absence of radially movable elements), keeping
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of CM efficiency at high frequencies (absence of influence of centrifugal forces on energy transfer and
conversion in the mechanism), energy supply methods for CM etc are important.

The purpose of the research is to improve the device for clamping cylindrical objects in the spindle
assemblies of machines by implementing an additional subsystem to separate the stage of pre-clamping object
for fixation and the possibility of automatic clamping when installing the object in the clamping chuck.

Review of designs of the existing mechanisms

There are several designs of electromechanical devices for clamping objects in the machine tools spindle
units. There is a device for clamping rod stocks [1]. In the design of the device, a clamping chuck is mounted
on the spindle and attached to the drawtube (drawbar made in the form of a tube) which is connected with a
movable drive sleeve and is able to interact with the part of the actuator made as an electric motor. The rotor
of the electric motor is mounted on a spindle and is capable of simultaneous force interaction with both, the
driving plug and the spindle. The stator of the electric motor is attached to a machine body. The disadvantage
of this CM is the relatively high complexity of accurate control of magnitude of clamping force and reduction
of the reliability of work (holding the clamped state) when the surfaces of the screw transmission-amplifying
mechanism are contaminated.

There is also a CM for clamping rod stocks on a multi-spindle lathe [2], which contains a drive for turning
the adjusting nut that is made as an electric motor with a reducer which is connected via feedback to the device
for measuring the diameter of the rod stocks. The device also includes the camshaft with cams for controlling
the clamp and the feed of the rod stocks, lever gears, and the adjusting nut mounted on the drawtube that
transmit draw force to the collets placed in the spindles. The device for the measuring rod is equipped with its
drive, the rod and the slider of the rod stack feeder are equipped with stops and the limit switches placed on
the body. The disadvantage of the CM is the complexity of the design.

There is a device for clamping workpieces in form of rod stocks material [3]. It contains a spindle in which
the collet is placed and connected to the drawtube which is carrying a movable drive sleeve. The drive sleeve
is fixed to the disk, which is the armature of the electromagnet, the coil of which is mounted on the spindle
body. Between the coil and the disk there is a return spring. The disadvantage of the device for clamping rod
stocks is that it does not provide for reliable fixation of the rods with large diameter deviations because the
clamping force is not stable. The magnitude of the force depends on the deviation of workpiece diameter
because it is determined by the proximity of the armature to the magnet coil.

One of the most promising devices is the one for clamping rod stocks [4]. It is located on the spindle and is
equipped with a translational motor. The motor stator is rigidly connected to the spindle body and contains a
set of electromagnets that have the possibility of step-by-step electromagnetic interaction with the
electromagnets mounted on the motor armature and powered by a generator. The rotor of the generator is fixed
on the spindle and its stator is rigidly connected with a spindle body. The clamping chuck is located on the
front part of the spindle and has the possibility of force interaction with the armature of the motor through the
drawtube and a movable drive sleeve.

All the above devices have the following significant disadvantages [7]:

— clamping in one stage accompanied by a rapid movement of the clamping jaws as a result of the action
of large efforts at the stage of backlash elimination (without counteracts) which leads to their sharp collisions
with the object for fixation and, as a consequence, its oscillations and deterioration of the conditions for precise
positioning;

— the absence of a stage of pre-clamping with a force that keeps the object for fixation from falling out
(including the vertical position of the spindle) that allows to correct its position, including manually by the
operator;

—the inability to identify the occurrence of the object in the chuck to perform the first stage of the clamping
process (backlash elimination) automatically in order to reduce the duration of the main clamping stage (to
create a nominal force) which is carried out before machining to keep the object of fixation from movement
under the action of cutting forces;

— there is a need to keep the object of fixation in the clamping zone while making command for clamping
or until the command to clamp comes from the CNC system.

Development of the new design of the mechanism for clamping workpieces and tools
in spindle units of machines

In accordance with the set task there had been developed the new design of the CM. The device (Fig. 1)
contains a rotor 2 which moves in the axial direction and is mounted on a spindle, as well as electromagnets 3
placed on the rotor’s surface. They can interact electromagnetically with the electromagnets 5 mounted on the
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stator 4. Electromagnets 5 are connected to the electrical system through connectors 6. Stator 4 is rigidly
attached to body 7 and rotor 2 has the possibility of force interaction with drawtube 8 through screw 9, screwed
on it, and a disk 10. It provides for the transmission of the axial force to chuck 11 which is rigidly attached to
drawtube 8. Rotor 12 of the electric generator is also located on spindle 1. Electric coils 13 are placed on the
surface of rotor 12, included in the electric circuit of electromagnets 3 and can interact electromagnetically
with electric coils 15 placed on stator 14. Stator 14 is rigidly fixed on body 7 and electric coils 15 are supplied
with energy through connectors 16. Clamping jaw 17 (Fig. 2) is equipped with hole 18 in which probe 19 is
installed. Probe 19 in the form of a ball is capable of simultaneous force interaction with object for clamping
20 (shown by dot-dash line) and the conical surface of cylindrical plunger 21. The end of the plunger 21 is
equipped with magnetic element 22 and has the possibility of force interaction with spring 23. The other end
of spring 23 is fixed relatively to clamping jaw 17 by screwed plug 24. On the surface of plug 24 magnetic
field sensor 25 which has the possibility of magnetic interaction with magnetic element 22 and is connected
via connector 26 to control system unit 27 is rigidly fixed (Fig. 1). Unit 27 is a part of the control system with
the electric circuit formed by electromagnets 3 and electric coils 13. Control system unit 27 comprises the set
of data storage, data comparison and relay element or their functional analogue implemented on the basis of a
microcontroller. As the sensor of a magnetic field the Hall sensor, which is embodied in the small-sized liquid-
proof case with the overall dimensions within 3-4 mm can be used.
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Fig. 1. Clamping mechanism with electric actuator for machine tool spindles

The proposed device operates as follows. At the initial state, the device is waiting for an object to clamp
with the wide-opened clamping jaws 17 (Fig. 2). Probe 19 is in the position when its surface protrudes as much
as possible above the surface of clamping jaw 17. Inserting object for clamping 20 in the chuck causes probe
19 to move by the value of t which also leads to its simultaneous force interaction with the surfaces of hole 18
and plunger 21. There is a movement of plunger 21, which is larger than the value t due to the presence of an
angle formed by the shaped part of the surface of plunger 21 and the surface of hole 18 with which probe 19
is in interaction. This causes the motion of magnetic element 22 to magnetic field sensor 25. That determines
the change in the characteristics of the sensor's signal, which is transmitted through connector 26 to the input
of control unit 27. Control unit 27 generates an output signal according to the settings, which leads to changes
in characteristics of the electric circuit of electromagnets 3 and electric coils 13. This causes the generation of
current in electric coils 13 under the action of the magnetic field created by electric coils 15, and, as a result,
the appearance of a magnetic field around electromagnets 3. The interaction of the magnetic field of
electromagnets 3 with electromagnets 5 is the reason for the axial movement of rotor 2. It also causes the axial
movement of disk 10, nut 9, drawtube 8 and clamping collet 11, which provides clamping of object 20 due to
the convergence of the clamping jaws 17. The translational movement of rotor 2 stops when the required
magnitude of clamping force is reached and the counteraction of its axial movement is increased. The
magnitude of the pre-clamping force is determined by the characteristics of the supply current of
electromagnets 5 and electrical coils 15. The current is supplied respectively through connectors 6 and 16 and
corresponds to the settings of the control system for standby mode. The clamping force is increased to the
nominal value required to keep the object under the action of cutting forces by changing the characteristics of
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the supply current on connectors 6 and 16. This happens following the command of the machine tool control
system or by the operator before machining.
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Fig. 2. Fragment of the clamping jaw of the collet

To perform the unclamping, connectors 6 should be supplied with current the characteristics of which
determine the movement of rotor 2 in the opposite direction compared to the clamping process. This also
causes disk 10, nut 9, drawtube 8 and chuck 11 to move in the opposite direction comparatively to the clamping
process. Clamping jaws 17 move to open position which causes the release of clamped object 20 and the
termination of its force interaction with probe 19. Probe 19 and plunger 21 take the initial position under the
force of spring 23. It causes distancing of the magnetic element from magnetic field sensor 25 and the signal
change at the input of control system unit 27.

The structure of control system unit 27 (Fig. 3) of the proposed CM contains two-level data storage 28, data
comparison device 29 and relay element 30 with a logic output. Before object 20 is inserted in the hole of the
chuck, the current value of the signal L, from magnetic field sensor 25 (Fig. 2) is transmitted through the

connector 26 to two-level data storage 28 (Fig. 3) and recorded at its lower level. When an object for clamping
is inserted into the clamping chuck its interaction with probe 19 leads to the active movement of magnetic
element 22 to sensor 25. This changes the magnetic flux through sensor 25 and the level of its output signal to
L
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Fig. 3. The structure of the control system unit

Simultaneously with the control signal for the drive motor CM the value L, is rewritten at data storage

device 28 from its lower level to the upper and transmitted to comparison device 29, where it is compared with
the current input value L, , of the magnetic field sensor 25. Then, the level of current output signal L, is

written to the lower level of storage device 28. In comparison device 29 determines the result the dependence
AL =L, — L. The result of the calculation in comparison device 29 AL, is transmitted to the input of relay

element 30 that has a logical output with a nonlinear static characteristic of the function of AL, L=f (ALi )
That is, the signal L takes discrete values 0 or 1 in cases where AL, <Sand AL, > &, respectively, where & is

a characteristic of the minimum value of the signal at which relay control element 30 is triggered. The value
of & issetas necessary and sufficient for identification of the presence in the chuck of objects with appropriate
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diameter for clamping with the nominal characteristics in a certain type of CM. A discrete logic level signal is
generated at the output of relay element 30, indicating the presence (absence) of the object for clamping in the
chuck and the presence (absence) of gaps between the clamping jaws and the object. This determines the
operation of control system unit 27 in relation to the algorithm for switching on electromagnetic windings 3
and 5 (Fig. 1) of the electric drive CM. Completion of the process of the gaps elimination between the object
for clamping and the clamping jaws is marked by stopping the movement of probe 19 and, consequently,
reaching the state of AL, <¢&. In this state, the positioning and holding of the object with the possibility of its

position correction and removal with little effort are ensured. Simultaneously with the command for
unclamping the object, the values of the signal recorded in the two-level storage device 28 is reset.

Conclusions

The proposed design of the CM allows to implement the concept of a two-stage process of clamping objects
in the spindle units of technological equipment and achieve adaptability of the first stage of fixation with a
predetermined amount of clamping force required. The design also provides for more control and adjustment
of the clamping force. This improves the ability to set more optimal conditions for certain work characteristics
of the CM operation. The design of the proposed mechanism does not contain movable elements in the radial
direction, which determines the possibility of its high-precision balancing and operation as part of high-speed
spindle assemblies. The supply of input energy of the CM is provided in a non-contact way due to
electromagnetic interaction. This allows control of the CM operation when the spindle rotates and reduces the
possibility of disturbing effects on the stability of spindle positioning.
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MexaTpoHHMIA NPUCTPIH AJ1s1 ABOXETAINMHOI0 3aTUCKY HMJIIHAPUYHHUX 00'€KTIB y
IINMHAEJbHUX By3JIaX BepcTara

Jlyupkuii HalllOHAJIBHUI TEXHIYHUN YHIBEPCUTET

lMpedcmasieHo KOHCMPYKUito ennekmpomMexaHiqHo20 Mpucmpoto 0515 3aKpinneHHs YumiHOpu4YHUX npedmemis y WnuHOenbHUX
8y3r1ax mexHosio2iyHo2o obnadHaHHs. Po3pobrieHo Hogy d8ocmyrieHes8y KOHUEenuito 3amucKHO20 rpouecy 3 8i00KpPeMIIeHO
nepwoto cmadiero. KoHcmpykuis npedcmasnieHo20 MexaHi3aMy 3abesredye po3WUpeHi MOXIueocmi yrpaeniHHsa ma
peaynosaHHs lio2o poboyux xapakmepucmuk. 3anporoHogaHa cucmema yrnpaesniHHs 3 MOXI/UGICmIo posedeHHs rnepuwoeo
emary 3amucKy 6 asmoMamuyHoOMy pexumi ma 6e3 niokrYeHHs 0o cucmemu yrpassiiHHA 8epXHbO20 PIBHSI 8 MEXHOMOoIYHIl
MawuHi. 3anydyeHHs eflekKmpuyHUX fpucmpoig Onisl rnepemeopeHHs ma rnepedadi eHepeaii 3amicmpb iX MexaHiYHUX aHasozie
8uUKOpUCMOBYEMbLCS SIK O0UH i3 repcriekmueHux criocobie nidsuuweHHs1 egpekmusHocmi pobomu MawuHHUX azgpezamis. Lle
doromazae crpocmumu ma po3wWupumu MOXIIUBOCMI yrpassliHHS, @ MakKoX 3MeHWUmu empamu eHepeil Mid yac MpoMiKHUX
riepemeopeHb. BidcymHicmb mMexaHiyHUX repemeoptosadie eHepail y 3arpornoHo8aHil cmpyKmypi cripusie 3MeHWeHHIo empam
eHepeii Ha rnpoMixHi rnepemeopeHHsi. [lpocmoma KOHCMPYKUii pO3WUPOE MOXIU8OCMI iHMeepauii 3anpornoHo8aHo20
3amUCKHO20 MeXaHi3My 8 CmpyKmypy sIK HOBUX, Mak i iCHyRYUX MEexXHOI02iYHUX MawuH 3 Memoto (io2o mModepHizauil. Lle
0o3g0s19€ 00CA2MU MEXHIYHUX pe3ynbmamie, makux SIK pO3WUPeHHs] (DYHKUIOHaNbHUX Moxnueocmel memarnioobpobHUX
sepcmamis, nid8UWEHHST PigHS asmomamu3auii npouecy 3amucky ma MmOYHOCMIi 3amucCKaHHSI npedmemis y WnuUHOeTbHUX
8y3rnax. 3ae0aHHs 00csi2aembCs OCHaWEHHSIM 3amUCKHO20 efleMeHmasamucKHO20 nampoHa creuyiaribHUM MexaHismom Ons
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8usienieHHs npucymHocmi npedmema 0ns 3amucky. [ns uiei memu 3amuckHull enemeHm obnadHaHul 30HOOM, KUl 30amHuli
00HoYacHo e3aemoldismu 3 npedmemom Ornsi 3amucKy ma nnyHxepom. [nyHxep XOpcmko npukpinneHut 00 MazHImHo20
efleMeHma, MagHimHe rosie SKo20 Mae MOXugicmb 83aeMo0ii 3 0amyukoMm MazHimHoz2o mnossa. Jam4yuk nepedae ceoi
efleKmpUYHi cuz2Hanu e cucmemy ynpasersiHHs npunadom. Pesynbmamu 0ocnidxeHHs cripsiMosaHi Ha 3a0080reHHs1 sumMoea 00
egheKkmueHoe20 yrpasniHHs 3amuCKHUMU MeXaHi3Mamu 3 MOXIIugicmioo aemomamu4Hoi pobomu 3a 3adaHum aneopummom Ors
niOMpUMKU onMuMasbHUX Xapakmepucmuk npoyecy 3amucKkaHHsI ma wupokoeo Oiana3oHy 8ubipkosux HamawmyeaHsb.

KnroyosBi CﬂOBa:ﬂ,BOCTyI’IeHeBMVI 3aTUCK, LaHroBWIN naTpoH, cucrema yI'IpaBJ'IiHHﬂ, erieKTponpueoa, LWINUHAENbHUN By30-

Ipuoansnuii Bopuc Ieanoeuu — Kauj. TEXH. HAYK, JOUCHT Kadeapy MPUKIAIHOI MEXaHIKK Ta MeXaTpoHiku, e-mail:
b.prydalnyi@Ilutsk-ntu.com.ua.

b. . IIpe1aajabHbIi

MexanOHHOC YCTpOﬁCTBO A ABYXIOTAIMHOI0 3akMMa NUWINHAPHYCCKUX
00bEKTOB B INMAHACJIBbHBIX y3J1aX CTaAaHKa

Jlynkunii HallMOHANBHBINA TEXHUYECKUN YHUBEPCUTET

lpedcmasneHa KOHCMPYKUUSI 3MeKmpoMexaHu4eckoz2o ycmpolcmea 07 3aKkpernieHuss YunuHopudeckux rnpedmemos 8
wnuHOesbHbIX y3r1ax mexHorno2u4eckoz2o obopydosaHus. PaspabomaHa Hogasi 08yxamarHas KOHUenyus rnpouecca 3axuma ¢
omdernbHol nepeol cmaduel. KoHcmpykyusi npedcmasieHHo20 MexaHu3ma obecrieyusaem pacWUpPeHHble 803MOXHOCMU
KOHMpOssi U peeynuposaHusi e2o paboyux xapakmepucmuk. [lpednazaemcsi cucmema ynpasreHusi C 803MOXHOCMbIO
nposedeHuUsi Mep8o2o amarna 3axumMa 8 asmoMamuyeckoM pexume U 6e3 MoOKMoYeHUs] K cucmeme yrnpaeneHusi 8epxHego
YPOBHS 8 MexHoI02u4ecKol MawuHe. Mcronb3oeaHue anekmpuyeckux yecmpotlicme Onsi npeobpa3osaHusi u nepedayu sHepauu
8Mecmo UxX MexaHUYeCKUX aHasio208 UCrofib3yemcsi Kak OOUH U3 epcreKmueHbIX crnocobos nosbieHusi aghchekmusHocmu
pabombl azpezamos MaluH. Omo nomMozaem ynpocmumbs U pacluupumbs 803MOXHOCMU YIpaesieHusl, a makxe CHU3UMb
romepu 3Hepauu Npu MPoMexymoyHbIX rnpeobpa3sosaHusix. Omcymemeue e npednazaemoli KOHCmMpPyKyuu npeobpasosamernel
MexaHu4ecKol 3Hepauu r10380/15iem CHU3UMb omepu 3HepauuU Ha rPoMeXymoYHbie npespawieHust. [[pocmoma KoHcmpyKyuu
pacwupsiem 803MOXHOCMU UHMezapayuu rnpednazaeMoz0 3aXUMHO20 MexaHu3Ma 8 KOHCMPYKUUI KakK HOBbIX, mak U
Cywiecmesyouux MmMexHOM02UYEeCKUX CMaHKo8 C Uenblo e20 ModepHusayuu. 3mo ro3eosisem 00CcmuyYb MexHUYECKUX
pe3ynbmamos, makux Kak pacluupeHue (yHKUUOHaIIbHbIX 803MOXHOCMel Memaiioobpabamsiearolyux CmaHKos, MosbilieHue
YPOBHS asmoMamu3ayuu npoyecca 3axumMa U MmOoYyHOCMU 3akperseHusi npedMemos 8 wuHOenbHbIX y3nax. 3adaya
docmuzaemcsi 3a c4em OcHauwjeHusi eybKUu 3aXUMHO20 nampoHa crieyuarnbHbIM MexaHU3MoM Orisi orpedeneHusi Hanuqusi
obbekma 3axuma. [ns amozo 3axumHasi 2ybka ocHaweHa 30HOOM, criocobHbIM ocywecmernsimbs 0OHOBPEMEHHOE CUII080€e
e3aumodelicmeue ¢ 06beKMoM U MayHXepoM. [yHXep XecmKo MPpUKpernieH K MazHUMHOMY 3f1eMeHmy, MagHUmHoe rosne
KOmopo2o umeem B803MOXHOCMb 83aumodelicmgogamb € OGamyukoM MasHUmHoz2o nonsd. [amyuk nepedaem ceou
3/IeKmpuUYecKue cuzsHanbl 8 cucmemMy yrnpaeneHusi ycmpolicmeom. Pesynbmamel uccriedoeaHull HarnpaeneHbl Ha
ydosnemeopeHue mpebogaHuli K 3hheKmueHOMy  YrpaesieHUr 3aXUMHBLIMU — MexaHusMamMu C  803MOXHOCMbIO
asmomamudyeckoli pabomsl 1o 3a0aHHoOMYy anzopummy Orsi noddepxxaHusi ONMuUMarbHbIX Xapakmepucmuk rpoyecca 3axuma u
wupoKuM Habopom O0MOMHUMEbHBIX HACMPOEK.
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