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EKCIHEPUMEHTAJIBHE BUMIPIOBAHHA ’KOPCTKOCTI
MOJEJII TEKCAIIOJA

Peztome. Pospobneno moodenv cexcanoda i KOHCMPYKYIIO SUMIPIOBANILHO20 CMEHOd, 3aNnpONnOHOBAHO
MemOOUKy OnpayloeanHs pe3yibmamie GUMIPIOGANHA, WO O0360JAE BUSHAYUMU 6EKMOP Y3A2abHEHO20
NPYIUCHO20 nepemiujentss nIamgopmu 2excano0a npu HABAHMANCEHH] MaA JHCOPCMKICMb, NPUBEOEHY 00 MOUKU
HasawmaoicenHsa. Bcmanoeneno sanescnicms npusedenoi szcopcmrocmi 8i0 Noa0diceH s pyxomoi niamgopmu ma
KOOPOUHAM NPUKNAOEHHS HABAHMAIICEHHSL.

Knrwwuosi cnosa: mexanizm napanenvHoi CmpyKmypu, 2eKcanoo, npydlcHi nepemiujenus, npuseoeHa
JIcopcmKicme.

A. Kyrychenko

THE EXPERIMENTAL MEASUREMENT OF HEXAPOD STIFFNESS

The summary. The parallel machine tools stiffness is the most important as to their high accuracy and
performance. The hexapods stiffness is considered in the article, as the hexapod is one of the effective machine
tools for multiaxis processing.

The objective is to experimentally measure the elastic deformation of hexapod platform under loading
by the force, to determine the spatial stiffness depending on the position of the moving platform and loading
force, to calculate the reduced stiffness at the loading point.

The simplified hexapod model is developed and manufactured. The model consists of solid base and the
moving platform connected to the base with six variable length struts. Each strut consists of two telescopic tubes
with collet clamping device to lock its length.

The struts also have the universal joints at both ends. It is possible to change the platform position and
orientation arbitrarily within certain range by changing the struts length. Then the platform position can be
locked by tightening the collet clamps of each strut. The stiffness of each hexapod strut is measured and its
average value is calculated.

The measuring bench is designed to measure the solely displacement of platform caused by the struts
deformation and exclude the base deformation. With the manufactured equipment it is possible to apply the force
to the platform at an arbitrary direction and angle, to simulate the load on the different height of the platform,
from the top or the bottom of the platform. The force is created by the screw tensioner and measured with spring
force gage dynamometer. The 6x1 spatial force vector is calculated with the force value and its position within
the reference frame.

The platform displacement is measured by six gages placed around the platform in the particular order.
The procedure of experimental data analysis is developed to obtain the generalized spatial displacement from
the indicators readings and their position around the movable platform.

The 6x1 vector of spatial displacement is obtained for each load and the reduced stiffness is calculated.
The relations of elastic deformations from the platform position with the reference to the base and the force
position with the reference to the platform are obtained.

It is found that when the distance between the loading force and the platform is increased, the
longitudinal displacement of the platform center decreases, but the angular displacement increases. This testifies
that the longitudinal displacement at the load point is compensated by the displacement caused by the rotation of
the moving platform relatively to the center of stiffness.



MALUNHOBY/]YBAHHSI, ABTOMATH3ALjISI BUPOEHNLITBA TA [TPOLJECU MEXAHIYHOI O6POBKU

The measurements testified that the maximum stiffness is observed when the moving platform
approaches the base. The maximum stiffness is observed when the load is applied at 0.05 to 0.1 m from the joints
plane. In this case the stiffness approximately equals the strut stiffness.

Key words: parallel manipulator, hexapod, elastic deformation, reduced stiffness.

IMocranoBka mpodyemu. CydacHa MPOMHUCIIOBICTh NMOTPeOye HOBUX MIAXOJIB 0
CTBOPCHHS BEPCTATHOTO OOJaJHAHHSA JUIS BHCOKOIIBHJKICHOI OOpOOKH, OAHUM 13
HAWNEPCIIeKTUBHIIINX Cepell IKUX € Mo0yI0Ba BepCTaTiB Ha OCHOBI MEXaHI3MiB MapaelbHOl
cTpykTypu. Taki BepcTaTé MarOTh BUCOKY €HEPreTHUYHY €(DEKTHBHICTh Ta TIOPIBHSIHO HHU3bKY
METAJIOMICTKICTh, a 1X po0OYl OpraHu 3aBASKKM Majili Maci MOXYTb JOCATaTH BHUCOKUX
MIBUJIKOCTEH Ta TIPUCKOPEHb. Ba)UIMBUM 3aBOaHHSIM TIPH PO3POOJCHHI BEPCTATHOTO
oONaJHaHHA 3 MEXaHI3MaMHU TapalieIbHOI CTPYKTYpH € ITOCATHEHHS BUCOKOI >KOPCTKOCTI
poGoyoro oprana Ta MiHiMi3amii i BiIXUIEHb y pOO0YOMY IPOCTOPI.

AHaJi3 ocTaHHiX gocaimkensb i my6uikamiii. J[ns 6aratokoopauHaTHOI 0OPOOKHU €
JOLIJILHUM BHUKOPUCTaHHS BEpCTaTiB Ha OCHOBI MeEXaHi3My «rekcamnoa» (miatdopma
Crroapra-I'ayda) 3 mictbma cTymeHSMH BUIBHOCTI poOouoro oprana [1], mpocropoBa
KOPCTKICTh SIKOTO TpOaHai30BaHa TeopeTU4HO y [2, 3]. Pe3ynbratu excriepuMeHTaIbHUX
BUMIPIOBaHb JKOPCTKOCTI BEPCTATIB-TEKCAIO/IiB HaBEACHO Y [4, 5], MpoTe 3 OTPUMAHUX JIaHUX
HEMO>KJIMBO BUKIIOYUTH KOPCTKICTh CTAHMHH Ta 1HIIMX BY3JiB Ta BIJOKPEMUTH iH(OpMaIIio
Ipo JKOPCTKICTh MexaHi3My. Po3paxyHOK NpHBENEHOI KOPCTKOCTI poOodYoro oprana
rekcaroa [6], o Mae BeTMKe 3HAYCHHS JJIsi BU3HAYEHHS TOJI0KEHHS IHCTPYMEHTAa BiTHOCHO
pyxomoi miardopmu, moTpedye eKCrepUMEHTATBLHOTO MiATBEPIKCHHS.

Merta pobotu. ExcrnepuMeHTalbHE BHMIPIOBaHHS TNPYXKHHUX Aedopmariiii mozeni
reKcaro/ia Mpy HaBaHTAKEHHI CHJIOK, BH3HAYCHHS MPOCTOPOBOI KOPCTKOCTI 3aJIC)KHO Bij
TIOJIOXKCHHST PYyXOMOI TUIaT(GOPMHU Ta PO3MIIICHHS CHUJIOBOTO HABAHTAXXCHHS, BHU3HAYCHHS
NPUBEJICHOT 10 TOYKH HABaHTAXKEHHS )KOPCTKOCTI.

OcnHoBHa vacTtHHa. /[ EKCIEPUMEHTAIBHOTO BHUMIPIOBaHHS  IPOCTOPOBOT
KOPCTKOCTI pO3pOOJICHO MOAETh MEXaHi3My MapalelbHOi CTPYKTYPH «reKcamoiy Ta
nociigaui cTer (puc. 1). Mozens rekcaroma CKIaIaeThes 3 KOPCTKOI OCHOBHU 3 JTiaMeTPpOM
600 MM, sika 3a JOMOMOTOI0 IIECTH TEJIECKONIYHUX PO3CYBHHX IITaHT 4 peryiboBaHOl
JOBXXUHH IIApHIPHO 3’€aHaHa 3 pyxomoro miardopmoro 9. IloagiiiHi mapHipHi omopu 2,
IICHTUYHI JUISI OCHOBH Ta pPyXoMol IUIaT(GOpMH, BUKOHAHI 3a TPUHIUIIOM KapJAaHHUX
HIApHIPIB 3 JBOMAa CTYNEHSMHU BUIBHOCTI. B omopax BUKOpUCTaHI MiJIIMITHUKH TEPTA 3
KaIlpoJIOHOBUMU BTYJIKAMH, BCTaHOBJICHI 3 HaTsroM. Ko)kHa 31 mTaHr 4 CKIaJaeThesl 3 JIBOX
TEJECKOMIYHUX TPYO, AKI (PIKCYIOTHCS 3a JOMOMOIOI0 LIAHTOBOTO 3aTucKy. Oci MIapHipHHUX
OTIOp OCHOBH HaxWJjIeHi Ha 45° 110 TUIOMIMHU OCHOBHU 3a JIOTIOMOTOI0 KYTHHKIB, IO JI03BOJISIE
CYMICTUTH [iama3oH KyTiB TOBOPOTY OIOPH 3 HEOOXiJHUM Jialla30HOM TIOJIOXKEHb OCel
HITAHT MOJIEITI.
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Pucynok 1. Jlocimauii cTeH 7151 BUMIPIOBAaHHS KOPCTKOCTI MOJIEINI TeKcaroia
Figure 1. Bench for hexapod stiffness measurements

Mogens rekcanoja 3akpilljieHa Ha XOPCTKiM HepyxoMmid IumTi 1, Ha sKill Takox
BCTAaHOBJICHO KYTHHK 14 3 ymopHOw mmToro 13, mo mae 54 3armuOiieHHs 3 KpokoM 50 MM
JUId yHnopy HaBaHTaxyBaibHOro mnpuctporo 12. Ha pyxomiil miardpopmi 9 rekcanona
3aKpIIUICHO HWIIHAPUYHY onpaBKy 11, Ha AKiil BCTAaHOBJIEHO HaBaHTAXYBaJbHY MIaHKy 10 3
psanoM 3arnuOiieHb s YIOpY HaBaHTaXyBaJIbHOTO MPHUCTpPOr0 12, y S[KOCTI SIKOTO
BUKOPHUCTAaHO TBHUHTOBMH HaBaHTaxyBady, CyMilleHMd 3 auHamomerpoM J[OCM-3-0,5Y
(makcumanbae BumiproBane 3ycwuis 500 H). Ockinpku 1utanka 10 Moke pyxarucs Ta
o0epraTHcs HaBKOJIO OCi onmpaBku 11, 11e J03BOJIsI€ MPUKIIAAATH CHITY Y TIOUIHHI maTGopMu
MiJ] TOBUIBHUM KYTOM BiJIHOCHO OCi OIPaBKH, IMITYBaTH HAaBaHTAXCHHS Ha Pi3HIA BUCOTI BiJ
iatopMHu, 1o oci ado Ha BiJCTaHI Bif] OCi, 3BepXy a00 3HU3Y MmIaT(opmu.

BumMiptoBajibHe OCHallleHHS sBis€ CO0OI0 ONpaBKy 7 Uil PO3MILIEHHS IIECTH
BUMIPIOBAJIbHUX IIPUCTPOIB 8, 3aKpiIUIEHY Ha OCHOBI I'€Kcarlo/ia 3a JJ0OMOMOT'00 PEryIbOBaHOi
CTIMKHM 6, sika J103BOJISIE 3MIHIOBAaTH IOJIOKEHHS Ta OpPIEHTAIII0 ONpPAaBKH BIANOBIIHO 10
HOJIOKEHHS TUIATOPMH. Y SKOCTI BUMIPIOBAJIBHUX NPHUCTPOIB 8 BUKOPUCTAHO 1HIUKATOPU
roguaHuKOoBOro Ty MY-10 3 minoro moxinku 0,01 MM. 3aBAsKU pO3MINIEHHIO 1HIUKATOPIB
nepeMilieHb Ha )KOPCTKI OCHOBI TeKcaroia CTeH T J03BOJISIE BUKIIIOYUTH 3 BUMIPIOBaHHS yCi
OpY)XHI TEpeMillleHHs, OKpiM BiacHe jaedopMalliii ITaHr MeXaHi3My MapaieabHOi
CTPYKTYpH.

Jlnsi BU3HaYCHHS KOMITIOHEHTIB BEKTOpA y3arajlbHEHOTO MEepeMilleHHs matgopMu —
nepemimiens o,, 8,, 6. Ta KyTiB MOBOPOTY @, ¢, (. HEOOXIIHO BUMIDPSTH BiIXUICHHS

0,—0, y WIECTH TOYKaX PyXoMoi IUIaTOpPMHU 3a JOINOMOIOI IHAMKATOPIB, BIANOBIAHUM
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YUHOM pO3TalllOBaHUX BigHOCHO miIatdopmu (puc.2). Tomai BEKTOp y3araibHEHOTO
nepemileHHs pyxoMoi rmiaardopMu rekcanoia Mo>kKHa BU3HAUUTH [ 7]

A=M"d, (1)
ne M — matpuis 66 nepenaTHUX KoeillieHTiB

a, a, 4, m, m, m,
M=|a, a, d, m, m, m;,|, (2)
ax6 ay6 az6 mx6 my6 mz6
dy, @, G, — KOOPIMHATH HEBIACHOTO BEKTOPY HANPAMKY 3CYyBY; M, =yd, —zd;

m,=za, —Xxa_; m,=xa,—yda, — KOOPIMHATA MOMEHTY BEKTOPA BIIHOCHO OCEH KOOD/MHAT;

d — BEKTOp LIOCTOrO HOPAAKY BUMIPAHUX BiAXUJICHB, A:(S 5.0 )T — BEKTO
p p y p b x>y z’q)xﬁ(pyﬁ(pz p

6x1 y3araJpbHEHOTO MEePEMIllICHHS.

Pucynox 2. Po3minieHHs! BUMIpIOBAIBHUX 1HAWKATOPIB BIIHOCHO pyXOMOT I1aThopMu
Figure 2. Indicators position around the movable platform

3a HEOOXITHOCTI MPUBEACHE N0 TOYKM HABAHTAXKCHHS IEPEMIICHHS IIaT(OpMH
MO>KHA BU3HAYUTH 32 HopMyJioro [§]

T
8, =NJA, (17)
ne N, — HopMai30BaHUH BEKTOP IUTIOKEPOBUX KOOPAMHAT JIIHIT /1iT HABAaHTAXXEHHS B CHCTEMI

KOOpJMHAT PyXOMOI1 TIaT(HOPMH.
BinnoBigHo mpuBeneHa )KOPCTKICTh Y TOUIl HABAaHTAXKEHHS CKIIaJaThMe

ne I, — BelnynHa NpUKIIaZAEHOl CHIIH.

J171s BU3HAUEHHS KOPCTKOCTI OKPEMHUX IITAHT 3 IIApHipaMH MPOBe/IeHE HaBaHTaKEHHS
cuwioro 500 H mo 5 pa3iB s KOXKHO{ INTaHTH, Pe3ydbTaTH BHUMIPIOBAHHS MEPEMillleHb
ycepeaHioBaiucs. KopcTKiCTh IITaHT HaBeAeHa y Ta0u. 1.
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Tabmums 1. XKopcTKicTh OKpeMHUX IITAaHT reKcarno/ia
Ne mtanru 1 2 3 4 5 6
Kopcrkicts, 10° Hm | 6,2 59 5,7 53 6,1 58

[IpoBeneHe BUMIpPIOBaHHS TMPYKHUX MEpeMillleHb LEHTpy IularGopMu mpu
HAaBaHTa)XEHHI y HampsMKy oci Y cuioro Big 0 go 500 H, po3mimieHor0 MakcuMalibHO
Oomu3bko 70 Twiargopmu. XapakTep 3aJeKHOCTI MPYKHOTO TEPEMIIIeHHS PYyXOoMoi
wiatopMu  MOJENI TeKcamoja BiJl BEIMYMHU MPHUKIAICHOTO HaBaHTaXeHHS (puc. 3)
JI03BOJISIE TOBOPUTH TIPO MPAKTHYHY BiACYTHICTH NMPOMIKKIB Yy IIApPHIPHUX OIMOpax IITAHT,
BUKOHAHUX Y BUTJISII KAIIPOJIOHOBUX BTYJIOK 3 HATSATOM.

8, MM | | /] @, mpan \ \ \
ITo oci X // BigHocHo oci X
0.03f— —=—=1TIloociY // 0.6— =—=—= BimHocHo oci Y /
...... Io oci Z // ===== BigHocHo oci Z /
//
0.02 // 0.4 v
// / .
0.01 R // 0.2 T e
"4‘—--/— / | /'4—“"
0 Lt __,/ 0 P L
0 100 200 300 400 F,H 0 100 200 300 400 F,H
a) 0)

PucyHok 3. 3aiexHicTh BiJl BENMMYMHH IPUKIACHOTO HABAaHTAXKCHHS:
a) mepeMilIeHHs HeHTpY m1aTdGopMu; 0) MOBOPOTY IIATHOPMH
Figure 3. Dependence on the applied force:

a) displacement of the platform center, 6) platform rotation

BusHaueHi npyXHi MEpeMillleHHs LEeHTPY IuarGopMu MpH HABAaHTAXXEHHI CHIIOIO
500 H y pi3HUX TOJOXEHHSAX BiIHOCHO MuaTdopmu rekcamoaa (puc.4). 31 30UIbLICHHSAM
BiZICTaHI HaBaHTKEHHS A0 IUIATGOPMHU MOCTyMajdbHE MEepeMilleHHS HEHTPY Iatgopmu
3MEHIIYETHCSA, @ KyT MOBOPOTY 3pOCTAa€, MIO CBIAYUTH MPO KOMIICHCAII0 MOCTYMAIbHUX
nepeMillleHb y HanpsSMKY HAaBaHTAKECHHS NEPEMIIIEHHSIMH, BUKIMKAaHUMH ITOBOPOTOM
pyxomofi m1atopMu BiIHOCHO IEHTPY KOPCTKOCTI.

dyy, MM n(/lppygz;
z=130mm N\ | | L mmmeeeetesemaeaa N
0.05 —_— 2:180 MM \ 1.27 2:130 MM '---._-
...... 7=230 MM \ ———z=180 MM
0.045———_.____ < S z=230 Mm
o ~ !N ! —-———————m———— -—__--——__
~~..... \\
0.04 S - *\\ 0.8 —
SN
~. / \
0.035 0.6
-100 -50 0 50 xp, MM -100 -50 0 50 xg, MM
a) 0)

Pucynok 4. YKopcTkicTh 1o oci Y 3aJIeXHO Bif KOOPAWHAT MPUKIIAACHHS CHIH 10 0ci X:
a) MocTymanbHa, 0) KpyTHIbHA
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Figure 4. Stiffness on Y axis depending on X force coordinate:
a) translational, 6) torsional

Jlis BU3HAYCHHSI BIUIMBY TOYKH MPHUKJIAJCHHS CHJIM Ha MPUBEACHY >XOPCTKICTh
MPOBEJICHE HABAHTAXKEHHS TIAT(GOPMH TeKCaroAa CUJIOK Y HAMpsIMKYy oci Y, MPHUKIaICHO0
Ha pI3HIA BHUCOTI z BIJHOCHO IUIOMIMHU IIEHTPIB PO3MIMICHHS MIAPHIPIB IUIATHOPMHU.
BumipsHi BeKkTOpU TMPYKHOTO TMEpeMillleHHs I[EeHTpy IuaThopMu TMepepaxoBaHi Ha
MEepeMIIleHHs Y MICIli MPUKJIAJACHHS CHIM 1 po3paxoBaHa BiJMOBIHA MIPUBEACHA )KOPCTKICTh
k., (puc. 5).

AHai3  3aJeKHOCTEH  TOKa3ye, 10 MaKCHMajbHa TIPUBEICHA  KOPCTKICTh
CIIOCTEpIraeThCsl MPH HaBaHTAKEHHI 13 30BHINIHBOTO OOKYy IUIaTGopMu Ha BiJCTaHi
0,05...0,1 M Bix MJIOIIMHM PO3MIIICHHS LIEHTPIB IIapHipiB. IIpy HaBaHTa)KEHHI CHJIOK Ha
Bigctani 0,1 M Bim oci cumerpii miargopMu XKOPCTKICT mpubiau3Ho y 1,5 pasa Huxkua.
MoskHa TakKOoX TIOMITHUTH, II0 MaKCHMaJbHA MPHUBEICHA JKOPCTKICTh MPUOJIM3HO IOPIBHIOE
KOPCTKOCTI OKPEMOT IITaHTH.

Kip, K
H/MKN; ”/._—— \\ H/MKM x = -100Mm
/! A — — — = R
/ \ 4.5 N x=0
4 / \ N | mme—- ' x = 100 MM
// N 4\
3 / -.l-ﬂ-'-------~~§ \ \
A N . SN
/445" ~... \\. 35 e e = —
26 x = -100mMm NS e e
b’ DN L ----.._.. ~
———x=0 3 B R
1 R
------ x =100 mm
0 | | | 2.5
-100 -50 0 50 100 150 200 z, mm 300 350 400 Z, MM
Pucynoxk 5. [IpuBeneHa mocrymaiabpHa KOPCTKICTh MIPH Pucynoxk 6. [IpuBeneHa mocrymnanbHa 5KOPCTKICTD
HaBaHTa)XCHHI TI0 Oci Y 3aJIe)KHO BiJl KOOPIMHAT IIpYU HABAHTAXKCHHI 110 Oci Y 3aJIeKHO Bif
MIPUKIIAACHHS CHIIH 110 ocsiX X Ta Z TIOJIOXKEHHS PyXOMOi TIaT(hOpMH 110 ocax X 1a Z
Figure 5. Reduced translational stiffness for Y load with ~ Figure 6. Reduced translational stiffness for Y load
force X and Z coordinates change with platform X and Z coordinates change

[IpoBeneHo cepit0 IOCHIAIB 3 BH3HAYCHHS MKOPCTKOCTI IMPH PI3HUX TOJOXKCHHSIX
pyxoMoi miatgopMHu Tekcarnoja BiTHOCHO OCHOBU. BcTaHOBiIE€HO, 1O MpH 301IbIIEHHI
KOOPJMHATH z WEHTPY PyXOMOI IUIaT(GOPMH Ta NP 3MillleHH] ioro mo oci X mpuBeacHa
YKOPCTKICTh 3HIXKY€EThCS (puc. 6).

BucnoBku. Po3po0iieHO Moiens rekcarona i KOHCTPYKIII BUMIPIOBAIBHOIO CTCHJIA,
110 JTO3BOJISIE BUMIPSTH JIMIIE MEPEMILICHHS PYXOMOi IUIaT(OPMH, BUKIHKaHI JedopMaii€eio
HITAHT TeKCaro/a.

3anpornoHOBaHO METOJMKY OIPALIOBAHHS PE3yJbTaTiB BHUMIPIOBAaHHS, IO JO3BOJISIE
BU3HAYUTH BEKTOP Yy3araJlbHEHOTO NPYKHOTO TepeMillleHHS IIaTGopMu rekcarnoaa mpu
HABaHTa)XCHHI Ta YXOPCTKICTh, PUBEICHY 0 TOYKH HABAHTAKCHHSI.

BcraHoBieHO, 1110 MakcUMallbHa TPUBEACHA JKOPCTKICTh CIIOCTEPIra€Thes IPHU
HallMEeHIii BiICTaHI MK PyXOMOIO IIATGOPMOI0 Ta OCHOBOK, Y BUMAAKY HaBaHTAXCHHS
cunoro Ha Bifcrani 0,05...0,1 M BiJ MIONMHE PO3MILICHHS LEHTPIB MIAPHIPIB, 1 MPUOTU3ZHO
JOPIBHIOE KOPCTKOCTI OKPEMOT ITAHTH.
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Conclusion. The hexapod model is developed and the measuring bench is designed to

measure only the displacement of platform caused by the struts deformation.

The procedure of experimental data analysis is developed to obtain the generalized

spatial displacement and the reduced stiffness. The relations of elastic deformations from the
platform and force position are obtained.

the

It is found that the maximum stiffness is observed when the moving platform is close to
base. The maximum stiffness is observed when the load is applied at 0.05 ... 0.1 m from

the joints plane. In this case the stiffness is approximately equal to a strut stiffness.
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