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Kunematuka SR-mexanusma bennerra, orpuuare/bHas yrioBas CKOpPOCTh

T. A. Mycradaes, actiupant, Kazanckuil HallMOHaJIBHBII HCCIEA0BATENbCKUI TEXHUUECKU YHUBEPCUTET
nmvenn A. H. Tynonesa (KAW), Kazans, Pecrybmika Tatapcran, Poccust

@. ®@. XadoulyIMH, KaHIUAAT TEXHIYECKIX HAYK, TOUeHT, Ka3aHCKWi HallMOHANBHBIA UCCIIEIOBATEThCKHMA
texHnuecknit yauBepcuteT umeHu A. H. Tymonesa (KAWN), Kazans, Pecrry6nuka Tarapcran, Poccus

M. P. ®au3oB, acnupant, KazaHCKUI HAIIMOHAIBFHBIN HCCIEI0BATENbCKAN TEXHHYECKHA YHUBEPCUTET
nmenn A. H. Tynonesa (KAW), Kazans, Pecmybmika Tatapctan, Poccust

IIposodumcs uccredosanue RPOCMPAHCMEEHHBIX MEXAHUIMOE MEMOOOM MPUSOHOMempuiecKux gpopmyn. Onucul-
6aemcs co30aHue Nepeoco NPocmoco mexanusma bennemma, noryueHHo2o uepes nUpamudy e2o0 OCHOBAHUS U CIOPOH.
B nupamuoe onpedensiomcs yenvi HAKIOHA U 8bLCOMbL CMOPOH O/ NOLYYEHUs CMAHOApmMHbIX pagencms. bracodaps
6CeM napamempam Onpeoessioncs. meopemuyeckue ONUHbl 36€Hbes, UMeloujile npakmudeckue sHavenus. Bce napa-
Mempul ONUH U Yelo8 NpedCcmagisiomcs Ha CIMPYKMOPHOU cxeme Oisl Kanic0020 NOYy4eHHo20 mexanusma. Ha ocnose
08YX OOUHAKOBBIX, HO 3€PKATbHO PACHONIONCEHHIX MEXAHUZMO8 CUHME3UPYENCsl NMu36eHHblil Mexanuzm bennemma.
ITamu3zeennblil Mexanusm noIyyer npu NOMOWU 63AUMHOU UHMeZPayUuL 4 UOEHMUUHBIX 36€HbEE, OISl KOMOPbLIX ONUCHL-
saromces Memoovl paciema. B cmamve npucymemaeyem pacuem onpeoeiienust Onunbl u yeia cmanunvl. Cmanuna nomy-
yaemest nymem 3a0aHHbIX RAPAMEMPOS NPOCMPAHCIBEHHOZO Y2lla OBUICEHUSL 36E€HbES, NAPAMEMPO8 08YX 3EPKANbHbIX
38EHbEB, BbIGEOCHHBIX 6 0OHO @bipadicenue. Mcnoavsyemcs 3a0annoe HepaseHCmeo OJisi NAMU3BEHHO20 MeXaHUu3Md,
6 KOMOPOM NOTYYAemcs gedyuee U 8e00Moe 36€HO, CO8epuiaiowue NOHbIIL 000POM BOKpY2 CE0€U OCU, C BO3MONCHO-
CMbI0 He ConpuKocamuvcsi opye ¢ opyeom. B 0annom uccnedoganuu 6ce napamempvl MeXaHu3Ma Kaaubpyomcs uH-
myumusHo. Onpedensitomcs OCHOGHbIEe KUHEMAMU4ecKue napamempbl MexaHusmMa — yenosoe nepemeujeHue, yeioedst
ckopocmb u yenosoe yckopenue. Kunemamuka onpedensiemcs omHoCUmMenbHO 6e0Yiyeco 36eHA ¢ YYemom NOLYYeHUs:
pesyibmama yeno6020 nepeMeujenus, CKopocmu u YCKoperusi 6e00Mo20 36eHa. st bolee mouno2o pacuema pac-
MAmMpueaemcst 3a8UCUMOCHb OOROTHUMENLHO20 NPOCMPAHCIBEHHO20 Yela OBUNCEHUS MEXAHUSMA 6 KUHEMAMUYEeCKUX
napamempax. Tlonyuennvle Oannvle U3YATUIUPYIOMCS NPU HOMOWU 2PAPUKO8 8 3A6UCUMOCTNU OM 6PAUEHUS. 8XOOHO-
20 36€HA K 6bIXOOHOMY C NOMOWbIO npunodicenusi Maple. B mpuconomempuyeckux (yHKyusx npucymegyem ompuyad-
meNbHOe U NONOACUMETbHOE 3HAYEHUE, ONpedensieMoe KeaOpanmamu no cekmopam okpysichocmu. I paguxu yenoeozo
nepemeweus i Yero8oll CKOpoCcmu o pacuemam 0eMOHCIMpPUpyiom ompuyamenbHble YUciosble 3Ha4eHus. Yenosoe
YCKOpeHue 6e00MO020 36€HA 80 8PeMSs BPAUEHUsL NOTHO20 0O0POMA BeOYIYe20 36€HA MEXAHUIMA MEHSIEM CB0e YCKOpe-
Hue 4 pasa.

AHanu3z nonyueHHviX OaHHBIX NO360I5em COeNamb 8bl800, YMO 6e00MOe 36eHO Oy0em 8pauamobCsi pbleKamu, 8 OaH-
HbIX MOMEHMAX NPUCYMCMEYem 603MONCHOCTb PA3PYULeHUsT MEXAHUZMA, NOGBIUEHUS HASPY3KU HA 6e00MOe 36EHO
U oucbanranca Mexanusma.

KuroueBble ci10Ba: MATU3BEHHbIA MEXaHU3M beHHETTa, NPOCTPaHCTBEHHBIM YroJl JABHXKEHUS, JBOMHOW KPUBOLLIMII,
BEIYIIHUHA KPUBOILHII, BEAOMBIN KPUBOLIMII.

Brenenune

OBpEMEHHBIM aBTOpaM HMHTEPECHBI Hayd-

HBIE HCCIIEJOBAaHUS B OOJIAaCTH HAayKH

u TexHuku. Ocoboe BHUMAaHHE HCCIENO-
BaTENIM YACTSAIOT MOJEIUPOBAHUIO HAy4YHBIX pe-
3yJbTATOB.

3a TmociielHNE TOIBI YYEHBIE CTPEeMSTCS 00be-
JUHATH TEOPETUYECKHE AaCIMeKThl HCCIIeNOBaHHM
HECKOJIbKMX HAampaBiIeHUH B OAHY OOIIYyI0 KOH-
nenuuio. Hambonee akTyanbHas o0imacTe Hccie-
TOBaHMS CETOTHS — ATO MPOCTPAHCTBEHHBIE MeXa-
HU3MBL.

MHorue u3 aBTOPOB CTPEMSATCS CO3IaTh COOCT-
BEHHYIO YHHMKAIBHYIO MOJENb Ul JajbHEHIIero
CEpUITHOT0 M3TOTOBJICHUS, YTOOBI pacIIUpPUTh 0a3y
CYLIECTBYIOLIUX MPOCTPAHCTBEHHBIX MEXaHHU3MOB.

B nannO# paboTe paccCMOTPEH CHHTE3 TOIYIISIPHBIX
YETHIPEX3BEHHBIX MeXaHN3MOB benHerTa.

B pabote pemnieHa 3amada cuHTe3a MSITH3BEHHO-
r0 MEXaHU3Ma, HCIOJB3YIOIIAs CYLIECTBYIOIINE
METO/bI, IPUMEHSEMBIE JUISI CHHTE3a YeTHIPEX3BCH-
HBIX MexaHu3MoB bennera.

Heapr uccnemoBanmss — pa3paboTka METOJOB
FEOMETPUYECKOTO CHHTE3a M KUHEMaTUYECKOTO
aHanM3a MPOCTPaHCTBEHHOro SR-mexaHusma u ero
TEOPETUYECKOE HCCIECNOBaHUE. 3aBUCUMOCTb IBU-
JKEHUS BEIYILEro 3B€Ha K BEJOMOMY 3BEHY.

OCHOBBI reOMeTPHUYECKOI0 CHHTE3a

4eThIPEeX3BEHHOI0 MeXaHU3Ma

PaccmoTpum cBsI3p mUpaMUABl U YETBIPEX3BEH-
HOro MexaHu3Mma beHHeTTa, KOTOpbIH MpeaCTaBlIeH
Ha pucyske 1 [1-3].

© Mycradaes T. A., Xabubymiuu ©. ®., danzos M. P., 2022
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Puc. 1. O6pa3oBaHue MexaHu3Ma

Fig. 1. Mechanism formation

B ocHOBe 3akiaapIBaOTCS IapameTphl, TIIe
o, =a, =75° o, =a, =60° nanee, Ui peanusa-
UM TIPOCTPAHCTBEHHOTO MeXaHu3Ma, [ =/,
u [, =1,. OCHOBHBIM YCJOBHEM pealu3alUy MeXa-

HU3Ma B IPOCTPAHCTBC ABJISCTCA CJICAYROILICE pa-
BCHCTBO:
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rae K — miomaab KaxkJoro TPEyrolbHUKA U3 CTO-
POH MupaMuabl, H — omyIieHHas: BBICOTa U3 BEILU-
HBl THpaMuIbl; /i — NEPHEHIAMKYISAP OCHOBaHMS
HMUPaMUIBL.

ITonmy4yeHsbll 4eTHIPEX3BEHHBIM MEXAHU3M UMEET
CIIEAYIOIIME MapaMeTphl Uil peaau3auuy padbodero
MATA3BEHHOTO MexaHu3Ma [4, 5]. laee mpuMeHnM
napametpsl /, = 90 mym, /, = 80,7 MM, U3 uero cie-
IyeT BBIBOJ, YTO BCE BHINIEYKa3aHHBIC 3BEHbS paB-
HBI CTOPOHaM MeXaHu3Ma (cM. puc. 1).

I'eomerpuyeckunii cMHTE3

NATH3BEHHOT0 MEXaHU3Ma

CMOeMMpOBaHHBIA U OMUCAHHBIA BEHIIIEC YCTHI-
PEX3BEHHBII MEeXaHU3M ¢ pabouyuMH MapaMeTpamu
COEIUHSEM C UICHTUYHBIM MEXaHH3MOM, HO TaKUM
00paszoM, 4To0BI 3BeHBs coBIananmm [6, 7]. Torma,
00BbETMHNB CTAHWHBI U OTOPOCHB COOTBETCBYIOIIHE
10 pa3Mepy 3BEHbs, NOTy4daeM HOBBIM YHUKaIbHBIN
MATU3BEHHBI MexaHu3M [8, 9]. Ilpu co3znanum uc-
MOJIb30BAICh JAaHHBIE YETHIPEX3BEHHOIO MeXa-
HU3Ma, HO C HOBBIMBI MapaMeTpamMH MATH3BEHHOTO
[10, 11]. [IpumensroTcs abCOMOTHO APYTHUE PABEH-

ctBa W BbIpakeHus [12—14]. 3amaHHbIC yTIIBI
3BEHBEB MEXAHH3Ma COCTAaBIAIOT o, =0, = 75°,

a, =60° o5=120° npu ydere yCIOBUI BO3MOXK-
HOCTHU peajM3ali MEXaHHU3Ma C ISAThI0 3BEHBSIMH,
rae o >0, >0, U ABa KpuBoluumna ¢ yrioM 3, =0.
3Benbst / u 3 OyayT Bcerma paBHBI npyr aApyry. Oc-
HOBHOE 0a30BO€ YCIIOBHE pealu3aluu MATH3BEHHO-
ro MeXaHu3Ma
Zl — Z4 — 15
sino,  sino,  sino

2)

Tak Kak Mo HAalIMM YCJIOBHS Camblid Ba)KHBII
3JIEMEHT — 3TO yroi [3,, To mapameTpsl 3BeHa 2 o,
U [, U3 CO3JaHHBIX YETHIPEX3BEHHBIX MEXAHU3MOB
bennerra. 3BeHO 2 U ero mapameTpbl 3aBUCST OT

MapaMeTpoB 3BEHBEB J U 4 U OMPEACISIIOTCS IO
CJIEYIOIIAM BEIPAKEHUSIM

o, =0, —o, =60% 3)

L=L~-1,. 4)
IIpocTpaHCTBEHHAs BBICOTA 3BEHBEB 4 U 5 OIpe-
JeneHa kak h, =h,=0. B nganHOM ciydae mnapa-

metp [, = 80,7 mm. [Ipyrue mapameTphl OMUCaHbBI
BEIIIIE.

KunemaTtuyeckuii aHa1u3 MexaHu3Ma

[IpencTaBuM CTPYKTYPHYIO CXEMY IISITH3BEHHO-
ro mexanuzma bennerra (puc. 2).

MexaHu3M TPOHYMEPOBaH, U Ha HEM H300pa-
skeHbl Bce yriubl [15—17]. CTpykTypHas cxema Iio-
3BOJISIET OPUEHTUPOBATHCS MO (HOpMyJIaM pacueToB
NepeMelIeHns, CKOPOCTH U ycKopeHus [18, 19].

YpaBHEHHUE YTIIOBOTO NIEPEMEIICHNUS 3BeHA 4:

v, =7, +7, —180° =arcsin ]
a, —b,cos,
i +
+ arcsin “ sm((pl Bl) —180°, (5)

a, —b, cos(¢, +P,)
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C ycnoBueM WUCHONB30BAHUS TPUTOHOMETPHH
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VrioBoe YCKOPEHUEC BEAOMOI'O 3BCHA 4 omnpene-
JIA€TCA BBIPAXXCHUEM

. = b, sing,
) (a, — b, cos, )2
b,c, sin((p1 + Bl) o ®)
19
I:at2 —b, cos(@, +B, )]2

a pe3yJbTaT CKOPOCTH MOXKHO HaOJIOAaTh Ha pHU-
cyHke 6 [20].

| 60‘/120’ 150 21}/" 270 | 360 o,

Puc. 6. Yrnosoe yckopeHue 3BeHa 4

Fig. 6. Angular acceleration link 4

BoiBoaBI

B xoz1e n3y4eHns mpocTpaHCTBEHHBIX MEXaHM3-
MOB C BpaIllaTeJIbHBIMHU MapaMH, a UMECHHO MeXa-
HuU3Ma beHHeTTa, MpoBeNeH CHHTE3 W aHaju3, KO-
TOPBIA pEaJN30BaH TSATH3BEHHBIM MEXaHH3MOM.
OCHOBHBIE MMapaMeTphbl UCIOJIB30BAHBI JIJIS Peasv-
3anuu Moaenu bennerra Ha ocHoBe SR. IIpoBeneHo
WCCIIeJIOBaHNE KMHEMATHKH MEXaHWU3Ma, MOCTe de-
r0 MOXXHO YTBEP)KIaTh, YTO IOJYUYCHHBIC BBIpaXKe-
HUSl MOTYT ONPEACIAThH MOJOXKCHHE BEJIOMOTO 3Be-
Ha B 3aBUCHUMOCTH OT ITOJIOXKEHUS BEAYIIETO.

3a OCHOBY BBIOpaH MEXaHWU3M C 3aJaHHBIMH
3BCHBSIMH, TIPUHUMAIOIIMMH OTPUIIATEIbHBIE YCII0-
BUsi paboTtocnocobnoctu. Ilomyueno nBa rpaduka
YIIIOBOTO TIEpEMeIeHHs. YTIoBas CKOPOCTh JaH-
HOTO MEXaHW3Ma Ha TpaduKax SBISCTCS OTPHIIA-
TEIBHON TOJBKO 1O MPUYUHE YCIOBUS PabOTOCHO-
CcOOHOCTH M OITUCAHHOM MOJIETH.
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Kinematics of Bennett Mechanism, Negative Angular Velocity
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This article provides reasoning and research of spatial mechanisms. The creation of the first simple Bennett
mechanism obtained through the pyramid of its base and sides is described. In the pyramid, the angles of inclination
and heights of the sides are determined to obtain standard equalities. Thanks to all the parameters, the theoretical link
lengths that have practical values are determined. All parameters of length and angles are presented on the structural
diagram for each received mechanism. On the basis of two identical, but mirrored mechanisms, a five-bar Bennett
mechanism is synthesized. The five-link mechanism is obtained by mutual integration of two identical links, for which
the calculation method is described. The article contains a calculation to determine the length and angle of the frame.
The frame is obtained by the specified parameters of the ghost angle, the parameters of the two mirrored links derived
into one expression. The specified inequality is used for a five-link mechanism in which it is obtained by a driving and
a driven full-turn link. The text defines the main kinematic parameters of the links that make a complete turn around
its axis without contact. All parameters of the mechanism are metered intuitively. Principle kinematic parameters of
the mechanism: angular displacement, angular velocity and angular acceleration are determined. The kinematics is
determined with respect to the driving and driven link, taking into account the angular displacement, speed and accel-
eration. For a more accurate calculation, the dependence of the additional ghost angle of the mechanism on the kine-
matic parameters is considered. The obtained data are visualized using diagrams of relationships of the rotation of the
input link to the output using the Maple application. In trigonometric functions, there is a negative and a positive
value determined by the quadrants on the sectors of the circle. Diagrams of angular displacement and angular veloc-
ity according to the calculations show negative numerical values. The angular acceleration of the driven link during
the rotation of a full turn of the driving link of the mechanism changes its acceleration 4 times.

The analysis of the data obtained allows us to conclude that the driven link will rotate jerkily, at these moments
there is a possibility of destruction of the mechanism and an increase in the load on the driven link and imbalance of
the mechanism.

Keywords: five-link mechanism, Bennett, ghost angle, double crank, driving crank, driven crank.
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