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Folding of Tubular Waterbomb

Jiayao M&? , Huijuan Feng? , Yan CheA?, Degao Hol?, Zhong Yod™

$XWKRU $IILOLDWLRQV

.H\ /DERUDWRU\ RI OHFKDQLVP 7KHRU\ DQG (TXLSPHQW 'H
7LD@BWLYHUVLW\ 7LDQMLQ &KLQD

6FKRRO RI OHFKDQLFDO (QJLQHHUHQWLQLBRMGE Q 1DQLNIHLU VI
7LDQMLQ &KLQD

'HSDUWPHQW RI (QJLQHHULQJ 6FRBIDQRNY BRDEHBIMRWG RR ;2]

8 .

&RUUHVSRQGHQFH VK RIDW®X HFE O@BRXHDAAMWMEXBHEKRR BDQ <R X

]JKRQJ \RX#HQJ R[ DF XN

7KHVH DXWKRUV FRQWULEXWHG HTXDOO\ WR WKLV ZRUN

$SEVWUDFW

2ULIJXBLY UHFHQWO\ HPHUXJBKXG @G/L QR SERRAFIKNDLLIFDO PHWDPL
EHFDXVH DXRHBRNHWULF GHVLJQ DSSURDFKRQGWEW@HBEAQ!
PDWHUKBOIROGLQJ PHFKDQLFWSIRIHE&UPHMWPHP h VHHWK B O VW K |
GHIRUPDQWIRR®YHYV RQO\ URWDWLRQ RI FUHDVH OLQHV ULJL
IDFHWV GLVWRUVGLRQLJIJDPQ | LIOM¥ QLY.L FDKCH LRUP HRKMQLFDO
YHU\ GLIILFXOWRW RR G HJDHE PSMBWMMRHPLE@ H HeeeHedbafdckRtize

thefolding of tubular waterbomhbsinga combinedkinematicandstructural analysisWe for

the first time uncover that a waterbomb tube can undergo a mixed mode involving both rigid


mailto:yan_chen@tju.edu.cn
mailto:zhong.you@eng.ox.ac.uk

origami motion andhon-rigid structural deformatigrand the transition between them can lead

to a substantialchangein the stiffnessFurthermore, we derivéheoreticallythe range of
geometric parameters for theansition to occur which pave the road to program the
mechanical properties of the waterbomb pattern. We expect that such analysis and design
approach will be applicable to more generarigami pdterns to create innovative
programmable metamaterials, serving for a wide range of applicatiolusling aerospace

systems, soft robotics, morphing structures, and medical devices.

,QWURGXFWLRQ
OHFKDQLFDO PHWDPDWHULDOV D UW KEDUMHIPW. B HP B (D QGH X DX/
\HW XVHIXO PHFKD®H WHOBSLIREHWNVYL WY XFWXUDO DQG JHRP
UDWKHU WKDQ RQO\ LQWULQ VIR PHRWH EHD &/EINR-EGW MR GIV(
PHFKDQLFDO PHVRDWR®Y FH GDO\WVTEBRMD IREPN @ HFHQWO\ RULJDF
KDV HPHUJHG DV D SURPLVLQJ EXLOGLQJ ZEAORE N HRU VDRFK
IXQFWLRQDOLWLHYV DQ GG WP ERMDEED RV \WUDQVIRUPLQJ
SDWWHUQ LQWR D FRPSIEHRP HWXO0OB WMXIHR WERVDIG N § B Q 8 H
FRQVWLWXHQW PDWHULDOWY D@G HDVH RI PDQXIDFWXULQJ
7KH PHFK®WR S BRIMWR BVIDPL PHWDPDSWHPDLQ O\ GHWHUP L
IROGLQJ PHRHQQLBVSDW W 10U X RDVIX EKUBW L OLKHGIDFHWYV GR (
VWUHWFERW E 8 @EWRRWDWKHQRU W B W HAVH/RHDPIDYHNG DB® DW L F
PHFKDQLVP GX W W KROBW®HULBD@E/ QRE@ DEOH VLPXOWDOQ
F U H ARHAVD W DR GB/R D\ RUHW XRPWWQ X A\ XUDO GHIRUPDWLRQ RI
'LITHUHQFH LQ IROGLQJ PHFKDQLFV OHD/GVXWR BV \MWLQ FNH ¥

+HUH ZH D WXEXW D U DWW HBWIFFEWE MW RBHQ ULJLG RULJDPL F



VWUXFWXUDOP®NLRQSRMVYLROVRPRIQWKH EHKDYLRU RI WKH
PHWDPDWHULDO

,Q RULJDEDWWKERPE WXE@HRUHIBB Y RADRGHX H WARERHD V H
SDWWHUQ REWDLQHG E\ WHYVVH® ODYILRIO R2 DWK-M RRWEH & PR
FUHDVH SDWZIRHBRD DWW KERX@W B XDQEL D JR R Q BYWDHWDHAF W L Q
DWRRPPRHUW®BIKH EDVH KDV EHHQ XVHG WR FUHDWH PDQ\
LQFOXGLQJ WKH VWUXFWXUH WK D@2 QW WWHK H RPFRAWWR G IW/RALL
FKDUDFWHULVWLFV RI WKH ZDWHUERPE WXEH LV WE&DW LW }
ERWK LWV DHGLBWKVPQ® O DY GTWIRVDKQXPEHU RI QRWDEOH SU
VXFKDRQVH[SDQGDEOH P HG L@D & WVIVQHZ R PUNEREGRMNW ZHOO DV D
GHIRUPDEOH b RaBRWHIKMHGIO W K iR DV VKRG DWR/RIDPPDEOH \
VKDSH PRGXODWLRQ LQ WKH ZQHRALIQU ERPXPW X E FIDMV B QS BDOE B
W K DWV V  SIRIDFEERAKE D YRLG G VP H F K D Q LIFHK® YSHJ RISHRIBVEQ BIXGR X V
7KHUHIRUISDEBHMW.PLWR WHKHHDMO GLQJ PRFIDKH. EOYWHUERPE

E\ PHDQ\ GRHLENY/G VW DRPW X\ULDO

.LQHPDWLF ORGHOOLQJ RI 5LJLG )ROGLQJ
JLIXUBILOOXVWUDWHY WKH FUHDVH GHIWWHU @\ R IR BUZ DQ/GHS
JHR P HDWILFP H W H&W K H FDNRIDBIQG WKH QXPEHU RI EBVHV OR(
DQG FLUFXP I} UKIHIN LNDRIOQ W R BHOWKIMUD QG ULJKW HH G DIV R1
REWD ZQWHUE R P E @WX E HOO0O WRRBWERKQDYLR W BWWKERPE WX|
ZLWK UHSUHVHQWDWLYH PRGHO )LUVIMQ IMKHUMNDWH FIR Q\V
FRQILIXYDWERQZKHUH WKH | PAIVBIRE QF RUKBHIL@GH VOLJIKW O\
H[SDWKH WXEH BDQ®LVMBBLYXNVUHDVHYV D&HO-DWRARKIMN. \R K A

UbGLh®RQJ WKH WXEHH LWRDREWGHPRIGVWUDWH ODWHU WKDW



H[LVMY E8 :LWK IXWMSROUYBRIYHORSYV D SLALMDKS §0 R WXKDSE B W
HQGMJE9 DQG B6XEVHTKROMMS LWV HQGY BEJDDQWKHQ
UHJDOX@WL | DS LIXY E<  $1WHUNWK LW XEHR QRD QP D UGHG DR OH G

DQG WKH FKDQJH LQ VKDSH LV KDUGO\ QRWLFHDEOH

/TR GHWHUPLQH WKH IROGLQJ PHFKDQLFV ZH ILUVW
ZDWHUERPE WXEH 7KH SDWWHUQ KDV WKUHH GLVWLQFW
YHUWLFHY % DQG & WKH PRWLRQ RI ZK36KQAINDDY HE M LPARIG MK
GHJVRHHIUHHG&R/P> @%$V VXFK WKH WXEH LV D QHWZRUN RI
WR D P2y OW\VYW HHRN D LMD Klighl@mentary material, S2 7K XV ZH UHGXFH WKH
E\ PDNWRB IROORZLQJ DVVXPSWLRQV RI WQPIRHWHI\LBEIYWHG R
WKWRHRWLRQ RI WKH W XEHWIKWH \H P FEWR K E IDISPXYWHYV WKURXJK
RI WKH WXEH DQG GLYLGWWR 3 \W Q&KEDPROWWRP BB HRWE FDOO E
FLUFXPIHUHQWLDOO\ SODFHG LQ WKH VDPH URZ KDYH LGH
PRYHV LQWPSFOIDMWH. F ZD\ DER KWHI) WEHE3IMD WKKEBLQH LQ )LJ
SDVVLQJ WKURXJK WHKH WDR & RAXKHN PH. Q WAHBIHM® DY MW GRU VW K M WA
FDVH PKIHG® WKH QXPEHU RI URZV LQ WKH WXEH LV RGG )|
RULJDPL SDWWHUQ WKDW IRUPLQJ D WXEH ZLWK DQ RGG Q
WKIURXYKH FHQWHU RN KIDHH®U R BGSFHF RIIRELQJ WR WKH DERYH L
OLQMNDUW VIPPHWULF DERXW WKH HT>SDWR UQ DSO/DEUBY VX BDHD G
DLV ZKHEKMAY WR BREHVHTXHQWO\2  WRHHWKHHWRXEB EHFRPH
DQGNY PRWLRQ GUNVEHEMEMHWEHQJOKHFDIQQEBD JIRXQG RX
WKURXIXHP DW L F HDWQDIQDBUEPEmentary material, S3

&RQVLGHU D SDUWLPXQOD U HPOPSIVHVAIRZIQ LQ MNLJ E
LV GHILQHG DV WKH GLKHGUDO DQJOH EHWZHHQ WZR WUL

FUHDVH L® ONDNMMQDY WKH LQSXW ZH FDQ REWDLQ WKH RW



WKH OLQNDJH E\ NLQHPDWLF DQDO\VLY GXENSTURDQMIDINO Y
WXEH E\ XVLQJ WKHVH NQRZQ GLKHGUDO7BRQGE®SLNVFI/VWIXSE X\

RGHSORMHOQKMH WXHHPAHWKH DROGHEHWZHHQ WKH WZR OD

IDFHWV RI D EDQI6 RMKHLARIOMT X D WLMK Q7 KR GIGRAP® H Q VULIRGLD.O

RI WKH YHUWBLIFHYORWWH®LDJFLOWRMHWKHU ZLWK ILYH UH
FRQILIXUDWLRQV RI WKH \MXEMHQ WM VFRIQFORWPLHRIN |[URP
JLUVW W K HYMHUK E RQYOMIKR DW ITRQV M QBZWWK f 2Q WKRVH
FRQILJXUDKHLRBD®IO WK HADOGEEMH FRPH HHQWRDGR WKRVH RI YHL
$LL VHH WHCHG RW YV R Q BWKKHEXIBX®I®WKH EDVHYVY WDNH WKH
IRUPW HLWKHU FEBVIXIXW D@L RQ D W XEKXR | ZH XSQUIR R H PVIKBI® UX
WKDW LW LV SRVVLEOH WR FRQVWUXFW D XQLIRUP ZDWHUE
WKDW WKH DIRRMQ\Y JR LESHEF R QUBHHE MR [0 BB GRAHW K HL WEKE KQ G H G
E\WZR YDOXHMWWRBEp; 7KH ORZHBLER¥BGUHVSRQGV WR WKH |
IROGHG FRQILJXUDOWARR WULD QJXERWKEDH HRRW AR H D V H

%& RYHUODS ZKHVUMWBHOXSSHBLERXPGWDVVRFZDWH GVKH PRVYV
H[SDQGHG FROQILQXAKLWKKREMWBG HY RI WKH E DRAHRUBRIX QRZ
KH[DJRIQVK D VLGH 76 H@gshkntary material (S3.B.I3URYLGHV GHWDL
GHULYDWLRQV RQGKRRD R WKWMREQHXQLIRUP UERXQG DQG
FRQILJXUDWWRNERE 8 5 ORGHHRFEM WK GLVWILOFWD/EDOHDSSOH \
ZLWK WKH ODUJHVRW HBD& HXY WDRZMWKL QW G PWLIXTUDWLRQ ,,, 2
ZKHQ fT f DQG D GRJER QMRMKDSOIHX/MW K DGUXMb®IH D FKH G

ZKHQP T fDQG [ T f

OHFKD @WMPXFOMXKIBDQLVP 7UDQVLWLRQ



‘KHQ ZH LQFUHDVH WKH QXPEHU WRH WRZM UHP RWALIRGY LR WK E
WXEHRPLWXQG GULYH FRQFXUUHQWO\ WKH PRWLRQ RI QHZC
VLGHV Rl EDVHV RQ WKH QYQG HR J\H DAGDUIGBRIDO LQJ LQ
WHUPLQDWLRQ RI WKH PRWLRQP WRUs HJBPSQE& YV IVE R HOHHQ F U H
Po[GHFUHDR/HVf )LIXUH D SUHVHQWY WKH PRWLRQ VHTX
FRQILJIXUDWLRQV , DWE H) FIROQQKVBRQAEG X\WRYDOGIXSWFRNLYHO)
JLIXUBSORWY WKH G K HEGWY® D@ DOHWD FHQW EDVEH® &I URZ
DIDLQVWXUH FWHBEHYBD®/IKIH YHUWWL.GEMEDQG YV $V LQ
WKH FPVHVWREAXUY HV LOWZARJ S REEMMUYWWH G E\ U K GE®RBYWWMOWVD W
WKH VOBV D XQLIFDWRQOGXXNWVWWLREMR, RRBSPULQJ LW WR
WXEHPZLWRV LV | RWHG YW KDWKHR/IH WZR FRQHHD K WDW MRV V D P
,Q IDFW LW FDQ EH SURYHQ NLQHPDWLFD O O Q\GHDSM QVGHHQ XV
RI WKH QXPEMX SRSIOUHRPANQ W DAU% P:BIWFHDUWQL DQW XLWLYHO\ LPDJLC
DOO EDVHV LQ WKH WXEH DUH LQ LGHQWLFDO VKDSH PRUH
FRPSDWLEOH ZD\

)X UW KHWKRHU WQEEHU JAWIVI LR IR0 G DQ U HILLWKEHRW Z H H Q
T DWRQILIXUDDMIRQ  fDWs supplementary materiab  %). This
is clearly demonstratebly the LQWHU FFHRQUDWHUDWLR @ ,ZKRWKH JFHQ W U D (
YHUWLRHWKH EWXKHVWRZ@® HQGCOLRAV ZL WKK HDUFHKD R RRIKIHY W KL
GLKHGUDWY DQQOWKLVLOQODQEBWHQIJHUHQFH DPRQJIZWIKFKIDFHYV
LV QRW SHWPRWMWHG LILMFRQFOXVLRQ LV IXUYWHKHKHUWKKE YRPBW F
UDQJH DV VIKRZFQ 7KHUHMHRVUXEBVYLILG RULJDPL PRWLRQ RQO
GLVWLQFWTUHRCRQVIRQG [T f$W FRQILIXUDWGERQV ,,,
WKH HQGV RI DVUHD BB\DBL® GWKWH WXBH EAFRPOXBH KDV EHHQ

VKR ZQVW/HKIDXWW X UDQVGHHRYXPQWE RRE JA-R Q FHRDMIEREAY K X V



LQ RUGHUDSR\VPRWKHDHHF LIRHR RQHROIGDBQWR WKHWKMKHU
FRP SR QK@M HUDLY OHRRUIPQG WKH VWDAE HVERXYXKNWXUH LQVWLE
PHFKDQWKVME NLQG RI IROGLQJ EHRBY¥KR @ MWPAPHAIKKIOIHLO/ RV R
WUDQVLWLRQ

TKHPHFKD YMWMPXFMWEPHIDHOLVP VOUBIDGYWLWIR® GUDPDWLFEF Y
VWLIIRHVADWHUERPE EDVHG VWU XIFWKLILHW B & LPIH\E DRPWLW B |
WKH WXEH KDV D ORZ VWLIIQHVVY GHWHUPLQHG EWWKHQWRU
WKH VWUXFWXUDO UDQJH WKH VWLIIQHV\GHLFROWPE INWMRQ QL IL
S O D AHKIHOQWR X EIHW ¥ IK(WKRHY IHDW XUH LV GHPRQVWUDWHG WKL
RD WXEHQJ WKH ILQLWH KH AR WGP IHMWHRRWEL F DL WK WKDW
LQ )LJ WWKBQOFHWY ZHUH VHW WR EH VR GHYW VQWLX LN K
GHIRUPDWLRQ RI WKHVH @dpplem&Rsy RnatetiegoV Vv KH VLPXODWLR
VWDUWHG fQRPU FRQILIPOQBWNRQVLQMWN® EW\RQG FRQILJX
., TKH IROGLQJ SURFHVV RI WKH WMREPHZIK\. AMMKBEQVLED)@ JFR(
GHIRUPDWLRQ RI WKH IBGHMYOD W HMIQHDAMQ ERQDUHKUDWLRQ
HQHUJ\ RI WKH WXEHILVRSPB@WWHWBGW. @/ KHIHIIHFW. RW LIRFHVD G
PHKDQIPRPWEZRY DOVR VLPXODWHG IRU WKH IWK BB ENVWODWHA I
LQWRRVWDKHKEKUWKH PHFKDQLVP PRGH PRVW HQHUJ\ LV VWRUH
DOPRVW OLQHDUO\ ,E&RWKK NOW H WRAWXQEG GHIMREEGHYW B HIRIURY |
EHWZHHQ WKH WZR DFWV DV DQ LQGLFDWRDPRI PARWHLRE Y AK
ODUJHU LW HMGWKRHUPRPWH RQ LV UHTXLUHG WRLN QIDGEORH ARKIE
S R L Q W WXHeMNkevgy differencis not strictlyzeroat configuration IIL where the tube
resumes rigid folding. This due to soméocalizedresidual deformatiomear the vertices in
contact in the structural mode, without affecting thebal folding behaviour of the tube.

&RPSDUHG ZLWK WKH ILFWLRQDO KHHF KIDQLRFPPPRWHD IDQ HC



UHTXLUHG WR IROG WKH WXEH WKURXJK WKH7KKM G XHWXWH O
VWLINMMHYMOWLRQ GHSHQGV RW RANHK MV X/EKHH H BVX WD XWHUL WK D W
SRVVLEOH WR[®%U® &DEWWKKHDHW ZLOO FDXVH WKH WXEH WR PF
UDQJH WR NRVHL RMRHADWOWM VYV SURSHUW\ RI WKLV WXEXOD
UHYHDOHG 20K QUKHPRBWHO VXFK DV WKH OHUOLQ FRGH >

6LPXODWRU > @ RU WKH VPRRWK IROG PRGHO > @

3URJUDPPDFROGWQIROHFKDQLFV
8VLQJ WKH HVWDEOLVKHG NLQHPDWLEVWR@EGURIHWKIHQ S U
PHFEKD@MAPXEMWRKIHQLVP WU B Q U LM IRHS\DULF R H RV HRVNWH U Q
7DNPH n=6 DV DQ H [TXRSIDGHL WK HRHYSH WWDY VITRU Y DDIMR EYHV H QW H ¢
LOL) G ZKHUH ZMEKBQVUMGYLWLRQ RFFXUNXKE@HQ f
WKH WXEH FRQGXFWV D SMRPUYLRLG RILQD BIH B RIPH@W 61
D Q%o D WDHDW RO D W & HVARR W VK@ IU@NDY DL W KFW KH WXEH H[SHULH

RQROMHXUWDLIOMKGRULIJDPL UDQJH GXH WR SK\VLFE®BOfLQWHUI

WKH ULJLGDRIRW L RFQT f
7KHROGLQJ EHKDYLRU RI FDKH IXDWRH B B RPER WUKER@ H @ K H

QXPEHADRHND URZ 7R GHPRQVW U DW H EAXXRE K D 6 RO/MGH U

' H ILQRRP WKH WK H RUKDMLLFD (R PIROGUNDIRHIED \7KHSSHU DQG
ORZHU GLPQBY;DUH SORWWHG DJID LR NH W KHKUH W WEQ B O
VWUXFWXUDO UDQJH KLU K @/L RIKIMYWE/NDSARDON B MO PRAD Q L V P
VWUXFEMPRKIHQLVP WUDQVDW S RAXURER Q V¥ RZ\W W i) UQOXK BIPO DW LY H C
ODUIH LQ WKH FXUUHQWVXHR P H MR B FLRWXSQH HJKE RUKH R G
RIFp(EHFRFHV\ QIUWRBUDFWLFDOO\ WK H DWXIE H DFIXQ CEJH DF R QY

FRQILIXUDWLRQ UDWKHU WKDQ DRERRWKKIHIUPLHFW B Q HV RV PRIV ¢



ZKHQ@QV ODUJWHKN WXDNDFY®KHRWANKD WKDBWH XVHG DV DQ RUI
> @RU DUWLILFL@OKHXEHSPR\PHQW SWREHWXLW®WKWVXPR ®
Q LV SUHVHQWH@XW DQDO\VLY VKRZMDWKBW XKHD WZR
W U L DIQQ OH® Q B ZS YUUHS/G HH FRAHLHWHRIM@I GDAO\D 8/ KH V KIZKG IF & DWHVD
WHKHJILG IROKGEHEHOMRUH WM WEKEK RV HG

6R IDU ZH KDYH RQO\ GLVPXEWLIOG WEEGOWVILWKBDKOLRLR R I
ZKHRLV HYKHM) HTXDWRULDO URZ RI VRHWKX E H QRRHOIRQE WIKEH
SODQH SDVWHWHWK GRS REK WIVVRIVWOKLK) ND Q G ¥R JNAYIKFIH WaARE H
UHPDLQV'RD)WMYWHP DVGIMKHHFWDR RGW DERQ@W DQG EHORZ WK
SODQH PXVW EHKDYH WKH VDPH XQGHU V\PPHWUWUILFKBOWXWHV X
PRWLR®YKRI UHPWDRZDYRUJIHRWHKBEHNVOOVR KDV D SDLU RI XQL
FRQILIXUDWLRQV LGHQWLFDO WR LWYDREGCDORPAIEMA M QW H U
supplementary material3&). ,W PHDQV WKDW WKH XQLIRUP UDGLXV FR

VROHO\ GHFLGH®E G DV DLDVNHYWWVYHODWHG WR

&RQFOXVLRQV

‘H KDWH)FRYHUHG WKH WUXH | REXOBHERIPEL DY ® IL W K HG H
RQ SDWWHUQ JHRPKWRXFKSD WD P RWRHUW K B QHDPYIMWG i PIRID/AON U
W KODRVZHD WH U REBUH FDSDEOH RRWLERKE RHDVIRRLKHUV ZLOO
ZKDW ZH UHIHU W R/ VYV XF RVERED QY F P Q G\OW U WHE R R LKIDO/ D Q D O
UHYH® &/ LJQLILFDQW LQFUHDVH LQ VWLIIQNWU XKW UNDIOH WD
)XUWKHUPRUH ZH KDYH GHULYHG W K H RRIFHX URDDAGRT B VA HH F R
RIW KPHH F K D @ MMPXEMAKUIHQ LV P \V Q B QMLRPLHRQULF SDUDPHWHUV
PDNLQJ DFFXUDWRMSKIR PHFRPIQQFADHD SURA'S B B KKMMKID\E @R U N

FDQ QRW RQQNKGHFLIHIOR\SODPMIPWD RLFDO PHWDPDWHULDOV PI



LQWULJIJXLQIXRBE WKSHWWEKNK® EX VY DB/ORWRE@ PIEEQ DODWVIHVZ RUN IRU
QRYSHLRIUDPHPHOW DD WMHVUK XQGH HQJLQHHWXIEXI DD/S 8 K LW DUNRLER
PRUSKLQJ VIWQA&EFRHAIHDTR AHGRFWVRXU DQDO\WLFDO PRGH
DVVXPSWEBQHZLQ WKHVH DSSOLFDWLRQV WKH NH\ LV WR P
GXQ®J PRMWMRRWLGHULQJ WKDW WKH WKLFNQHVV RI WKH VKHH
LIQRUHG LQ SK\WVLFDO DSSOLFDWLRQV WKH DQBOQMLCFDO
RULJDPL PRGHO > @ 7KH PRWLRQ V\PPHWUB\ 2Z\RXO)XGF W W

FRQVWUDLQWYV LQWURGXFHG E\ WKH SDQHO WKLFNQHVV

&RQIOLFWYV RI  QWHUHVW

7TKH DXWKRUV GHFODUH QR FRPSHWLQJ ILQDQFLDO LQWHUH

$XWKRUVY &RQWULEXWLRQV

- 0D < &KHQ DQG = <RX LQLWLDWHG DQG GLUHBWRIDGOGNW KH
WKH NLQHPDWQP DQOO\WRX FDUULHG RXW WKH QXPHULFDO
SUHSDUHG DOO WKH ILIJXUHV DQG WXSHQBHRKEY DA Q| RIRE

ZURWH WKH PDQXVFULSW

$FNQRZOHGJHPHQWYV
7KLV ZRUN ZDV WXKSBRIDMH®REDO 1DWXUDO 6FLHQFH )RXQC
DQWKH $LU )RUFH 2IILFH RI 6FLHQWLILF 5
'XULQJ WKH FRXUVH RRXDKWL YD SUSHRMHDNUHFEU RV HE WRWY LDW\L

7LDQMLQ 8QLYHUVLW\
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(b)
YLIXUH 7KH ZDWHUERPE ARRIGH D¢ REtBrbvmbHat@rnO@n@&d by tessellating the
waterbomb bases. BOLG DQG GDVKHG OLQHV UHSUHVHQW PRXQWDLQ DQG YDO
VKRZQ LQ E Q@ DAMHE\WILGH | RW PH Q@ @& KN the adjacent rows, the bases are shifted
by half a base (red).dar geometric parameteis width of the base & sector anglefpthe numbers of bases in
the longitudinal directionmn, and circumferential directiom 2 completely define the pattern. B,and C are
three groups of representative verticekE 'HS O R\ P H Qaid rRoldeDofFa waterbomb tube. The model was
made from conventional cards of 0.3mm in thickness obtaineddtatiorery stores.The geometric parameters

were: 2a=46mm, D Znm~7,andn=6.
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JLIJXUH 5LJLG IROGDELOLW\ RI WK HDZ D'\R B KEDFOA ER WX FOFR DWW X0GL @B GV V
WXEHKe LV WKH HTXDVRUVRLIGIKKHX\E XEH KDOI| DEWRN H DUKNHD TOGD BQR U
ZKLEK P ,s SUHVHQWYV WKH YHUWH[ EKIDRZRQKMH YHTHZDRIRD WKWHUER P E
HTXDWRULDO URZ DQG URZV LPPHGLDWHO\ DGMDFHQW WR LW DQG Wk
WKH HTXDWRULD CE ORHL M WKHEEQVQKH FOOBH. DW L RGL RH @R QYIRD UDGLL
YHUWL DD & L& RI D WPEHQZLWRG 7 ZLWK UHVSHFW WR /®E IRDHGLQJ
UHSUHVHQWDWLYH FRQILIXUDWLR@S ,YWRZY RTKHKFRY M M S/RYHA REHD B D

FRQILIXUDWLRQV $OVR VHH 60 ORYLH 6
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(f)
YLIXUH 0 H FKVOUXIPMAEXKUHQ LVP WUDQVLWLRQ RIPORQJ)HER QWX BDHOG ZWW K DIGH
WKH WXEHQ@LWKPG 2z GHSOR\LQJ IURP FRQILIJXUDWLRQV , WRTDURKH FRU!I
OLVWHG EHORZ WKH GHSOR\PHQW VHTXHQFH ,TKQIGN,XEMR V HFIR BS DHRW HID |
6 EVariation of GLKH G U D &4 BQOTD¢réd curveshows that s3,4<0 between, ,,and lllk. F7KH
QR®LPHQVLRUDRO YUHDUBN kB B\G B YV LQ ZHKdrBcuwe showll between
,,»n»and lllkr. GRelationship among nedimensional D GL XV R Y HiAW [B @ASEme values ofare
listed alongside their corresponding curves. The shaded plane is rag¥e¥eBlue solid lines are fams>0 and
grey dashed lirefor ras<0 (where fhysical interference happéens HFront and top views of the waterbomb tube
undergoing structural deformation. Bbnfigurations, ,s5to ,,, the tube forms a concealed volume. Any
between configuration, e.g., configuration Ill, requires structurardeition as presented in the close up figure

| (ODVWLF VWWDAKH B QWKH\WXEH LV PRGHOHG DV D PHFKDQLBBGLQ JUH\

WKBLUHUHQFH LQ UHG



JLIXUDDWHUERPE WXEH\WQIGWKDRQRGBGG IROGDEOH UPQJR R1 VDXOEHYV ZLW
QIURPWR 7KH UHG OLQHV LQGLFDWH WKEW®ER\MWMXEW RYHAD QVWEKH X/
D 2 DQG DQG D FDUGLBRGWIL ZD &/ ka+&eRiH WAKHDRRBUUHVYSRQGLRJ IROGLC
DUH OLVWHG EHORZ WKH GHSOR\PHQW VHTXHQFA 7KHSWWIGHI RQGLRIJ |

ULJLG IROGLQJ WKH \HOORZ DQG SXUFDXK VU LID@W KO DHRUU HDQ-FHHV V QK WW HH E

VHH 60 ORYLH 6



