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INVERSION CHARACTERISTICS OF COMPOSITE
REINFORCED CIRCULAR TUBES

ABSTRACT

Metal tubes are conventional energy absorption structures. With the constant development of
composite materials in recent years, their excellent energy absorption performance has become a
research hotspot. Based on previous studies, the analytical models and FE (finite element)
simulations are applied to study the energy absorption properties of composite reinforced circular
tubes during free external inversion.

To begin with, the analytical models of composite reinforced circular tubes during free
external inversion are established. Subsequently, the correctness of the analytical models is
verified indirectly. The analytical models can help to reveal general laws of energy absorption
properties and key parameters’ influence mechanism of composite reinforced circular tubes during
free external inversion. Optimum designing proposals are able to be reached to meet the
engineering requirements, economical with time and effort.

Next, the FE models of composite reinforced circular tubes during free external inversion are
set up and the reasonableness of FE models is verified indirectly later. FE simulations, which are
also known as “virtual experiment”, have the capacity to make up the deficiency of lacking test
data of composite reinforced circular tubes’ free external inversion. And then the correctness of
the analytical models can be verified with FE results.

Finally, this paper analyzes and figures out the energy absorption properties of composite
reinforced circular tubes during free external inversion with the help of the analytical models. The
effects of fiber layer thickness, ply orientation angle of fiber layer and loading velocity are
described and investigated respectively. Some relevant suggestions of optimum proposals are
made to reduce devices’ weight with the achievement of expected energy absorption capability.

Key words: composite reinforced circular tubes, free external inversion, energy absorption

properties, numerical simulation
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2 Yh Yh (Yh

BBV IRARIR 2 A ST T SR 2R AR R S R A BT

APRAER R TR, S e &R E SR & & e R AL B, BT PSR GE .
EARER R, AR 45 Rt i 2H & 8 S VERRBR 26 1 SRR, IF B4 JE ARk
A NI-Ze s AR, UG BB A — B A R

Sl e PR R AL E, PO A RE ELECAI I T PR AL T R e R A T B A AR

o JIT AT BB LR A L -

() SH—MIEOL: PR T SRR E D, BRI h, MoeEek, e
SfRRz s, P 7 Dy h g s R

C= 1{2 2YhC ZYhc2 (YJLJ} 47

y

J& he

5 hm T Hh Pl
X
0 !

7 AT SRR HETE R R A

i EA %

j(Y +$E by y= acxchc+f(vo+%Ep¥jdy (48)
0

GATPIEGEIEEEER ITVA R

Eoh, o
(2x—hm)(Y0+\/§bj_ ~h. (49)

FEXT R RO, 45 BV IR A
¢ 2 _ X-y T 2 _ y—X
M,=||Y,+—=E,— |(X— Y, +—=E *— |(y—x)d
’ ‘(‘)‘(O+\/§ P b J( yﬁy+x(o+\/§ P b J(y )y

+ chc(y_x)dy (50)
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N |
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0
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FIFEHEIR Z AT AP B, E el B &A%
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GATPIEGEIEEEER ITVA R
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My=||Y,+—=E, —= |(Xx=y)dy+ - X— ydy+ CXCy X)dy
[ ] P LA LA L
Y, 2E 1
=E°hm(2x—hm)+?3”b[x3+(hm—x)3}+%(h—x)2+30m5 b?
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) .
85 e B R
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FE 5 A GBI I b, AUMBEE B s Akt 2R E A B
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A} Colokoglu, Al Reddy, T.Y. 1 7E 3 & sh g . 9 784 PA7E AL B Abih A%

LT S R AR TS5 KIS, TSR] Redwood, R.GIIME ¥,  BIAE ¥ #2148

Bk, WHEtRl/b, RELT 5h MRsIKEA XK. FERREAEX A, B #
A 1Py il ZR AR F ] LSRR R :
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T 5h/V, 5bh

(58)

(6) LFHER B L IR

ASCHR AT AERE 5 2 SRR T AR Al B FE R L D22 R RE, BETR E A4
BEE SR B S 5 M e RRE F1, DR A e BN AR A A AT I

AARRME N o, AEMBIEI RN LA T, B9 NEEGMEZ 44NN R e
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— 3 ELAFAE R BT 1] AR R /82

T — R A IR VIR 775

% 15 T 3k 47 3



< g ‘,‘ *‘2 SHANGHAI JIAO TONG UNIVERSITY Eé*j*ﬂiggﬁ%ﬁg§ﬂ$§##'|‘i

& —IRET YRR T ) AR BR 4L / s AR 5
& — I ELAFAERE BT 1] A BR IR iz / [ VAL

BEBAR (1) (2) (16) (17) (19) (20) (30) (31) (34) (35) (36) (37) (40) (42)
(43) (50) (54) (56) (57) (58) (59) fRAFgEEFHE AR (18) B, EAWNLHEL 18
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2.2 EAMRHEEEE BRIMNINEIR TR
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R SR F b AN S A0 AR, T SR AR AT B Y IR A

AR HTE A R T ABAQUS (JiRA 6.12) SR S A4k 5 [ 5 th 4
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FEFST A PRTCB R L RE rp, B T SRR B B R A RO LA R~ 2 4k, BB 1R
ZREVERW T, DU E RS AU . SRR AR YRR 2 AR T K O RHE
M CA R 4 JmBE L A 4 14 5 2 RN AR S~ T 2 8] fR A LA 3 DY 5 T g4 T 156PA

(1) EREST RO

EREI 2R R ABAQUS H1i) SAR BATG. SAR FATT I —Fid B MR I 1 3
FeHIG, TR E SRS ER . B RN 4-node shell, reduced integration,
hourglass control, finite membrane strains™®!, EIPY5 S5E 85T, KA TR, L&
IR, A VR DR R AR

I3 WIS, 52RO R ST RZ 2 85/ VR TS 45 SRR e bE, (HR an iR Fe sroo k)
it an, SRS HHR RE KRR A, S —J5 1, 7E ABAQUS 1, BRINELRSTH IR AR
IERRIA KA 0.6 5. ZEEHEUL ERATHIMIA R, AR FRAMFREITTR S N: &R
EH5E It RSy dmmxdmm, B A EHE SRR S A 3mmx 3mm , i I T AR 1)
HRAFJE M = dE RN, R AN T BN L3 AT AR &I 4

AR, HFEEE, HERFEESRENFRITAE S RE K5 It A
TE&BEMZEMEERH T L, WAER R u i &8 B E G EE 2 102 42011,

%@ﬁ¢%%@%%§§%—¥,W%mfwwo%%@i¢¢?ﬁﬁ,ﬁﬁﬁﬁﬁﬁﬁ

MRS EIR, SR LIS S Sehr i A,

(2) &JEM R

TEMA RO, SR BRI, TN 2R NER 1, S & 1al (R 3 s
ML TEIB IR Ban S BOR AR NI EPERRY, e LYIIRJE RS 772 288MPa, 748 0;
IR E NN 2R PR SR A Y, T 5 78 L — s N RS SR A £ . bR b, IR R B R
SRBEE B R AR, MRITRLBONRE K, BIS LR, T T 48 ik i
FLE, SCER[23]FEXRT &8 [ B AN BB s R T R AR SR E] 0.3 F1 0.5 IX MR,
FEARR B2 IR ICIRAE, NAZ R E] 0.2 AT AR5 E AR LA RF, BT AEEA S
B O AR A R R AR A 5] 0.2

PANEEE IR, 7E ABAQUS HHAZiSR I SN ) RIS RAR e g SR # T,
T R 5 A AR 45 HE A2 44 SR g RN 48 SRS, BT DA TR ZEEAT 300 1) 6 4%:. ABAQUS 42
FESR AL B s 2 AV HEAT R A, IF BEORAE S N Bt 2 LTS 2 AR w5, &
SERE ST (T RAR) R4 USSR SURIAS (44 LRI R AR nom) 2 a6 £ A7,

(1+&m0m) (62)

0 =0, nom

nom

FESEVERPRET A7 LT P R SO B AR AN (A R I 24, B D AT g AR
R 1 RWI R

2 ] HUE
P kL2 7800kg/m®
E W IR A5 200GPa
Yo WU e MR 75 288MPa
Ep SERALAE B 865MPa
D AR 4 S VAR F N 1 S 40
q TR 4 J AR F N 1 S 5

(3) ZF 4G 3= A R Y K R AAHE
AV SRR IR BER H B 0 PR 4R s E A kL, HOsA sl T3k 2 4,
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ﬁiﬁﬁ?é’ﬁi‘ 52 A A EER A ABAQUS R ME AT R b (1) L R AR AR AR R BEAT AR o

% 2 BRGNS AR S 2

ZH i g
P FhRbE 1780kg/m?
Ee IS A7 TR R 33.9GPa
Ot VS 47 0 AR B 7 7 845MPa
€t ST 47 10 O R 2 2.5%
E. Y4 )7 1 LA 0 b R 32.9GPa
Oce YT 5 160 1K) R BRI 7 855MPa
E. T B LT U7 T 0 AR 8.4GPa
Ocxt T T4 7 11 RO R PR 3 24MPa
Eoxt T B £F 44k 77 7 9 5 B s S48 0.28%
Ee e B 447 IR0 0 (G 7.2GPa
Ocxe T T 4T 44 77 16 R BRI 7 116MPa
[4%; LT 44 165 )2 2 THT P9 AR PR B D) A 10MPa
Yir T S S 2 2 T 9 W B )2 19%

ABAQUS I £F4EXG s R & 1) e B 05 R LT RE, 2R R3S 9 52 A PR 45 7 15
AR 20N T 18T B A7 5851 . ABAQUS SR ) 4% ) S M5 75 15 AU 35T~ Matzenmiller,
AN 1995 4Ef5c 2 Hashin, Z#1 Rotem, A.1973 4Eff15c 2 Hashin, Z.1980 4E 1
20 #1 Camanho, P.P.fll Davila, C.G.2002 4y 3 2B,

PR B SR 5 S RAGAT I B AR} e DA 200 2R M 1 . 3543 W04 7 A R U R 451
P A A G BT R PR B, AR VUM R A 2R ks = P 48 Ay 5 350 1) 4 A it 22
R AT T B A4 T AN G R R R e R e R B 7] 28k ey 5 S0 AR T 2R AR A
A9 1) S 45 A0 BE47) 8 5 85 P el e 2 220,

B 5 SR RIA TR AR E N, 7E ABAQUS MR 5t — /) 221 4 3 5 55 & bR AR
-Hashin Damage F &K e SCON AR AR AT . Shm BT . RIS A om i . B m) P R 5 g
AR BIY)SREE . B B DR A .

FRAE e I b 0 S AR - 2RI A, IR ARG, A 4R 4s . 5
A4 M SRR L AR B R DU P £ B B AR . RS R AU S R BUR G ERU BE 0T B T 1
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13 th=#4JF OAC ITHFIP). Hrft OA BURFK A it st bR R B AR B M N Z2 3, A
AR EEBGINE, AC BERRII A AN &NE, C miZRos M RHI I E 578 420
iR, zEITa e MR PR ER .

A equivalent stress
Geq """""" '?\
i C S
0 5; 5eq equivalent displacement

A 13 Lt
R RAARS A C A RIS S I A SNSRI oy (TS R P, Joep

R AT m A BT BRI, R ¢ 2 BRI AN R 4
() £F4etifi (S, 20):

S =L° (60) +asl, (63)
ol = <011><‘91f1t> gty (64)
O I L

(b) £F4EE4E (63, <0):
S =L (=) (65)
ol = (=ou)(=au) =(-ou) (66)

eq é;;c / Lc

() Htkiizl(6, 20):
S =L(& V1 el (67)
ot = <022><5i2t2/>|;712812 (68)

eq

(d) HARBEHE (S5, <0):
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eq eI
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. @ BL 0 785 Hashin, Z. A1 Rotem, A.1973 £E 45 11 it 1 (291,
15 () RESIESIBE, HHFDEHANE Y Mo eR,

<a>=(a+|a|)/2 (7D

L HEK EE, ABAQUS HYERIA 5% B U ARFAE K B A2 B T B F I RS,

(4) <gJaBE. ZFYE1g9m A NI R-T i 2 18] i #E A

SEMEE RS BT B /MR D, AR U R . KA T S
J& 2 AR AR KA T S 2R R R AR . &R JR B S IR P 4EE 5
B S REEAMER . SRR R RS SR E AR

MR ABAQUS Rt I FEIAS 1, IS HMRE S MERER S/ LB B P 2
B B2, SR e b TR PR I i S AR L ) S MO B W B

() WA 15 4 2 A NI4T [ 15 27 436 0 2 1) 4235 % F - surface to surface I
node region to surface 2 5vk, ¥ & v 7] 75 0] hard $&fi, B8 e VI 1A) 75 0] BEIE R 50N 0.9,
v BB E BCE L7 K1 weight factor 4 1, A S —ANEHUIOA E T, 25 AN EH A
M, EMYEFENIARTT, Dok H I RAE EILS .

(b) 482 FLT4Er s 2 (1) [ B2l K - self-contact 53k, 05k HIJ7 1A hard M,
IIe) 77 1) BE# %000 0.3,

(©) &JRE Ser4erian = 2 18] ()4 F surface to surface 5132, A5 1A hard 4%
file, 11177 1) rough B2fil, BRAS o vr s 2 HBIUAEXTE R « X BLE 75 1 B A H B R 7 weight
factor 2y 1, HELREINE S — AN ERITHE OV ER, 5 ANERUGTHAMI . PRS2 R
tie, K& @ Z ML 4ErG 240 fE—i . FmPERUR R, MRS B AR, A
TR BUT R . AR B AT e o 2, DL I B IR

PAR X — DB ABAQUS HEATHLM T AR, ] LAEL L R = A R o [
H /MR AT ROR .

ARG BE SRR 2.4mm, P P 4ER R B S ARNE R Y 0.4mm, 5 RE A
JEREER 116, LTYEGHBIAIE N 60° 5 WK I INEE Y 20m/s.

AR RN A EILE 14, AEHET LA B S ARG GRS E s, 7T
BN, SN A58 20 IR, 5 SBRE AR .

N BN T BV s R R TR AR TRIX, B 15 R AR TR G BN ) = IR EIAL L, A
T LU B T R B @ o AR SRR AR X, JF HAR R A X it f
4, FoRNITRK.
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AT AR T s [ B e MBI 7T 2 106 B AR NI 28 1 < S b RS R AT PR HHE S A0 017 L0
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2.4 REING
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ZJERTARRTER, VR TR LTRSS RS TR R AR
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H1 T H TS A R E SR R B H AR seds Bl i AR S A R A
S8 BHE S (A1 IR PRI A S B, 73 A BR o 0 35049 21 A 3 B A AR 5% S B it
5 AT TO R AT AT U, it — D IR TR R ) I

3.1 E&MHIEREE BRIMNIARTIRE SRRV IE

PNk Z 24 PR R B A i AN SR I s, i DUAS T SR BORE 5265 41 e 5 5
B H BB A e S SN 5RO A PR TR 1 5 B EAT R YR IE o

B HA RIT It ABAQUS Xt <& B thAMREAT TR, K HARIIE
it 2P AR RS A BHL 70 55 i\ BRSO S 285 R e S B AT A . 2 49 B BB 5 A N
(1 SR 9 M DL R AT LA R AF o R, DURT AA AR TR e 3 (R A FR T A2 15 R

R AR 1 = SRR R A IRCER AR o g B IS, &R BE K LT
K 160 JUAIRSE 55 nEEoL. eEpkl. BoTRR UL RIS RI B ST CE &
FHRHE SR B 1A FROTHRN R, I BB IR .

E Viewport: 1 Model: Model-1  Part: metal S=E

K 16 &J&8EEH R
SRT H TS T &R A B i AN SEI0 A LA TR o AT Hrod B ERAE B #d% 2013
ARG R IR B AN S0 45 B R LA R T4 P15 Colokoglu, AR Reddy, T.Y.1996 4E5C
25 v Sz 425 SR VI A VR o ) IR TR R AT ) B BRI
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(1) 5 SCHR[5] A rysese 45 5 %A BR o4 BTt

SCHR[B]H 1 4 13 A B R /B S5 R FH R B AR 42mm, &R iR F )2 45
(3003-H24), 5 M B B 5 1R 8 2 1 L i 47904 0.038, 0.039, 0.045, 0.058,
0.060, [FE{EPIAN AR Z [AIHEAT R4, INEGHE B G B 2mmimin KA R AT A HERR S AR 2%
o I BT RARR, e 4R S MR IR R RS /18 162MPa, 17 HL R AR 55 40 35 R AR
N, T RSN,

AT I AR IX A REEAT A IR TR, R 4 ThRIRIZE (3003-H14) XAk}
75 ERE, SO HINER (3003-H24) (AR [R R ARBLAE N TREALRE IR AR B 7
7 B SR FH IR S A0 5E H24 1) 162MPa. 44 HE S U6 Hh 1R 45 B JE B 5 [ A AR K LA TR B
PG & RS REE S, JERARIMER RN, T HTHIEE R,

% 4 45 (3003-H14) [H2:tkasl

24 A i
P MR R 2700kg/m®
E My A 69GPa
D AR 4 AR FE N S L 0.27e6
q AR 4 R AR ZE N S L 8

KAL) ABAQUS HUEZL RS SCHR[S]H AT FRIT (FE) 45 R K Seia sl Rtk AT LEAL,
K 17 Jor T B PR R BRI LLAE R, 18 18 Jon T RSB /1 e L JE N LEAS
ZiR . Hoh Py Jyse w15 8 fi] B A2 IR IS I S AR e, RIE SN

P, =2zRhY, (72
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—A— KL ABAQUSHE B

0.0
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B 17 il A2 1 ABAQUS 455 53CHR[5] LR & FE 4R LB

ME 17 T A e ABAQUS BRUUER il [ A B {E 25 A5 SR [S] 7 (AT BR e R
K A5 RAR I T A RIAIAE S . B SCRIA FRITIE AT 2 146 it P42 1 BUE 25 R B0 S
RR[S]H AT BR T Z RS SER BT S 154, Rl RAEEE SR IELEVNORER T, &
g A IRTCAE R S SCIR[S] B SEIR A R 2R o A B 17 ] UK BLRE R )R S
SPAR A RZ G R, A A IR ITE R BB SCIR[B] T A S I 25 . Xl T
ZHEAE A FER TR SRR R b, BlANE R IX AR SR ZE T
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INVERSION CHARACTERISTICS OF COMPOSITE
REINFORCED CIRCULAR TUBES

With economic development and improvement of people’s living standards, modern life is
increasingly dependent on various modes of transport. Advances in technology also allow the
vehicles to achieve higher speed and larger scale to facilitate people’s production and life.
However, once the motor vehicle traffic accidents occur, they could seriously threaten people’s
lives and health, and result in severe economic losses. The consequences of a vehicle collision
include structural damage and damage to the human body. It is worth noting that in the event of a
collision people colliding with the vehicle interior components, namely a “secondary collision”,
could be very dangerous. For example, the human thorax could directly collide with the steering
wheel and steering column.

In recent years, people are increasingly concerned about the safety performance of vehicles,
and various energy-absorbing structures are also widely used to improve vehicle crashworthiness.
The metal tube is a conventional energy absorption mechanism. Its deformation mechanisms
which may occur under compressive axial force effects include collapse, inversion and tearing.

Metal tubes’ deformation mechanism during inversion is stable and controllable, with steady
load-displacement curves, so metal tubes are ideal for energy absorbing. Such structures can be
used to design collapsible steering column or other energy absorbing devices. Moreover, in the
past 30 years, composite materials are developing rapidly and are widely used in the aerospace
industry. In addition to having a high specific strength and specific stiffhess, they also have good
energy absorption behavior. Compared with the conventional metallic materials, composite
materials have a higher specific energy absorption capacity (i.e. energy absorbed per unit mass),
thus composite materials are more capable than metallic materials in terms of the actual energy
absorbing performance. So fiber reinforced composite materials and metal materials can be
combined in order to absorb more energy, especially for the structures with weight controlling
demands.

Based on previous studies, the analytical models and FE (finite element) simulations are
applied to study the energy absorption properties of composite reinforced tubes during free
external inversion.

To begin with, in chapter Il, the analytical models and FE models of composite reinforced
tubes during free external inversion are established. The basic assumptions, adopted material
theoretical models and the theoretical formula derivation of the analytical model are elaborated.
Chapter Il provides an expression of steady load during free external inversion.

As for establishing finite element models, detailed description of the FE models’ geometry,
the adopted shell element, the metallic material model, the material model and the failure criterion
of fiber-reinforced layer, and contact among metal wall, fiber-reinforced layer and rigid body
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plane is given in chapter 1. FE simulation is carried out by employing software ABAQUS. At the
end of this section, an example’s contours of von Mises stress in the steady stage inversion are
displayed to show stress distribution after deformation.

Calculating cases are designed according to variables of the study i.e. fiber layer thickness,
ply orientation angle of fiber layer and loading velocity.

Next, in chapter 111, due to the lack of experimental data of composite reinforced tubes’ free
external inversion, the reasonableness of FE models only can be verified indirectly, compared with
Qiu’s FE results and experimental data of metal tubes’ free external inversion in 2013 and
experimental data of Colokoglu, A. and Reddy, T.Y.’s test in 1996. In this part, the current FE
models of ABAQUS are degenerated into metal tubes. The trends of data are similar when
comparing the current FE results with the two previous test data and Qiu’s FE results. Especially
the current FE results of steady load agree well with previous experimental data. Thus the
reasonableness of the FE models is verified indirectly and simply.

FE simulations, which are also known as “virtual experiment”, have the capacity to make up
the deficiency of lacking test data of composite reinforced tubes’ free external inversion. And then
the current FE simulations and previous experimental data can further validate the analytical
models’ correctness.

The current analytical models are compared with previous studies, which include Qiu’s
analytical models and test data of metal tubes’ free external inversion in 2013 and Colokoglu, A.
and Reddy, T.Y.’s analytical maximum solutions and maximum test data of metal tubes’ free
external inversion in 1996. In this part, the comparison between the degradation of the current
analytical models and the previous two experimental data and analytical models generally show
the same trend, with good agreement. Particularly, the prediction of steady load agrees very well
with Colokoglu, A. and Reddy, T.Y.’s experimental data, sharply reducing the relative error
between their analytical solutions in 1996 and their test data.

By comparing the current analytical models with the current FE results, whose
reasonableness have been indirectly verified, it can be found that predictions of steady load
resulted from current analytical model conforms to the current ABAQUS solutions. Although
there is a gap between the two as for the knuckle radius prediction, but the discrepancy is still
within an acceptable range. Therefore the correctness of the analytical models is validated.

Finally, this paper figures out the energy absorption properties of composite reinforced tubes
during free external inversion with the help of the analytical models. The effects of fiber layer
thickness, ply orientation angle of fiber layer and loading velocity are investigated respectively.
Some relevant suggestions of optimum proposals are made to reduce devices’ weight with the
achievement of expected energy absorption capability.

The following conclusions are reached after calculation and discussion of some study cases:

(1) When perfectly rigid, perfectly plastic material model of metal is selected, by considering
the proportion of fiber-reinforced composites of the total thickness of the tube wall and ply
orientation angle of fiber layer, the optimal combination can be reached to achieve even higher
steady load than that of the mere metal tube undergoing free external inversion. In other words,
such structures can both achieve the desired energy absorption capacity and reduce the weight of
the device with the help of analytical models.

However, compared to metal tubes, composite reinforced circular tubes are doomed to obtain
greater knuckle radius of the semicircular deformation zone. It can be inferred that mixing
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composite layer with metal tubes will increase the knuckle radius after the deformation of tubes’
free external inversion.

(2) When rigid, linear hardening material model of metal is selected, under any circumstance
the combination of the proportion of fiber-reinforced composites of the total thickness of the tube
wall and ply orientation angle of fiber layer will not help the composite reinforced tubes to reach
the same steady load as that of mere metal tubes’ free external inversion.

Nevertheless, with relative small ply orientation angle of fiber layer, composite reinforced
tubes can draw smaller knuckle radius of the semicircular deformation zone, compared to those of
mere metal tubes.

(3) Regardless of which kind of metal material model is selected, generally speaking, the
dynamic loading will significantly increase the steady load of composite reinforced tubes during
free external inversion. Knuckle radius of deformation zone will first decrease slightly, then
stabilize with the increase of load velocity.

(4) The effects of dynamic loading mainly include two aspects. On one hand, the yield stress
of the metal material is evidently increased. On the other hand, the dynamic moment of A and B is
also significantly increased.

Considering these two factors, when perfectly rigid, perfectly plastic material model of metal
is selected, it is reasonable that the steady load of composite reinforced circular tubes undergoing
free external inversion is greater or less than that of the mere metal tubes. Different cases have
different results. When rigid, linear hardening material model of metal is selected, the steady load
of composite reinforced circular tubes undergoing free external inversion is bound to be less than
that of the mere metal tubes.

No matter which metal material model is selected, the composite reinforced circular tubes,
compared to mere metal tubes, will realize greater knuckle radius of the semicircle deformation
zone. Moreover, when perfectly rigid, perfectly plastic material model of metal is selected; such
discrepancy of knuckle radius will be even greater.
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