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ABSTRACT

Partition of Unity—based Tetrahedral
Finite Element for Nonlinear Structure Analysis

of Nearly Incompressible Solids

Tae—Jung Lim
Department of Mechanical System Engineering
The Graduate School

Jeonbuk National University

In this study, we developed and evaluated a four—node
tetrahedral finite element (TET4E) based on the Partition of
Unity (PU) method for the nonlinear structural analysis of nearly
incompressible hyperelastic materials. Hyperelastic materials
can undergo large elastic deformations and are employed across
various engineering fields. However, during the nonlinear
analysis of hyperelastic structures, the constraints imposed to
prevent volumetric changes often induce volumetric locking,
which can significantly reduce accuracy. To release this issue,
we applied the PU approach to standard tetrahedral elements. By
incorporating Mooney—Rivlin and Neo—Hookean material models,
we accurately captured hyperelastic behavior and integrated a

penalty method to address nearly incompressible conditions. For

vi



nonlinear static analysis, we adopted a total Lagrangian
formulation to account for large deformations. In addition, an
amplitude—based nonlinear modal analysis procedure was
utilized to obtain nonlinear natural frequencies and corresponding

mode shapes.

We validated the performance and accuracy of the proposed
finite element through a series of numerical examples, including
a compressed block, a mesh distortion sensitivity test, and a
hyperelastic tire under compression in nonlinear static analysis.
Compared to existing finite elements, the proposed finite element
demonstrated superior effectiveness in alleviating volumetric
locking and achieved excellent accuracy. Additionally, in
nonlinear modal analysis, we examined cases such as distorted
plates under free vibration, cylindrical shells, and hyperelastic
soft robots. Even when the mesh was distorted or relatively
coarse, TET4E accurately reproduced the nonlinear natural

frequencies.

Keywords: 4—node Tetrahedral Element, Hyperelastic Materials,
Large Displacement Analysis, Nonlinear Modal Analysis,

Partition of Unity
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Fig. 2. 1 Partition of Unity—based interpolation covers; (a)
Linear interpolation function; (b) Cover region C, affected by the

interpolation cover; (c) An element
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Fig. 3. 1 Definition of initial (time 0), last calculated (time #), and

current deformed (time ¢+ A¢) configurations in the Cartesian

coordinate system
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_ 1 t t t t (8 24)
0 _E(Oui,j ool T ol oty ; ol Ouk,j) .

Y WMFE-WY WAL MEYS FeE BAE 5+ Aok (B
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(3.26)

- F,
E,

6°y

16
16

ON,

0°z

F,
-8l (Spatial

ON,

0°z

£, +
By +

W o] F7hEoltt.

0°x

ON,

H 2]
16
i=1

=
_F,
aoy 21
£,
N14 NIS N16]

16

Vs lps!

ON,

0°z

0°z

=
L
£,

ON,

0°z

U
Byt

E, +

0°x

oN,

0°x

ON,

]:1_7‘7

[N, N, Ny ...

eba,
N

=
=

W ) "Ae A Rolt)

Gradient)
7 ol # .

B

o}

19



ol :%( oUpi Ouk,j) (3.28)

=U" B, U (3. 29)

n
A714 B, © HAE WIFE-HS 34ENonlinear Strain—
Displacement Matrix) &, W% Fuje o]z & xEgslo] Z
HYS adror xAt. PU 24 7[Mor Adstd 4-2F
APEA Q4o thel HAY WP E-W B B, & T 2ol

RCEES

By O 0
By=| 0 By, 0 (3.30)
0 0 éﬁNL

o714 1By, & T3 gol T,



5,¢;, =B, ;60U and &,n, =6U" By ,6U. (3.32)

0€ NL,jj
o] xFAEL Ay Feteh WAHAAA UF 3 9E (Internal
E A dd(Tangent Stiffness Matrix) &
S 8lsk= d ARS-ETH

3.2.2. 71} U] s B Y P

7Pede] dels dsha HE A, f9e s ®st
FolFe w WReld BAsks 7 At el o8 2Asks
FEdol A=z Aol Fro] 0o "rk= deoltt [34]. AZF ¢
A2l 4 (Configuration) & &3l dthal 7Fgstd, 72t 2=
At ol disll AP+ A oM TG A dele vsd Zol

N

t+At t+At 0 t+At
f 08,0 0E; AV = TTW =0 (3.33)

Oy
o714 % = %7] 3 (Initial Volume)ol®, “y = ZA£H
wWsts 2 AAH(Body Force) 02 o3 wAst= o 7MY
dolrt. IS, = ARE t+Ar oA 9] Second Piola—Kirchhoff &9

|

l:,
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'lMola, §%0e, = ARE t+At o142 Green—Lagrange W% E 9]

7P HEEZA EF X27](time=0) AES 7|02 3t}

<8 "= 21(3. 12)o]A4 AAlE Nearly Incompressible
] s Bl WY E oYX "W $hof Y|Wkste] & E T,

=
S AAE 98 $¥ WAe WEE ANE oide 2ol

HAOISij = ()tSij + OSij (3. 34)

A7) s, v %71 el tid Second Piola—Kirchhoff 53

i)
>
s
K
"
rlr
>,
)
o\

7} At F<F] Second Piola—Kirchhoff
<9 dAE YErdT,

6t+A0t€ =5 8 +0 g ~0 e -‘,—50771.]. (335)

ofN
~

Sle, © =o¥ Green—Lagrange WHES JushAvt Ar

g

flo

deld Qgstotn ¥ & gomz Az wael ©E F7t @
0o% Azl® F Utk AG. 30 4G 35)F AG. 33)
g, et g PP BN e

jUV((;Syaoeij 08,0071 + 08,008, + oS, 8, AV = "R (3.36)

2 2Fvig $H-wAYEE #AE FHste] dWd BAE
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3.3. 294 7229 HAY R4

B AoA= /dE PU 7|HF 4874 AbdA] Q4 (TET4E) ¢ v]A4 3

A4 Ass ATl SlEll FACAAE AAR ol

As eststr wAdE HH A

Ak} 33 FAG 5 QA B,
1. T Foly WE b AQAW WY AT 7

0.
Wol noli A A%S v ¥ B}

X gh},

<)

of

p=e]

i

it
H
o
of

5ol 77kl wf HApzh wi el BHlEE Thafe],

2. ¥4 ‘S W 2gAH EE: x8v4 Nearly-—

FEBFL Aol T WY oA YEmg PS .

Incompressible A# o] Line LoadE 7}g wf dAsH=

Y WY ABL LA

h=

B
P

=
E73 3 w4 (Distorted Mesh) & A4 3}
Aol v FEFE FIre

@4 229 W4 9T UPE B4 5U9 294 25

5. & 3% sk x&AH  Eolol: w4 Nearly—

Incompressible Efolo] F-x¢) +2 $45 stg& 7ok

TET4E Q84E= 7]1& dF9o £ZM37 dHluEgon, Hus g3

AREE e Aol B FAE Table 3. 16 AAE o] Qlth
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Table 3. 1 List of finite elements for comparison

A Hx
AbHA] @A
TET4 712 423 ApAA #3532 (9]
TET10 7] 1083 APAA 384 (9]
FS—T4 Face 7|8t Smoothing WHES A3 AP A 135]
fFeas 0
CS—-T4 Cell 7|4t Smoothing ¥HE& AFES AbAA| 361
e s 36
ES—T4 Edge 7]4F Smoothing HHS A}E-3F ApdA] 5
fFehe s [37)
bFS—T4 FS—-T4 24 7]¥F Bubble Functiong 37}3F 138
APEA] et A
T1P1  H9 9} 8 5% FAlsk= APdA| {384 [39]
T1P1IM ¥H]33 RE=E ARE }01 Oyéfi}% A8 e 139]
3ST W ¢S zhe= ApdA f3tesh
TET4E & A-oa] AASE APAA 3-8 4 -
S @4
HEXAS8 7]¥ 844 WA fF3taxsr [9]
Q2 22} A ke [40]
QISP <Hdst 7Py HYSAA MEds AEs
899 guA fatas [41]
QIR  #x} AHEHo] Aew 8484 §A4 f3ke s [17]
FQ2/Q1l Msl =S 23 g2 Hasha oy d=s o
AR HFEE £33 fie s
4 9n
NL Shell 2 Yo HEES MAE deE 7HgskeE (40,
“T EAS WS AT 4 fotex 42]




)
[t
N
)
N
N
&lt
N
rr
)

2 gy W (Fig. 3. 2 X)) i Zo| g =2m,
O] h =3m, YE E =300 GPa 2] AMEZ FAEo] Qou Folf
A

Z7tetl, B A oAo| A= Coarse, Medium, Fine 2] Al 7}X|
HHE ARESte] S S st on, AREE w4 Bl Z; w4 2

Table 3. 2 o Az =] At}

Table 3. 2 Comparison of mesh types and number of
elements/nodes by element type used in Example 3.3.1

olxks} TET4 & TET4E HEXAS
T EE 24 EE EX
Coarse 1,824 500 304 500
Medium 3,450 864 575 864
Fine 5,832 1,372 864 1,372

Reference: TET10 94 €}¢], 19,791 7} &4, 19,791 7 2 A
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Fig. 3. 2 Cantilever beam subjected to moment loads
(E=300 GPa,L=20m,a=2m, h=3m, M=10 Nm)
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Fig. 3. 3+ TET4, HEXAS, TET4E 24°] t}oksdt ol HloA
3tz @7 (Load Step) ol W& z- W3 WIS vlust A3E HojFErh
TET4E @4+ %3 TET4 9 HEXAS &40 Bla] thokst Fols
v Z27elA e H3 Ass Bk FgetA AdstE o o] &
M-S Btk B3] TET4 Q4 e Fold BloA Reference
#ak Agst Aol wth Whd, HEXAS Q4% TET4 24 KT ¢
U2 Ass Belou, ofHd3] W& Fol uloA a7} YERRLT
olof Wil TET4E Q4+ Fold nle] HA| HelolA Refernce

TET4

|
—_
8]
T

-12+

Vertical displacement at tip (m)
S
O
Vertical displacement at tip (m)
Vertical displacement at tip (m)
=
O

|
—
[}
T
|
—
o)
T

2 4 6 8 10 2 4 6 8 10 2 4 6 8 10

Load step Load step Load step
-8-03 —-035 —4—04 —9—-045 —9-049 —«-0495 0.499
Reference ——03 --- 035 ----- 0.4 === 0.45 == 049 coeee- 0.495 -~ 0.499

Fig. 3. 3 Calculated load—displacement curves at point 4 for
the cantilever beam with varying Poisson's ratio
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Fig. 3. 4& TET4, HEXA8, TET4E $£49] thekst Fold H|d

gl Mz o2 w4 1xold 4 A-e garstE HYE v
Zolty, AxtE HSEE  Referencel @ o] Aafdtd HE
Tett TET4E Q4% B Fols vlg) w4l WimolAd Hqrstd
W97k Referncedt 1%o1We] ztolE Holw, AAE7 s A9
w2 ke e des WERdth vbA HEXA8 Q4= Coarse
oA Folk H] 0.499Y wj 8.11%2 AhextE wolw AF
T3 9FgS 2AN Medium¥ Fine wl4olds ZH2F 5.27%%
3.66%% <ext= ATE7F FAET TET4 L4+ 0.49994 Ha
11.68%2 225 YehdH, w4 UEE F7MAR A437] TAE
e8] sdstA] Kk A Bt

10 @
A
= =
O
09}
)
Q
=
& 0.8
:6 .
o]
19}
N
= 0.7+
E TET4 HEXAS8 TET4E
2 06l —— Coarse —&— Coarse —@— Coarse |
’ Medium Medium Medium
—a&— Fine —A— Fine —@— Fine
05 1 1 1 L L

0.30 0.35 0.40 0.45 0.50
Poisson's ratio

Fig. 3. 4 Comparison of normalized displacement for different
elements with varying Poisson's ratio
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Fig. 3. 5= =7F W& oA TET4E 949 Wy FAS A4 HE
45 Ag3to] YeRA Flojr} o] A2 WS ghjste] RoFA|T
AA A= A FES vXA] =tk Fols v 0.3904]

0.499% F7Ves dxl Wele dashks 43S 2ol

z-axis displacement (), scale factor =4

0.5 1.5 2:5 3.5 4.5 55 6.5

Fig. 3. 5 Deformed shapes of a cantilever beam composed of
TETA4E elements according to changes in Poisson’ s ratio,
with a scale factor of 4 applied
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Acko] ¢otglo] 71el A= Nearly—Incompressible 284 B2 &
A= AATF dAdS d3tels 58S HEsta, Ao iy A

A]
43]. o] EF9) st Hel Ao|7} L =1 mmSl ASHAZ, Ak ¥4
o] 1/49] {F=lo] eIt

Aol A RrF Alefo] FoAdn, FteiAl= H p =320 MPa=

o2 ZFI7MAZIY. A B+ Neo—Hookean
mdz A lom, B8 4 =40.097 MPa, A7 & Al
T k =400,899,606 MPa°|tt. & G2 oAM= NxNxN L4 v
(N=4,8,16,32) 5 AHg-sto] sld & astglon, bofet M4 2=
oM< &4 A#}E Referencedt Hlwsith AFEE w49 &
ol 44 9 24 FE Table 3. 3¢ 7]&5 o] 9t

)«

-

Table 3. 3 Mesh density and corresponding element and node
counts used in example 3.3.2
3 H 249 4 (V)

4 8 16 32
QA T 568 2,893 14,300 114,400
44 =+ 169 730 3,305 22,739

Reference: TET10 2.4 €8], 105,810 7]} &4, 72,797 7 A4 ARE-
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NINI N

Fig. 3. 6 A nearly incompressible hyperelastic block under
compression

(A10=40.097 MPa, k = 400,889.806 MPa, L =1 mm, p =320 MPa)
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Fig. 3. 7<= QIR, T1P1, T1P1IM3ST, TET4, TET4E Q4°A
o)zl 248 eV el e 4 AR 4 ALE nlust 4
nojFEh Nol AE A4S, BE QoA A" 7 oW
Reference2} #}o]E H O No| F7}ghe] whel TET4E Q4+ A
A dAdE afrom ¢slete], e R AEXHTH Reference?

4
g wh=A sk 4@ ok

ik

=

do 8
N
= -

T T T T
08 F -
g 0Tr ¥ —% : - -
E o6l )r‘/ —4—QIR |
g —e—TIPI
g 05 F / —A— T1P1IM3ST _
o —&— TET4
(&7
% 04 v— TET4E T
_Fg 03 L Reference i
S o2l ]
5
= 0.1 F ,
0.0 F .
1 | 1 1 1 |

5 10 15 20 25 30
The number of element per side, N

Fig. 3. 7 Convergence of vertical displacement at center point 4
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Fig. 3. 8 & AHr=7F Z7Hgtel wet HEXA8, TET10, TET4,
TET4E Q414 4 A 2 W9 vud das HoErh
HEXA8 Q4+ AFE7l S7Fsel w2l Reference o W=7
TFHtE AYES RO, =2 AHFEoAE €3] Reference ©ll
T A = Fte S Bt TET4 4% AFE7t S7le=
Reference 92| zo|7} A4l &4 &tk TETI0 Q4+ oF
15,000 A% o]dolA Reference ° <3t Axs Aglor,
TET4E 24% °F 4000 AFEwOZEE Reference o <33t
Axs =Fh ol TET4E L4t A4 Jads anroz
gkslstol 2 A4 HIbSE FEsks TETI0 faRth o uwhe Ant

MgoRE ¥ FAEE ATY + Yee woth

0 8 B T T T T T T ]
. PY
§ ool //Q/., |
% —B—HEXA8 —A—TET4
E —e—TET10 TET4E
g o4 Reference |
I
2
s
2
q>‘=§ 02 .
0.0 - —
1 1 1 1 1 1
0 10,000 20,000 30,000 40,000 50,000

Degtree of freedom

Fig. 3. 8 Vertical displacement a point 4 for differenct finite
elements under compression of hyperelastic block with

increasing DOF
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Nearly—Incompressible 28 559 4% W 5124 (Contour)
S RojFEh o] a9 v 7HA] thE w4 W=
= 7HIA sksel W E5 R 74 W9 HEE HojFrh

z-axis displacement (mm), scale factor = 1

005 015 025 035 045 055 065

Number of elements per side: 4 Number of elements per side: 8
(568 clements, 169 nodes) (2,893 clements, 730 nodes)

aiv Ay,
AT
SRR
SR

U
AT,
«“:\\\ WY

RS

N

Number of elements per side: 16 Number of elements per side: 32
(14,300 clements, 3,305 nodes) (114,400 clement, 22,739 nodes)

Fig. 3. 9 Deformed shapes of a block composed of TET4E
elements under a pressure of 320 Mpa
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o] Al Ak Fhgo]l BT shsido] Sl AdelA frgk 24
a9 Wy 8-S Frleke W dE AR [10, 42, 44]. o
AAE 9] X do| L=15cem, A t=2cm, WSS R=8cmo|H,
2 35 (Line Load) p = 75,000 kN/emS 109HA| 2 Upro] XA o7
f39th A8+ Neo—Hookean EEZE FAEO] glom, EA3H
A0 =3,000 kN/em?, A2 &2 A= &= 280,000 kN/em® ©]t}. Coarse,
Medium, Fine "4 WEE ARgsto] ¥ Ass A3 d34&5
Ar s, W] @4 W H2E F= oey gk

i)

= AZ w3 (Coarse): L,171709] &4, 435702 A A,

« 7 W4 (Medium): 2,629702] 24, 931702 24

« A w5 (Fine): 53,1379 2.4 1618702 &4

= Reference: TET10Z T4 6,1997012] 27~ 12,044702] 2H

ux z ux :0

Fig. 3. 10 Thick symmetrical cylinder under line load
(A0 = 3,000 kN/cm?, k= 280,000 kN/cm?, L=15 cm, t=2 cm, R =8 cm)
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Fig. 3. 11%& "4 9o W& Q2, FQ2/Ql, QISP, NL Shell,
TET4, TETE 249 4 A A eA e 4 ¥9E vust d35 Ko
=k TET4 84+ "4 X7l S718E Referencee] =9abA] X
= FAIE BRItk Wb, PU 2AME A835ke] 7iAd¥ TET4E 84
= N=38 oA 4] WxoA Reference®}o] zFo]7F 10% w]REo.

ganEd wal g S5 45 nglh ol

!

18 .
P :
= 1St — -
= —
) — & Q2
£ « -e- FQ2/Q1
g 12r QISP T
g. —— NL Shell
S gl —A— TET4 |
= - TET4E
-QEC‘: Reference
=4 6 i
3t J
| 1 | |
4 8 12 16

The number of element per side, N

Fig. 3. 11 Convergence curve for the different elements with
varying mesh densities
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Fig. 3. 122 TET49 TET4E Q45 AFEste] tfokst w4
o)A stz Wste] e 4 AdelA ] F4 RSE vlust AnE
HolEn TET4 Q4+ #d HE7F S7hgel wel ool
MAEATE, skgo] F7HEE Referenceol Afol7F b 7AX|=
B HRIYE 53], 2 dvq] UEW = 4olM= dtso] wHe

T 2 e ek, HAE AEIElE Reference 2t
zpolE ¢hds] saskA Xehe IS Seldvh Wb, TETYE
QA4 FYd FHA Reference?t w$- FAFSE 7 WHYE
etk W v EW=4) oA A Qs AaE Kol
3t=o] F7lelE Reference 949 zfo]7b 79 uA| b=t} o=
3 TET4AE Q4% TET4 Q40 & J&st vjddy As 55
sto] g3t dld Aos AFstts 38 Hojeth

b
mlm

18- TET4 TET4E ]
——-N=4 —WB-N=1 /V

I5F -A—-N=8 —&—N=3§
—O—N=12 —@—N=12
12} —9—N=16 —¥—N=16 )
Reference

Vertical displacement (¢cm)
o

0.0 0.2 04 0.6 0.8 1.0
Pressure load (P/P,,,)

Fig. 3. 12 Load—displacement curves for the thick symmetrical
cylinder at point 4
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Fig. 3. 132 AF=7F S71ghel wel HEXAS, TET10, TET4,
TET4E Q4F ARE3ato] 4o AXtE 2 ®99] ¥gtE HojFth
HEXA8% TET4 QA H%7t Z718te] wet 52 w97}
Z7Fstel  Referenceel Az ZAHARE, & AFEAAAME
Referencedl ¢Hds] EdsbA Xtk HEXA8 S84 AFE
9,717 Reference? 81.3%<, TET4 L4+ AF% 10,4194
°F 65.9%9 #& A=3Fd. wbd TET4E® TETI0 4% w$
FARE AFS Holn, ¥ AfToME w2 JIEE FA 8
TET10 24+% A% 4,445+ Reference? 96.8%% B33l
TET4E 84+% A% 4,140004 95.7%°l sidsls 2 ®E
Sttt Nearly—Incompressible 283 A5 F+Z2E9 w3ss
W= AbsloA TET4E Q4= 10719 #AS 7HA1 24 ®Biks
T8t TET10 249 A A58 HojFr

2
I

|

v &
T T
Ny
1 1

[a—
[\S]
T

o
T

—— HEXAS8

—@— TET10

—A— TET4 7
TET4E

Reference

(=)}
T

Vertical displacement ( cm)

1 1 1 1 1
0 2,000 4,000 6,000 8,000 10,000

Degree of freedom

Fig. 3. 13 Vertical displacement at point 4 for different finite
elements of cylinder undergoing large deformations with
increasing DOF
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Fig. 3. 14 MZ o& w4 Uxs b9 st% 3stellAl TET4E
Q25 AR diF Adge] WEE S Hoer A g
PlPpe = 059 W, "4 WX N =38, 12, 169142 HES Vel
stk e 2L w4 DX PP = 1.04 WO HES HojF
514 (Contour) 2 z5 W W& vH d=E Yepdv, M2

2 W Mgle] 2718 Bdskn Yo,

fljo

z-axis displacement (m)

54 8.1 108 135 16.2

N=8, PiFpux=10.5 N=12, P/Bpx=0.5 N=16, P/Byx=0.5

—

N=8, PiPpax=1.0 N=12, P/Bpax=1.0 N=16, P/Fyax=1.0

Fig. 3. 14 Deformed shapes of the cylindrical shell under
different mesh densities and pressure loads
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' =z+ra,,Az
A7NM x, y, z+& 7] AAE, x', y', z'v HUOEHE YAE
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Table 3. 4 Mesh density and corresponding element and node
counts used in example 3.3.4

o g 240 e (V)

ha

4 8 12 16
Q4 F 781 3,433 9,234 17,414
44 =+ 210 815 2,086 3,816

Reference: TET10 24 B}, 24,000 7| 2.4, 36,461 71 AF A&

Fig. 3. 15 Cube with a base under uniform pressure
(L=10 cm, P=-0.5 N/m>, A;0=0.5 Pa, k=100 Pa)

Table 3. 5= 8 x 8 x 8 H|go|A thakst @ A59] 424 W98}l Ay

A2 Bk A9E BolFEth TET4E Q4+ w3 of=ro] wzFsHA

HES-SFA] O WA T Nearly—Incompressible Z8A 2504
adAor &std ¢ Qvke AoA ol

BTk Wb, oE 84
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Table 3. 5 Vertical displacement and relative error comparison
for different elements
CS— FS— ES— DbFS—-
L4 B TET4 TET4E  Ref.
T4 T4 T4 T4

2] (cm) 1.18 1.25 1.37 1.41 1.25 1.54 1.52
Ao @4 (%) 22.14 17.563 10.16 7.04 17.73 -1.27 -
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Fig. 3. 16 Vertical displacements across different distortion
factors for TET4 and TET4E with varying mesh densities
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Fig. 3. 17 Deformed shapes of a cube under uniform pressure
for different mesh densities and distortion factors
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Fig. 3. 18 Tire under vertical load (265/35R20RH)
(P =320 kPa, A10= 8,061 kPa, Ap; = 1,805 kPa, k= 10,000 kPa)
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Fig. 3. 20 Comparison of deformation using TET4 and TET4E
under uniform pressure across different mesh densities
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Fig. 4. 1 Fixed boundary configuration of distorted
hyperelastic plate
(L=10cm, t=1cm, A1p=100 kN/m?, Ao = 50 kN/m?’, k = 2,000 kN/m?, p
= 1,000 kg/m’)
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Fig. 4. 2 Natural frequency comparison for distorted
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different mesh resolutions
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Fig. 4. 3 Mode shapes of a distorted plate using TET4E
elements up to mode 6 with scale factor 2
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Fig. 4. 4 Cut—out cylindrical shell structure with fixed
boundaries (L=10cm,R=9cm,a=5cm,d=3 cm,t=1 cm, A;0= 50
KN/m?, Aor = 100 kN/m?, k = 1000 kN/m?, p = 1000 kg/m’)
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Fig. 4. 5 Natural frequencies for different mesh densities and
elements TET4 and TET4E compared to the reference solution
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Fig. 4. 6 Mode shapes of cylindrical shell structures using
TETA4E elements up to mode 8 with scale factor 2
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Fig. 4. 8 Mode shapes of a soft robot using TET4E elements up
to mode 6 with scale factor 3
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