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1. Introduction

Origamii is a traditional craft that involves folding a sheet
of paper into two-dimensional or three-dimensional structures
without cutting or gluing. Since the early 21st century, with the
evolution of computers and technological advancements,
origami has been explored as a research topic in many fields. For
example, origami enables continuous shape transformation
through unfolding and folding, allowing it to be stored and
transported in the smallest possible volume. This has led to
applications in deployable architectural structures and solar
panels for satellites.

Along with the developments in origami designs and
applications, many modeling methods have been utilized to
analyze origami's kinematical and mechanical behaviors.
Kinematic methods such as Spherical Trigonometry [1] and
Loop Closure Conditions [2] simulate thin and rigid origami
without panel deformation and thickness. They cannot
capture deformations such as bending and twisting of paper
panels. In comparison, mechanical methods, such as truss-based
or panel-hinge models, can simulate both rigid and non-rigid
origami. For the truss-based models, the folding path can be
calculated by analyzing the mechanism modes if the origami is
flat-foldable. However, for paper panels with more than three
edges, such as quadrilaterals, the traditional truss model—with
members along the four edges and two diagonals—is unstable.
This instability occurs because infinitesimal rotations
(mechanisms) around the diagonals exist within the triangular
elements, leading to a loss of planarity. To address this issue,
Schenk [3] triangulated quadrilateral facets and placed springs
between two internal triangles to eliminate out-of-plane
mechanisms. These springs provide a panel bending stiffness to
the panel. Zhang [4] complemented a dummy point outside the
triangulated quadrilateral plane to create a pyramid-like three-
dimensional truss model. Both methods significantly increase
the degrees of freedom, resulting in a high computational cost
for the folding simulation.

This study proposes modeling panels with more than three

edges as planar tensegrity structures, which refer to those whose
components (nodes, struts, cables) lie in a single plane.
Specifically, quadrilateral panels are represented as X-form
tensegrities (kite frames) consisting of two intersecting
compressive struts along the diagonals and four tensile cables
along the edges, as illustrated in Fig. 1 (a). The existence of
prestress, as illustrated in Fig. 1 (b), stabilizes tensegrity
structures and maintains planarity by eliminating redundant
infinitesimal mechanisms. This model can also be applied to
simulating non-rigid origami. Prestress in the tensegrity model
provides geometrical stiffness [5] that restores planarity, similar
to practical paper panels while concerning the panel bending.
This study investigates the folding behaviors of the square
twist though repeated nonlinear analysis of the tensegrity model

cables tension

C()ITIDI'US.Hi on

(a) X-form tensegrity (b) Prestress
Figure 1. Four-edge planar tensegrity model

applied with incremental enforced displacement. The square
twist has four types of folding motions due to different
mountain-valley (MV) crease assignments, among which two
are rigid-foldable, and two are non-rigid-foldable. But the non-
rigid-foldable origami pattern can be modified to become rigid-
foldable by augmenting a temporary diagonal crease to the

central square, as shown in Fig. 2, where thick segments indicate

valley creases, thin segments indicate mountain creases and the

Typel Modified typel Type 2

]

Figure 2. Classical and modified square twist origami
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dashed segment indicates a temporary crease. The rigidity of
modified square twists has been proven in the research of Hull
[6]and Feng [7]. It is checked through the strain energy variation
in this study.

This paper is organized as follows: Section 2 introduces the
innovative planar tensegrity modeling method for origami and
investigates the bending stiffness of a square X-form tensegrity.
Section 3 presents the folding simulation method, where the
folding path is derived via incremental enforced displacement
and repeated form finding. Section 4 simulates the folding of
(modified) square twist origami. The conclusion is drawn in

Section 5.

2. Planar tensegrity modeling

In this section, we model quadrilateral papers by X-form
tensegrities, consisting of two intersecting compressive struts
along the diagonals and four tensile cables along the edges. We
also model triangular papers as traditional trusses.

2.1 Derivation of prestress

Suppose a tensegrity model has n® nodes and m®

members. Denoting a as a positive scalar to indicate the

prestress level, the prestress as¢ in the tensegrity satisfies
D(an) = DSf =0 (1)

where D € R3"°¥M° s the equilibrium matrix, s; € R™" is
a linear combination of the prestress modes which lie in the null
space of D. In the X-form tensegrity, only one prestress mode
exists. Still, we should adjust its vector direction to ensure
diagonal members are in compression, as illustrated in Fig 1(b).
2.2 Stiffness investigation of X-form tensegrity

Based on the prestress in X-form tensegrity, we construct
compressive members by struts and tensile members by cables
with elastic modulus of struts and cables assigned as Eg and
E., respectively. We assume all members have aunit cross-
sectional area. Tangent stiffness K € R3"¥37° of tensegrity
model consists of two parts: the elastic stiffness K. influenced
by material properties and the geometric stiffness K,
dominated by the prestress [5], i.e.

K=K.+K, ?)
We impose six displacement constraints on the comers to

eliminate rigid-body mechanisms, as illustrated in Fig. 3. Then,

the eigenvalue decomposition of the partial elastic and tangent

stiffness demonstrates that the X-form tensegrity has one
mechanism mode without prestress. However, this mechanism
can be eliminated by introducing prestress.

To investigate the bending stiffness of the X-form
tensegrity, we perform a nonlinear analysis where one corner is
gradually lifted outside the plane. The deformation motion and
force-displacement graph are shown in Fig. 3. As illustrated, we
find that elastic stiffness is initially zero in the planar state and
then exponentially increases when no prestress is introduced.
However, non-zero stiffness can be confirmed even in the planar
state after the introduction of prestress, e.g., red lines with
markers in Fig. 3. Additionally, the elastic stiffness of the cables

has a more significant influence on the total elastic stiffness than

struts.
600
Ec=1e3 Es=1e9 6 ﬁ 6
Ec=le4 Es=le4
—Fomled Eazleb (0.0,0) (1,1,0)
500 Ec=1ed4 Es=1e9
———Ec=1eb Es=1e9

—#—Ec=led Es=1e9 a=le2
—6—Ec=1led Es=1ef a=1ed
400 —=—Ec=1ed Es=1e9 a=led

100

0 0.02 0.04 0.06 0.08 0.1
Displacement.

Figure 3. Bending stiffness

2.3 Assembly

We assemble the entire model and determine whether each
member is a cable, or a strut based on the sign of the prestress or
summed prestress in the case of shared edges. The prestress and
the tensegrity model of the square twist type are shown in Fig. 4.
Where red members are compressive struts, and blue members
are tensile cables. To eliminate six rigid-body mechanisms, we
impose six constraints on the central square, the same as the X-
form model in Fig. 3. Eigenvalue decomposition of the partial
tangent stiffness of this model reveals four mechanism modes,
whose linear combination can form four folding motions

corresponding to four types of the square twist.

3. Folding simulation via nonlinear analysis
The folding path is derived via incremental enforced
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(a) Assembled prestress (b) Assembled tensegrity

Figure 4. Tensegrity modeling
displacement. This process is accompanied by large
deformation and displacement. Therefore, a nonlinear analysis
is necessary.

3.1 Enforced displacement

Suppose there are in total ndegrees of freedom, n/ fixed
degrees of freedom, and n¢ enforced displacements. The
equilibrium equation considering enforced displacement can be

described as follows

Kqq KIZ) (E) _ (R
(K21 Ky,)\d) (P) 3
where K;; are the partial tangent stiffness and R € g/ +n
are the reactive forces. P € R3"~"°  are external loads
applied to free nodes, which equal 0 in this study. And d is
the  constrained enforced

displacement  containing

displacements & € R"“and the displacements of fixed nodes

0,1e.
a=(5) @

The displacements of free nodes d € g3 oo be

derived as follows
d :K22+(0_K21a) )

Here, in case of singularity of K,,, pseudo-inverse K,," [8]
is used instead of inverse K,, *. Then the nodal coordinates

X € R3™ are updated as follows
X=X+ (3) ©)

3.2 Form finding

The nodal coordinate derived in Eq. (6) is merely a
prediction that may not satisfy the equilibrium condition,
considering that the tangent stiffness used in Eq. (3) is inaccurate

in large deformation problems. We perform a form finding to

correct the equilibrium.
To do so, firstly, the unbalanced force is calculated by the

force density equation [5] as follows
f=0Q (Ez1 Exn)X (7)

where E;; are partial force density matrices. Then the nodal

displacement for equilibrium correction can be calculated as

d=-K 22Jrf @®)
where d = 0 is used. Finally, the nodal coordinates are
recalculated as

x=x+(9 ©)

Eqgs. (7-9) are repeated until the unbalanced force is close to zero.
3.3 Strain energy

For rigid fold, the strain energy of the tensegrity model
remains unchanged during the folding process. However, the
strain energy will change for non-rigid fold due to the extension
and stretching of cables and struts. It is essential to observe the
strain energy variation to check the rigidity.

We assume there are in total m members. The initial
member length L, € R™™ can be calculated using the
member length L, € R™*™ after prestressing. L, are also

the lengths of edges and diagonals of the crease pattern

Ly =L, '(I+ ko 'S)) (10)
where S, is the diagonal matrix of prestress and k, =
diag(E A4, E2A,, ..., EqnAy), here E; and A; represent
the elastic modulus and cross-sectional area of i™ member,

respectively. Then, the total strain energy can be obtained as
1 -
U=_|lko(L = Lo)*Lo "], (11)

where L are the member lengths after form finding.

4. Numerical examples
Before the folding simulation, we should determine the

direction of enforced displacement. The ideal way is to find the
mechanism corresponding to one of the four types as the
direction of enforced displacement, which usually requests
finding a particular linear combination of mechanism modes.
However, it is not easy work, and non-rigid-foldable types may

have no mechanism mode during the folding process. Since we
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can learn the nodal positions of the folded state of the square
twist from previous research, we can artificially assign the
direction toward the final state. Sometimes, trial and error is
required. In the following examples, Elastic moduli of cables
and struts are E,=1x10* and E;=1x10°
respectively. The cross-sectional area of each member is unit 1
and the prestress level a is 1 X 10%.

4.1 Example 1: type 1

For the type 1 square twist, as shown in Fig. 2, we find that
its crease pattern is 90-degree rotationally symmetric. Therefore,
we can assign the direction of enforced displacement that points
from four corners to the center of the central square. The step
size is 8 = v/2/100. Yet, it should be noted that the model’s
initial state is perfectly planar, so in-plane enforced
displacements will cause in-plane deformation but fold. We
previously imposed a very small out-of-plane displacement on
each corner to address this issue, which also helps distinguish it
from other folding motions.

The folding path is shown in Fig. 5, where black arrows
indicate the directions of enforced displacements. For reference,
the practical fold of the type 1 is shown in Fig. 6, where the
deformations of the paper panels can be observed.
Correspondingly, out-of-plane displacements in planar
tensegrities can be captured. The strain energy variation during

the folding process is illustrated in Fig. 7. The variation of

Unfolded
Iter. 0

Out-of-plane displacement

Iter. 200

Iter. 150

(a) Unfolded

(b) Folding (c) Folded

Figure 6. Practical fold of type 1

«10*

o
=

Total Strain Energy
~ ~
~ o ~ w
~N [4,] w o

~
o

~

(=}

50 100 150 200
Iteration

Figure 7. Strain energy variation of type 1

reactive forces of four enforced nodes are illustrated in Fig. 8. As
illustrated in the figures, we find that the energy variation has
two local minimums at the start and end of the folding where the
reactive forces are zero and increasing. Therefore, they are in a
state of stable equilibrium along the enforced direction. On the
contrary, the energy variation reaches a local peak at the 110"

Iter. 75 l

Iter. 110 Iter. 100

Figure 5. Folding simulation of type 1
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Reactive Force

-600
~800

1000

71200, 50 100 150 200
Iteration
Figure 8. Reactive forces of enforced nodes

iteration where the reactive forces are zero and decreasing,
Therefore, it in a state of unstable equilibrium along the enforced
direction. These points can be interpreted regarding the practical
folding of square twist origami. The two stable equilibrium
points represent origami's unfolded and folded states, which are
perfectly planar if neglecting the paper's thickness. Thus, any in-
plane force cannot make the origami fold. The unstable
equilibrium point represents a critical transition point for the
origami. If the folding origami is released before this point, it
returns to the unfolded state. However, if released after the
equilibrium point, it automatically transitions to the folded state.
4.2 Example 2: type 2

In this example, we simulate the folding of type 2 as shown
in Fig. 2, from which we know that the crease pattern is 180-
degree rotationally symmetric. Therefore, we apply enforced
displacement to two opposite corners of the unfolded paper. And
we impose two opposite out-of-plane displacements to these
two corners by previously learning the folding motion [7]. Other
settings are the same as Example 1. The folding path is shown
in Fig. 9. The total strain energy remains unchanged, as shown
in Fig. 10. Therefore, there is no deformation in the papers; i.e.,
it is a rigid fold. The eigenvalues of partial tangent stiffness, as
shown in Fig. 11, reveal one zero eigenvalue throughout the

folding process. The number of mechanism modes of this

Out-of-plane displacement Iter. 50

: \ z

origami changes from four to one as it folds to type 2.

<10

7.11445

71144

7.11435

Total Strain Energy

7.1143

0 50 100 150 200
Iteration

Figure 10. Strain energy variation of type 2
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Figure 11. Eigenvalues of tangent stiffness of type 2

4.3 Example 3: modified type 1

Hull proposed the modified type 1 with a temporary
diagonal crease to the central square of type 1 [6]. Hull et al.
[6] built a mathematical model to prove it is rigid-foldable. The
folding path using the proposed folding simulation method is
shown in Fig. 12, where the folding step 1 contains 1 to 200"
iterations and the folding step 1 contains 201* to 400" iterations.
In step 2, we impose additional displacement constraints on
nodes of the central axis. The strain energy remains unchanged
during the folding process, as illustrated in Fig. 13, which easily
confirms the rigidit. Still, the eigenvalues of partial tangent
stiffness, as shown in Fig. 14, indicate that the origami has six
mechanism modes at the initial state of modified type 1, two
modes during folding step 1, and one mode during step 2 (if the

threshold for defining zero eigenvaluesis 5 X 1073).

I\

\)

»

N

N

Folded

Iter. 100 Iter. 200

Iter. 150

Figure 9. Folding simulation of type 2
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Unfolded Iter.100

Folded
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Figure 12. Folding simulation of modified type 1
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Figure 13. Strain energy variation of modified type 1
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Figure 14. Eigenvalues of tangent stiffness of
modified type 1

5. Conclusions
The proposed tensegrity modeling can eliminate redundant

infinitesimal mechanisms. The proposed simulation method
successfully simulates the folding of rigid and non-rigid square
twist origami. Repeated forming findings ensure the strict
equilibrium. Therefore, the strain energy variation of the origami

model can easily check the rigidity. For rigid fold, the strain

energy remains unchanged. For non-rigid square twist origami,
the strain energy variation reveals two stable equilibrium states,
which correspond to the unfolded and flat-folded states of
origami. The number of mechanism modes will change when
the origami folds from the initial state to a particular rigid folding
motion. Future work is to find the rigid-foldable mechanism
through the linear combination of all mechanism modes, instead

of enforced displacement, to direct the fold.
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W BT 2 A58 32 < 720 49,

ARFFECIINTREDIEHE & 15 HIRED BRI OV TR
ENRMEMEEZT L EANET D, £, RS
BT, MRHEE A OF5 A B E SRR RE O 2 (a7
HHEELZ X > TNV T D D0y, Y OREEE
& UCOAATHME - FolisxitOBLRN G BT 5, 72
B, AR CIINTREOR I FHIRENE & TR EORIR)
REAEE T TOT, & SICHERORBIOR A4
Lt REROMELE T 5,

. RfEAl, R (REER),

nagai.t@ses.usp.ac.jp

2w

EINOPIAREIRD 7547 L FeilE, 15 J7 ha O iAkiA
HOD D BRI 9%AED Y 7F 2 (Phyllostachys edulis) &
< %1 (Phyllostachys bambusoides) 73 5HTEKY, ZD
WaRIFHI 3:1 THD D, ~F 7 (Phyllostachys nigra) 13J7)
FTHNC 2 < HEAET Dk S 5575, ENOTHRmEIC
BOTITHI 04 %I TBE 2\, LIZ3>TC, FV Y UF 7
L~ ZE, BREOVIHREIROFIH & H BaIlzisnT
FTHEATRENETHDH EF XD,

AHFFECTHAEXIR & T OV AARFEDE Y Y U F 7
EHETO2TETHY, WIS R R\ TN
DOYTFE (35.15” N,136.09" E) TERILIZHDTHD, =
DV TITE Y Y UF 7R E ~ XDz L T b,
AL E T DI 3 LA Db D & L, Vil TR
HOEEL S LICHBUCE D HERILZ, 72, mSo
FERLE LT, 60~80 mm, 80~100 mm, 100 mm Ak
D 3FADX 3 2%l T, FXGOV L TNVED B L%
[FIFREEIZ 72 D 2O ITERIEAT ~ 72,

VIOBEROFIAL, £3, MRORER T LIk
H LT EROE_ EAJE TN 5, RIZ, REG
I TH B & D EBICINT, AREES R TE
U TRHEAEDS 30mm LUF & 72 DAZE £ THRIS % (2
NEf/NOBECHEE L, S BIZ HE TR 256
b D), %, MIZHEEAN S 72V R Lo LR
SANDOIRESGANZ T AR S, E D%, SREOWES
INTAEZE, TR adT 9,

2 VITAWIZE TV OEREH & 71705
EHZRT, %D B IRTZEIIRIL 4~26 72H DOI#T
0%, Flz, —EOMEHIE L TIAR TR+ URKIR
WRIZ KL DPRGENFE 8951 T > T D,

728, AR T FHERE RO—HIEE OWmMEI TS
LRI—OAEOEEENTND,

®1 HAHOLIRER LHBRER

Process Date (upper: month, lower: year)

. 7 3 4 6 7 4 9 9 9 10
Harvesting
2021 2022 2022 2022 2033 2023 2022 2022 2021 2022
. 7 9 12 5 6 8 9 10 11 12
Testing
2022 2022 2022 2023 2023 2023 2023 2023 2023 2023
Storage months 12 6 8 11 11 4 12 13 26 14
*1: Treated, *2:Harvested in Uwajima-city, Ehime *1 *2
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3 MIRDOREEDRAIFERSFE
3.1 BIEAE

B 1\ FRIZRE DR HI 1L A, gk Rlo 3
HARERDE_EOHiDFE 5% Nodeindex; N=1 L EFE L,
ZZBRAICHENAS>TN=2, N=3, +++, N=ij, * * +,
EFT, WIT, N=1 & N=2 |ZfFEh/-Filf]% Internode
index;In=1 & L, [FRICROIZMA2>> CIn=2,In=3, ***
In=j, « + «, EFT, VIFERORENIIS - 72 8EE x 13, N1
FESE Lmans EHIZm») HRzsEs 35, £z,
JCRNBRANZ D> THRINZELS A Z HEHiD Node
index & N=Nb &7,

CIn=1 CIn=2

DN=j : culm diameter at N=j

Din=j: culm diameter at CIn=j
tj : culm-wall thickness at CIn=j t

DEW

Measuring axis

N: Node, In: Internode, ClIn: Center of internode

X

| x

1 MROBTEDREME & EE

VIR ECIEST 2 HEE, SR AfRER Dy, Hi
I 5 Dy, EFERER , 36 JOVEN G ORIENRL
EOMEX Thd, Eiz, HiHPROBREIERY &
HIEEREDNEANE L 32, VIFRO#INN ) 0t CAUTE HiE:
7, HFORE VRO 1 EICE 288 L2 IR E
SEEAT S (X 1 O Measuring axis) , Z 15 ORIEN,
RIEEFANIC & 52 TOfids LOHEIRICBNTTH,
BERL, T AV vy—EHAWCEREFHIIL, FE=R
THRLTROD, £z, BREIRONEIL F A% AT
TV, A% 455595 N S E- WD 4,809 H2 1
(ZHT DFHAEDO A E L LTRD 5,

3.2 RIERER

B4 2 |ZHifERE 5 In &2 -HEMORRZ T~ AFTIE
JERE X A HEEOBRITRIE T 5, 7z, FRBEEAH
2D LRI, Dy, 2HETHOETD,

FT, EUYUFT L Z T TIIRBROINEEIZHS
DIRENR DD Z ENR TR S, W s b, HiffE
XL, (X2a) IFREFHITH- & b/hEL, TR

Din [mm]| (c) t |mm]| (d) Li/D

K22V, FRAMTThE 2D &S 33
LHDD, TV TF T OREIED Ly 13~ %7 D%
L&D BB LZ YRR L D372 0 JHiDRINEI NSV,

BEZED (FXb) 1L, TV Y UF 7 TIMBEHIT
FEFITRE L, RED S D> TRETEDT 5
DIZxFL, ~Z 7 TIIREEDS LIE S IR 5K
DT, \EFTEOEBANEET D, K, v Y
UFIIXADT T AWBEEFFOT v/, v X ITED
T AR A R ORI 0 FEC X 2, FRBEE (I ¢)
[ZOWTIE, WREE HREAZ R L TERY, RS
VT BRI TEHISED L, TO%ITZE) %
<72V, OBEMNI D, £z, FYYUF I DTS
K OFBRRIZOIZ o> T X O L D HRE,

A d~g |3&FHANEZ BEL LR ch v, 17TFE
TERBDSA FHVRFEDS K 0 IRl CIRfiE C X 2, HilflR%
ZOMOFEEIL TR L7oMiRIE Ly, /D (R d) 1,
FRERD BIEEZ 7> CHFRNIIER T 5 2 LAV,
Frebbh, HiE EEIZE - THFRICHE S 725,
Ly, / D O, TEEHICIEmrES b 10~16 FRET
HLHN, WETITEV Y UF 7 OLULI LU THY,
~ LA ) ORI CEAET D,

D/D; (A e) IFHEIRHIOMERZEIMH 1 OFHERT
BRL7ZHETHY, n=1TI1 725, FXb & HLEK
ZZRDIELDE RN /NE LAY, AR LIzEY Y
UF 7 L~ B ORFEIROFHE &8 3 L0 B3R
TU%, Inoue et al i, PIFROIZREITYIHE & ARBROFHE
PRORE ISPV LFRAR T T 5 LIk TN D23,
RERORERE (D)) 1IVTREEROIREDRHE A — % T
L EMRCTHERIEEICRD 5 5,

[ £ Ot/ Dy (IFEEZAARBRE TR LT TH D,
HIPTFE & IR CIE 0.12~0.18 B (IR 0.13)
T, bEHIZmpos TREIT NS 72D, £2, n=10~
20 H7= 0 OHEE SIZBWTE, Y Y UF 7 DIFH N
~Hr XD HLRE, FX g Dt/ D IR A 2 Ol
OFRER TR LIEELR TH D, TV Y UF I Dt/ DT
~HZrDOFENELY bEEIChE>TREL, TV UF
7 CIREIEITRY 0.1, &7 T3k 008 TH D, [ifd

(e) D/D1
1.2 g

AR

(a) Lin [mm| (b
\

6
4l
2|

[TT4

=

ol

,i‘

10720 30 40 50

X2 EFEESInE RO TAEDRERK

0 10 20 30 40 50 10
Tn

200 300 40 0
Tn

—Madakec —Moso

|
10 20 30 40 3
Tn
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IZBWTH, ¢/ DIMBEECRA, TR ThR/IMEL 72D,
A TIIHOREL 2L Z &FAEL T D,

3FMERED LA NEEDOREBREZ R L TWD,
Ly, /D (FlX a) 1% 4~16 O TIE D (T LR
OBEANR S5, ENLLFTIRELIN TR Y, fko k9
(ARB I CRMIZ Ly, / D DVNEL 725,

FXb XD Lt OBRERLTEY, DBNKEL 2D
(2O T UL S < IR EEBIREIR N R oD, Loy
L, MBREMHECIIEELDN RPN RE <2 d 70, &%
BUED 27 Z 7 DFESRR A A TARIZSLE B3> T 5,
[ ¢ Ol L / D T, [FXb DX YT %, ¢/D
IFREEOHM TR e D N e 72 203, ZHUTxEE
T2 DIIAREED & OFRBEHE DR 13D 500N e H & 2
AT, n=5~20 FREDN{ETH D, FFlT, ~& /7 TlIFE
HPHORREARRDOZA LS Y NS WEFTCTH Y (X12b),
G & L QIR Lo W ET T D,

728, AW TIIVRRORNIN > 7oA (23 -
AT (ZOWTUIERMZRREEIT > TRV, E
0 OF IR~ Z A DIE D DB L7 AT
ZORESH/NELEITH D,

(a) LD

—Madake —Moso
(b) t [mm]

== |
20 40 60 80 100120140160 20 40 60 80 100120140160 20 40 60 80 100120140160
D [mm] D [mm] D [mm]

3 BEZED EMEROETHEDER

3.3 HEAEHMEIC K HELER

VTRRIZRE D USRI P ARFIE Z AR AR B o3 N T
KoTERDD Z LTINS, LL, iz D
FERED S AR 2 DU TR 28 < ORFFEDME(E
T5HO0 W, JEFEPHT— SN TNRNZ &0, ¥
YN DIRNTRE, FATIE L DRSS LV, —
77, Inoueetal "23MEZET HIIKICEE T2 454% TIFF (Taper
index based on form factor) 1%, TIFRDIRER) HTEENZ 7
% ek B ZD7e T A — 2 CERHNZEHE L
DDLUV NTRETREIBIECTH D, £ZT, AR
DXHRTIH 5 BEIRPE OFERED TIFF 28 H L,
Inoue et al. DFAATE R & Ll L TA 5,

TIFF OERIIZIVN T, PIFRORH0 I - 72 RS 2
& FRERE r DI T REDBHREARE T Do

r(z)2 =az

)

ZIT, a,b IFEDERT, z IVTROERAFMRE L,
HIEZ A9 HmEIEE T 5 ETH D FHRO x &1%
WAE TH D), a 1z il EOEEDRONYREFRETN
IXRED, £, b 1L Formexponent (FE) & MR, LLF
D2 FADEEN RO HILD,
oV
" wd*h/4

@

s

" dih
ZiUh 2 Dld Form factor & FHIAL, N 1IFROMFEIZ, &,
IREHICET2ER TH D, £, v,s,h ITENTN
VIFRDOINEDIRFE, KiEifE, 4= Cd 5, Form factor D
IRZ 1 ISR 36T AR rE A2 R L, i= 0137
FRIEES (z=0), i=1IMRERE (z=h) ThHD, £
72, ZAH® Form factor | FRLd X 9 72 FRHICRR
DT bivd,

N =kr; @)

/ s
k= 47vh ©

L7=Mo T, MRS () TRENUE, &5k iX
b ZRVULFO X HTROBIND,
po bl
b+2
EX0iEY, ki #EATELT, MR LEORHIEIZ
Eo2WERTH D, LIT, k % TIFF L#r9%, TIFF (%
FE (b) ITHAZEREDYINE <, MTHEOTEZRERFHEDS

FO AR LTV E ST D Y,

©)

©

45 45
4H Madake L2 4 _‘ Moso | o
35 3s
3 3
|
L 23 & W29 o
2 2 o=
L5 15
Y 1A
0.5 0.51
ot 0 -
0 s 10 15 20 25 () 5 0 . 15 20 25
A A

4 AHAETRWNZEHEREMD Form factor

Inoue et Al NITWYNFEDTEY Y O F 7, <= H 72O T
TIFF 25 L TRV, £NLi 0873, 0897 THDH, A
BFFE TR L7722V C Formfactor (N, ;) %33R
TRERE 4 (R, £, RXOFERTIR@G)THY,
kK3 EREOEZ N TN D, FTe, FXDH575 &
D \ZHEFEIRPEYT O Form factor [ XU PET ORI R
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ICR<SEASLTRY, ERBIImfEE & 09 LEE
2o TCWD, T7ebb, TIFF OB LI, e rge s
AIRFEOVTOINEAL L LTI Y, -T2 @V L
PEAZRD HAILD, LIRS T, AL CTHWERE S U
2 fiRed CIRER L ClEd 2 b 0D, MFROINBIE
HIZ X AZTTEBD NN EF L9,

4 RO FFHIFENE
4.1 NEHBROAE

X 51273 BRORERIROEEL « VBRI 1EZ R, 17
FRORRATIOT2 2 TR ED 5347 A AT 5 728
VIR & YER SO segment (X)) IZ0FIL, £ XHEND
R HiZz L) ZERU7FRA1TH, KEORS
Ls 13, BREL7PIFROE 1 £ Nb L0 TR E% 3
MO LIRS L, RESND Nb T2 X 1~3 1255%]
T %, £72, Nb LV EOVHFRITOWTH[EERIC Ls DK
STHEIL, wOfn 6K 4,5, -« EEDD, LIk
DT, BE LT A )5 e R SO ET 2,

FFRBRT, EPVTROMITRBRDITY, Z0RBR
VU TR O T 7 R OBl o 748 SR 6D
LZONHETH Y, RERAIHEMEFIRIL OISR
HEEETRNE DT Y, RBTIETBER P2 SR Eh
72\, T, PriREXENCYEIL, SXEOBRBEE
AR BT AR L7alBiR (JiZe L) 28R
L, ZOXMORES 25EBRAL T 5,

Segment-1{ Segment-2 | Segment-3 | Segment-4| Segment-5 | Segment-6 |+ *

Node of 1st branch

/
z 1
— L )| | NB-ll\\ \\

"3 Ls Ls Ls Ls Ls |
(¢} XNBI X

1. Compression test parallel to fiber

2. Shear test parallel to fiber

3. Bending test perpendicular to fiber,
outer skin collapse

4. Bending test perpendicular to fiber,
inner skin collapse

5 NEFEERMADIEE L HFITE

T 2 SIS, E,, « VRO AT
DY IR RRCILE, LR T 250 b5 3),
oo D SRETATHAOIERRE @72 L), £, BAMNTR
B ERL), S  SHEEASHMTIENE (forspom °
SMBIBEITIREE, £  PUREE BRI, E, ., -
TSI o 2R T B,

ARG SEHYERMER & L C AL B T F 2897

L7-BHIZELTO®Y Th o, £, WThosrs it
BRI A XDV NS < poldl UsHE GRBRAR S L =R
D) ThHIZWD, 1 2OMFENSLEL ORBRIEZSG5
ZEWTED, RIT, [ FHEESCTIIRIRE, fhif iR L
FARAI R E 21, MIFROEEITOT HHEE T 1m0
WIEO LR T D OICHERATH 5, £, f, &
Srooo VIFRBEDIHE B AT D HEOIRETH Y, MFRO%
FEOREEE— R Z O OINTERT 285567034 <,
EEHZBWTIREN L2 28560320, BIZIE, EFHD
NL, AROMTHEL, THROMhFIfE->TEL D
Brazier 1 (B AL) (28~ T, FREESNRmE O
HEBAZ ST IR DRI RENTER L 70D Z L ZHEE L TR Y,
Srnoo VEAPTRRZ @RS & LTIV DT B 72 - TSR
\ZEEEET LB 2 Hid,

AIRTED S 155880 D FEFFAINZIT IS0 221570 HE
D3, FEAEE AT RAR  (Edge bearing test) (20
TiE, [AI1SO OHETIFRL, FH LNER LK
IZH BN LDITE o UaRRIT Tz b o U EHEE AT
mpFRBR N L 01T,

FFED I F R AAT - 1%, HRIROEKEMC L4
HELEER p, 2%, ZHHOFHICOWT Y, [FIFRIC
ISO 22157 \ZHE~ 7= HFIETIT 9,

&2 FHHBRKDEKEN OFHE ] & EENRECV

Madake Moso
Storage period Mean CV [%] Mean CV [%]
4~11 months 18.5 38.5 17.9 57.5
12~14 months 14.2 51.6 16.6 38.5
26 months 9.7 32.7 10.1 3.8
Bamboo pole bending test
2~11 months 33.9 47.2 28.7 66.6
12~14 months 19.1 48.5 14.8 40.3
25 months 12.2 12.7 9.5 4.4

4.2 HEHEBROBER

2 2 TR D MC O & BERE A £ LT
DTH D, BRI E 3 DI R L O%EH)
&3k (CV) ZRrLTRY, TEIIrRMh Rk FEY
DENLSNORBRIETH D, /NI IR 235k
& FE D T LR L MC 2RI 223, 17fRdhi 3R c
1% 1.6 m FBREDOR S ORI O/ N Zffi L TMC %
FHH 2, L7edio T, HEII0T L HRRIEO 2RI
HHMCZ#RETDHEEFTFEAT, T O2ENKRELAR
RN SH D, #TEEROFERACTITHEIR 1 LN
DHDIEMC OFHIEIT 10~29%TH D03, Z DM
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BRIRIZIETIEMC O 10~18 %L TH D,
B 6 |2 MC & BB ORR AR, BRI MC 23
INEL IR BIE R - [V G B AECH
%, 1=, #ERIKD MC 1T 10 %R1#£12% < OB MEH
T5 LRIFHS, Z O TIIREEDIE L & H A& <
2o CD, R gloRT L HIZ, dhiFBRAITZ O
DOFRBRRITEHAMC DIF 5o Z OFIFN KX, U,
tFBRORBRAY A X (]9 1.6 m) (ZxF L MC HIEIC
OB N Th D T2 L E 2 b,

X 7 \ZRHE p, & SRHEEOBRE R, £, K
T~9 FOEMTTY Y UF 7, ~ X7 Ol NIt
K AENFERE, Rma, Rmo (FXIOHE « Ao/ $F A —&
MOMBIREL (Mol THD, p, & FRAEEIIZI S
DRIEOHRIR DY, 72hTh fi1 iﬂfMHFa'éJM%Ubdt
&<, HBIRIRDEHBRIZERD Hivd, ORI
RRIEHDEMRE, FH EkawTM,MCk
[FERIZ EEEE 2 E U 73RS aR BRI KTkt LRSS
WINFTTHDHZ LB CQND, £, MHEEAH
DRI (c~) IZOWTh, fo, LTS OXITRE
WHDD, [FHRRICIEOFRE R TE 5,

7
s

KITEER 1.6 m B OMEEZ AW TH 728, 3BRIAIC
RO A St e, ﬁz:m@.imﬂ\m\o [

g X In LHHE p, ORIRTH Y, MTFROREEDS HEIC
MTTHENPRELS 2D Z L0305, ZOMITEY
YOFT, = ZTROTEL OV ST HMEE &
LTEBNTEY 20, MFRO I EBAIREfE S 72
D OFFHEDMER I 2R TS, 221, X8iZkt
PR DIEHDEBKE L, TIFHIRHEE ORI AL
LT, p, DIEIDBERELEZLND,

%] 9 |ZEfE DORRELR D&%ﬁﬁ1@%%%r¢ﬂ#
BATAREEN B _EERIZINT TRNE L 725 DC, FaARNT
%ﬁ@ﬁ&mﬁ@m%%ﬁooWHg@ﬁ%Dwm@ﬁ
ﬁ%%@ﬁ”@ﬁﬁﬁf%é ﬁ%@k%:,Dmk

' o DRI IRR AR AR 72 B OFHBEN
m%%ﬁ%k%w %@ﬂ@ﬁiﬁi@%i%o%#k
EL D0, WRHEEA AT ONEL S 5RINTIREE £, o0 13
LRI HHOE VIS < MBS E, ITIRWDTREY,

P OFREESCRIIMDITE 1 5> B AR FUZ A1) THIR T A%
B, MATHo L b RNMEEM CTH D Guadua %
L, < OMTEIZBWTHHERTE DEHRTH 5,

|]AL4

= i > G Pz Y 7]
(X 8 |CHifE S In & SRHMEEOBIRZ RT, #FRE  Z OBl MRROWERICR T DHEE OB TE
1@ e [MPa] < (b) fv [MPa] () fm90.0ut [MPa] (d) fm,90,in [MPa (¢) Em.90.0ut [GPa] [0} Emm,m [GPa]  (2) B [GPa]
2 - = 3
4.8 45 e
ok s i 5 25—
BT i 3N i e g
2 105t S0y so- Bl 23 2 ey K - ?f?:' ERA
20 00! 1 °~ 0 ‘ o "I 1? 1. ; M 43. 0.,; Bgiﬂr_uq s
10— 10— 0.3 0.2 } SR =
10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80 ’0 10 20 30 40 50 60 70 80 "0 10 20 30 40 50 60 70 §0
MC [%] MC [%] MC [%] MC [%] MC [%] MC [%] MC [%]
6 BKENCEENFHFEMEORFR [ Madake - Moso
. a) fe [MPa] (b) fv [MPa] (c) fi90,0u [MPa] d) fm.90.in [MPa] 5 (¢) Em0.0ut [GPa] (£) Em90,in [GPa] (g) Eb [GPa]
2 5 T 30) 80) — 3 T 5 T 0
: | |- | o=t AR o i b ] e L
8 o] o D7 I s e 3.5 ‘,b: — 20) 35 =
i5 50 _.v o 3 =3 b . L Lo a8 8 Lol
40) 3 2.5 25 15} B i‘w»
I Sl 1o — z fﬂ 5 B I o fox 3 10}S—of St
= o i 15 AN S 15 a EZE o s
> [R (1.7% anﬂ(i)” - ov o o [ PR u74+ 1 t TRo 057L 1= T [Rm oost 5 SRR
R 05[] | R 0.5 10> g i 10 [ [IRuo0.761] 0.5 i HRio 0741 0.5 TRmo0.75 ]
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po po po po po po po
M7 £EHLBoi&BENFMFEMBORMMFR [ Mdke Moso
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o T e T LLEE " T S o ey
o et o Jrues 0 ) R, J = h
8 Iy iF 3 1ot [ y .y 5;{- y%w .v.? EIRND 5 j sl 51 = 0.9
01— e A o 40— fé" e ———{ 25 e 25 L 21 1o
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X8 HIFEESInE JFNFEMFIEMBEDER [ Madake - Moso
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RS THERT D720 TH D 20, 207, HEEFE
FENAEAFS 200 (B2 SRRHE A T M OIREE>Y > 7
FRER) 1ZOWTUE, —RPITAREE D & _EERIZ A > T
HEMBERHIZ2 D Z LB ICND, —J7, ARTRT
=X OIS, MEHEEAZ IR ODEEEI oUW T b [AREDE
WA 5H 2 E1E, WHEEATHM - B MORENR I H.
UMHSERRICH D Z L AR LTS,
3RO EZ R, TV UTF T s
T o L bENBERDIL £ THHH, FHLISH
DFHEOZETRARTH 2 HILU T Lo TN D, WiED
PTROREER/ B8 NT, FIFIRED A BRI -
HHDEWMZDHZENTED, 5L, ZNETITAT
X2 X 9IZ, MO AR I RO RRE I &
0B BT, KEMIZENOE /T A—2 L LT
U729 2 CHIETRETH Y, RIROHEIIIMET
AT B OIS E 72\, VSO TR 7k
BT 5 D 2 TUE, RO 2 BB L=
FHWEREDERI LN EETH D,

3 MOERNFHEDTE
Madake

Mechanical properties  Unit Moso

f.0 [MPa] 754  67.7
f, [MPa] 153 15.0
fin.90,0ut [MPa] 17.8 20.2
fin.90,in [MPa] 34.8 44.8
Em90.0ut [GPa]  2.35 2.80
Em90,in [GPa] 2.14 2.58
Empo [GPa] 12.50 11.30

5 fEam

AR, EEOEY Y OFY, X ORERE L
TIFHEE 2R L, TN 5 ORMRIC OV TERER 2%
R Uiz, WTFEOYFROINERE I IR S 7oE
DD BV, WFFEE HFROHEE S 2 BTN A1)
WEREZDNERMNIB DT DO HEE LTV DA, FEB
WZRWTIE, BY Y UF 7 TR _EEIZ MmN
BN T HDIZx L, ~ &7 TIHREEOAHT
ITRREROE NS, FT2, FEERIIEY Y T
DIF D DIEEIINTREZ VS, Rl in - 722 bl &
BHEILTRE L 725> TN D,

JIFHIREEE & LTI, fEE T ot v o 7%
£, FEREREE, SAWTRE, MRHEEAZT RS IREE - dh
Y o TR AR LT, WSO HATFRORRER
B EENZADN BRSO H Y, FRIRH B &

AOMBDHGEE ST, BT, HE & ERREORIZIX
AR/ IED FLBIRIBERR,  FRECES &Ml T7 ATy o
IR ORI B2 AL D ELBIFIBEER ) SRS S 47,
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Airy’s Stress
function ¢
Hat brim F

(b) Airy’s stress function +
reinforced edge

(a) Airy’s stress
fuznction + free edge

Schaefer-
Gurtin stress
function (¢,1)

(c) Airy’s stress function +
Schaefer-Gurtin stress function
+ free edae

(d) Airy’s stress function +
Schaefer-Gurtin stress function +
reinforced edae

S

(f) Airy’s stress function +
Schaefer-Gurtin stress function +
reinforced edge + discontinuity

(e) Airy’s stress function +
Schaefer-Gurtin stress function
+ free edge + discontinuity
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Doubly

Recovered shell ; .
conjugate grid

Hat brim Airy’s Stress
function ¢
Shell z

Error

(a) Free edge + Airy’
stress function

>

(b) Reinforced edge + Airy’
stress function

Schaefer-Gurtin
stress function
@m

(c) Free edge + Airy’ stress function +
Schaefer-Gurtin stress function

(d) Reinforced edge + Airy’ stress function +
Schaefer-Gurtin stress function

4 Results with no discontinuities allowed. (a) is the same method presented in [9]. Pink surface: shell z. Blue
surface: Airy' stress function ¢. Yellow surface: a recovered shell that should overlay well with the shell z if the

problem is not overconstrained. The recovered shells do not overlay well with the shell z in all four approaches.
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(e) Free edge + Airy’ stress function + Schaefer-
Gurtin stress function + discontinuity

(f) Reinforced edge + Airy’ stress function + Schaefer-
Gurtin stress function + discontinuity

5 Results with discontinuities allowed. While the recovery test still fails in (e), the recovered shell overlays very
well in (f).
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DEETAN K DRD B, Z 2T, HiEiOMBENS bL
Zpi= (zi, yi, z)" (i=1,...,5N) £ BL, £/, b
T AETNVDOMEMEITHNET € RBNXBN Y U (4,k)K
HED LB WM (=1, ..., 13N) DB A
i1, 49 (ih <ig)DE E, T3 TDO X315,

8 Deployed 104 0 16
10 Flat-folded 97 33 53
10 Deployed 130 0 20

Tiy — Ty (]f = 37,1 - 2)

Vi, — Yi, (b =3i1 —1)

Ziy T Rig (k = 311)

Fj,k: =\ Ti, — T4y (k = 37,2 — 2) (5)
Yi, — Yi, (k=3ix—1)
Zig Ziq (k = 312)
. diate stat. target state

0 (otherwise) intermediate state

6 FERIRR QYT DAREE, T 0 IRE, B

TDZ > %kr, RERERE, FEERBE ZNZ s, S D RAE ¥

feBLE, s=13N—r, f=15N —rTH 3,
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5 RBFEAREED S FIBIT D READITD ZK

Hifi 2 [k, N =6, a = 1A FIVE R M
L73iisE %2 b 9 REFATERL, K20 X 5 R
REE D> & 3T D AREEA DT b BARRERE1T 5,
EROCTRE T 2 BEDIREED & SEHHT D IRBEEAN DRRIE D
5%, HERERWMAEST 27912, K6IRT &5
TR D RER & RR U CEIT O T 2R R Rk 2,
Hiri DBEDNMBENRZ bLED; = (i, ¥i, z:)", HIZ
T ORETOMENY FLED; = (T4, 95, 2)" (I =
1,...,30) B, piF, K6 EHMIRAED &HHHT D
IREEA DT D B ATIEHEHT D IRAE, AT D IR
5T D AREEA DT D B AT FIHEIT  RETON
BRXZ LT 5, 2Ok E, HER DIRE L DR
7 DFRFZEZ LI T OB E CRMiis %,

30
F= % ; {ui(mi — 2:)% +vi(yi — §:)* + wi(z — 2)°}

(6)
Z :T, Uiy Vi, wﬂi%ﬁ%ﬂ%ﬁ%ﬁf% D, EPFEﬁ%ﬁ
DIRRE, A& PIEIT D IR DT D B AR DHRERIC
FEhZENnE2, 3OMHEZHWV 5,

& 2: HEET D IREA DT D B AR D (6) DEAREK

Node indices U; ; w;

1,4, 5,8,15,19,22,23 10.0 10.0 2.0
3,7, 17, 20 1.0 1.0 1.0

10, 27 50 5.0 0.0

others 1.0 1.0 0.0

7 3: P D READHT b BAREF D (6) DEARE

Node indices U; V; wW;
1-9, 14-17, 19-23, 28,30 1.0 1.0 5.0
11, 12, 25, 26 5.0 5.0 0.0

10, 13, 18,24, 27,29 5.0 10.0 0.0

—7, GG (5 =1, ..., 78) OUEREIEDY,, i, D&
%, HMOPIHRELZ L THERETORMER 2
LT 0BG TS %,

78

G=3> (P —pul -1)* (@

=1

F7e, BORZEZMITEET 2720, RUTTRT X S5 1CHi

RESDDIN—=TWZH5Y, =Tk (k=1,...,4)
DFHDR/ND 2 EREN N — Tk + 1D DI KD
ZPERERL B2 5 X518 T %, T E, IL—TkE
k4 1O D2 ERED A% DU T OB H, TFH 3 %,

Hj, = max (O, max z; — minzi) (k=1,...,4)
1€ 41 i€ly
(8

ZIZT, Iy (k=1,...,5) I/ NA—TkiCEENLHi
RESOEETDH 5,

~~—

x4 Wik —7

Group index Node indices

Group 1 2,4,6,8

Group 2 1,3,5,7,9, 13, 29, 30
Group 3 10, 11, 12, 25, 26, 27
Group 4 14, 15, 17, 18, 20, 22, 24, 28
Group 5 16, 19, 21, 23

ISR T, oy FEICE T 2 0B & Ol %
HHD180° [EFEFMERER L T, Himl4, 9-13Dz,
YRR e Him1-4, 9, 13D 2 FRIEZ NV ERE T 5, ay
S FO/iR10-12, 25-27D 2 FEETFE 0 L, kR
DR ZEELLLIN O £ i FEASL I AT E D MR D &
Db, ZOLE, MIUBHIEEEEE DT ML
ZX € R¥M RFNUVT 4 F 8 %c, de LT, XEHHE
B 3 2 LUT o i bR RE 2 8 FEAT oD i P %2 B
WML IRLEE, T BEARBEHRET %,

4
min.  E(X) = F(X) + cG(X) + d,| > H}(X)

s.t. x§n71> —0.01 <;(X) < xf

2y M RB RO R Ty FH(n > 1) DR
B BHSEETH B, 7L, 20, o0, 2 e
HIIREECOHRBIE L 35, KITICHEBRERDO 70—
Fr— b ERT, FDRRBEROn - 127 v 7H
DFTORBFOME (FOZEIRETHOME) ¥ LT,
Hy DFRAAEAI10~5 A4 520 F DAEA30.9999 F (=1 Kt
D& X, Fol bR (9) DICREZ BB RR Dn A T v
THOMRE T2, REEFRRDERT v T TDe, dDHIM
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EIZZNZzh107,10* 2 L, H,DRAKMEAH10°LL LD
Y E1XdE106E, FOMEH30.9999F DI D &lde
Z0.7153 %, 72721, cO TRMEIZI0732 L, ¢ <1073
D ¥ T3 EGEACRTE(9) DRI BT DU Z R L
CLTFRBAD X8 2BeHRET 5, HIEH D IRE (M
6 DHIEIHT D IRAE & 7o 13 A& AT D ARER) 1T o
DOEMPI0 3K o 7ZBRICE L 2D D AT,

30
D= %Z {(wi =) + (i — 5:)° + (2 — 2)°}
- (10)
AR TIEN6ITR S R D IRE 2 #EH LT FET b IR
RRICE I 2 RR T 270, #IHIEMIRED & HifH
I D IREANDIEBERR (R & AR D IR &
FIEAT D IREADRERIRR (R4 D20, K70tz
D IRS, REERIRRE P OVIIRRRIHETFICD <1073
Lok U, SRREFELSBRPIIHTITRAT v T
Bnldvty tEFIC2EZEL TV Y MT 5,

Initialize parameters

Solve optimization

FY Y

problem (9)

¢« max(107, 0.7¢)

False
Converged <
d «10°
True 5

Tighten convergence
d «10d

condition in opt.

e
True

False
F <0.9999F "

True

False Update F fm
Update x,.<”>, yi<”>, zf"> —
True c«10",d «10*
n<«n+l

Output folding path

M7 R RD 70 —F ¥ —

X8, 9, 1012 F 2T b B AR OB BT
3ETFNLDOIIR, BEF, DOMEOHER, &2 T v 7T
DEKX - MM O TAEZRT, P FRAETLEHV
TV 3 72 DEIEARZIE LR VDS, KT b ikEE
ZHELP I DICHEZRRLTVS, 72, LD
BIFEM U TAZRLTED, K8, 10IcBWVWTHRE

IEGR), EfizE (F) tLTWw5s, RITRT LD
12, FRREHT DOIRAE & AT D RS & <EK
LTBD, 8E L h Rl 2 BTG S5
TV, kK - /a0 3 AORIHTREE D & HfEHT
D RO TORAME & R/ MEIZZ N2 14.79x 1073,
—6.95 x 1073, HfE#T b RA&D & T D IREOMT
X FN2EN2.53 x 1072, =5.56 x 1072 TH - 7=, X10
D& 51, T D IREED & YT D IRFED R D FEIE
AT TEM O3 A DMEXHENRKZ S RoTBD, 0
fH DRREE TR ARST D R TIER N2 22350 h %,
M8D R T v 764004t D IRFEAF T, HfE#T D IRRET
Fay Vi & IEPATREM DO FABRHIIRE L o T
B, 2l SFEATREM O i 0 3 A &R R OEM
DRV T ADIEHENI K E K RoTWV D,

\ A
y P \ (
X A >IN
AN =7
¢ 2 £ ‘ )
Step 0 Step 120 Step 260
\ / ; A
S &9 ) i £ ]
P « Y « AT
V> S £ 1.4
2 £ A7
Step 640 Step 490 Step 340
Tension
N~ 0.06
—— [ |
'~ > - 0.03
> 3 0.00
Step 820 Step 1044 7 ~0.03
z - -0.06
W x Compression

X8: I b B AR & A 03 A

6 Fr®

ARTIE, SEOEA A=A D 572253
SATINRR—UEHOIy FERIRICER L —
Z ZIRITAREE DR ER IR GE Z R R L, L
JE 2 AR U 72358 OWUNETE X /1 = X L Offtt, #1h
BARIEDIRR 21T 072, EMEIXEADD 5 8%
VTR L7258 b P D AlgETH D, F—TF X
RO D IREED & FHILETERDBIEA TR D a > 87 +
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10+3 T
‘;g 10+l
<
> 107!
5
= 107
2
£ 10 D
107 « intermediate state
0 200 400 600 800 1000
Step
X9: BEHFERE R T v S TOMBE, DOME Gkih)
0.04
= 0.02
£ 000 —————He ¥
5 -0.02 (S
E 004 Ll
= 00 max. Y
0' 0g LT min « intermediate state
0 200 400 600 800 1000
Step

M10: FERRIRRER T v T TORK - RN O T4

TARRBICHT D B 21300, FRA T O IREBOETE
LR2%, A LOTHEEA LSS, EEEE b
DX IEMLIZGEDIROMNEE X =X LDH
HEIZZ=y M D2ERLH6EF5 Wb DTH B, —
7, FHEIT D IRETIEITFFEXRB DI L 7210 X
A=A LOHHES NS 25, BHEFKAL=Y
NS B, 72, 6=y F DEEIERIRED
5 HYT D ARREABAT T 24T D BARRE b 7 XET
EFWCTHR U7z, 800 RRIEEM 03 A0
INTIEAR L, BRI D TR W & BRER L 72,

B . AWFSIXIPSPRMFE JP23K191608 & TfJST
CREST JPMJCR1911DBI& %1572,

BEER

1) M. Meloni, J. Cai, Q. Zhang, D.S.H. Lee, M. Li,
R. Ma, T.E. Parashkevov, and J. Feng: Engineer-
ing origami: A comprehensive review of recent
applications, design methods, and tools, Adv.
Sci., Vol. 8, article 2000636, 2021

2) D. Misseroni, P.P. Pratapa, K. Liu, B. Kresling,
Y. Chen, C. Daraio, and G.H. Paulino: Origami

3)

4)

5)

6)

7

8)

9)

10)

11)
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engineering, Nat. Rev. Method. Prime., Vol. 4,
article 40, 2024
E.T. Filipov,

Origami tubes assembled into stiff, yet reconfig-

T. Tachi, and G.H. Paulino:
urable structures and metamaterials, Proc. Natl.
Acad. Sci., Vol. 112, No. 40, pp. 12321-12326,
2015

Y. Chen, W.W. Lv, J. Li, and Z. You: An
Extended Family of Rigidly Foldable Origami
Tubes, J. Mech. Robot, Vol. 9, No. 2, article
021002, 2017

K. Saito, S. Pellegrino, and T. Nojima: Manufac-
ture of arbitrary cross-section composite honey-
comb cores based on origami techniques, J. Mech.
Des., Vol. 136, No. 5, article 051011, 2014

R. Ma, M. Li, Y. Xu, M. Meloni, J. Feng, and
J. Cai, Geometry design and in-plane compres-
sion performance of novel origami honeycomb
material, Thin-Walled Struct., Vol. 181, article
110111, 2022

A. Adachi, H. Totsuka, K.
Warisaya, A. Tokolo and T. Tachi : Origami cel-

S. Nishimoto,

lular material switching between single and mul-
tiple DOF modes, in Proc. SOSME.

R.J. Lang, K.A. Tolman, E.B. Crampton, S.P.
Magleby, and L.L. Howell: A review of thickness
accommodation techniques in origami-inspired
engineering, Appl. Mech. Rev., Vol. 70, pp.
010805-1-010805-20, 2018

K. Hayakawa and M. Ohsaki : Origami-based flat
foldable structure with non-flat singular point of
rigid folding mechanism, in Proc. TASS 2024.

K. Hayakawa and M. Ohsaki : Rigid- and flat-
foldable grid origami structure exhibiting bifurca-
tion of mechanism in non-flat state, Int. J. Solids
Struct., under review.

K. Hayakawa, T. Ohba, and M. Ohsaki . Analyt-
ical and numerical investigation of second-order
infinitesimal mechanism in rigid origami, Mech.

Mach. Theo., Vol. 194, paper 105572, 2024
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Active bending NMER T S EERNBEEDRIKEN
~BABRNICK DEBIRD LE-

PRET D, BB
DEWRERFRFHE T2 ER T¥HE, KFEE, k1320143@Kkadai.jp
)RR KPR FBE B T A0t JE R Tt i, Hedx, it (15 @8t ) , yokosuka@aae.kagoshima-u.ac.jp

1 [XC®IC

e, 7 —7 USSR, B —T L
WCHIIBE ) 282 2 L2 J o TRmRIE A N <&
T LT TEREE 15D, EDBTEREISIDMER L7 )
HIIR %3R8 DIERFHT LT TS VU 25 < OFIEDHESR
ST D 12, AR EAPREESREI IR ZE T
REZAERF LTS E T VOfMT 2 3E L T2, iR

IR ZHA L2 T USIES ) CARLZERRIETH D |

L LT AEEMINE A MR T DT DIZIR N ZEA L, ZE
TEREZ155, BASRI AR5 Green OV A1 34
NBEER TERSND T, PR EEZ R R s LIoER
bk BR2bDEEZ D,

JERSEATREEZRE TR IS D TR O— i
Th V) | BN E LT D AIRESRIN TH D,
AR TR AN & USEHME 72 2 b TRt &4,
TEIRIRAT > DI T TERIT DA TN Sy &0 5 R
N5,

BERIEEOIARRERBEE LT, REHEIC Active
bending %35 A L7~ Bending-active #5&E2351 HAL TV NS 9, i
R4 —T LD SIRME LD —l 7242 L 5 B 895
WIZIRIC & DB SN R ATRETH D, £, RS
HEEDIREIZIB W TR WIRIBZ R 5 72DIcr—7
JVASOE RS DIENZ XD ZEIREET 5 2 L1
HETHD,

AFE CIE = Roe 22 M DR E A PRERIEIC L D3
TR OB LERILAE A L, Active bending 238 A L7z
G NI R - =T NVERIC L AEA RSSO
POERTEIT IS LAES RIS DTERINT 217 9, 1%
U OB e A TR E R EOREREDER L E R L, K
(I OFAUZ SN TRY, £ L THARADENT L
DIEEIR IREEDTCIRIHT & ISV ETT 1TV 9R)
EROT AT R F OMRZER] LG 2R, WIRS)
DIENZ K DFRFEIROMEIN &2 E 5T 2,

2 EFRRERRERE

2.1 HARHK
AR LY | ))& OT HREETEZOAEN
7 RV X CREL LT FRI IR TR LD,
jﬂ SY(X) T(X)dQ—5X Af =0 Q)
ZITC, y i OTERT ML, Sy tOT Ay X AR
DB TIEMEEES Y b, SX B, 1 /I
7 Wb, T R ML, ARG A—H
Q AT Ch 5, OT A EERIFRIE, RD Green T
THEERHAT 5,
e
779 T o,

5aﬁ—5ijJ(i,j,a,ﬂ=Lz,3) @

722U, X AR B A EAREAEDIERERL Sy X, T
TR OB AZEREEIEDIEFRRLSY . 8 :Kronecker ¢ Delta T
b5, TIZT, A(2) & LA DEEFE X DBIR M OO
B89y oy LIRSy SX OBMRITIRAD & 5123815,

v=B(X)X+C, 8§y =B" (X)X (3ab)
2T, B OTHIEREBR T BT OT -
JEEER Y BRI TY, C 1 EE Y PV TH B,
HE)Z(D)ITEA L SX DAEEM: L 0 kDA R
DFHILD,

F(X,f,A) = jg B*(X)" 1(X)dQ—Af =0 @)
(@) Z R < 7D ORI THI K, 3R TH 2 bivs,
oF(X) -
T =K =Ko 09+ K, (X) 5)

TIT K EAAETE K B+ KRR T
FITHY, TNENLLTDO LS ITERSND,
oB*"

Ke(X) = —T40 ©6)
g 0T
Ks(X)=[ B s @)

2.2 REROERIE

oA kL. ANC(Absolute Nodal Coordinate)i%
OB AESZE L T2, RPTEER (x,y,2) « BIREE
TR (X,Y,Z) & UTEEZDORNENIIT DB EEFE~
7 Nvr(x,y,z) ZIRATES S,
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B1 =RTREXR
r(x,y,2)=S(x,y,2)X=[r, r ]T (8)
T, SUIREIE. X HiREERZ P TH D,
Bernoulli-Euler ZDEIZ L HTREHS 2Rk TRT,

00

S0 9)
0 S

7z72L.S=[s, S, S, S

E=x/IL, n=ylL, {=2z/L
S, =28 -3 +1 S, =L(&-252+¢)

Sy =LA Sy =LA-8)¢
Ss =—2&° +3&° Se =L(&-&%)
S, =Lén Ss = Le¢

ZIT, LUREEORE S, x  MEITR O JRETE
B Y, 2 MBS TRELZR T O JRFTEE T D,
&, CIFIEBYL K OEER T VR T 5,

|5, SRORRREEE X, X RO S, | SR
MUK TET,

ri:Xi:[xi Y; Zi]T'rj:Xj:[XJ Y ZJ':|T (10a-h)

r B r 7
ar| [on| on| an| | or| [on] o5| o

ol [ oxly oxly ox| | o) | oxly ax|y ox] |
r a7 r a7

o _[en] on| an|] or] fon| ax| ar
o Ll ol wl] vl al w,

or| _[on| on| on| T or| _[on] | on) |

oz, | oz, az|, ezl | ez, | ez| ezl éz

i i i j i i i

BERO—MALEIREEEN Y ML X 2RATETS

AR A AN
Vox| ooyl ozl exly eyl oz,
o o] an|  on| o on
"oxl oyl ezl ! ooxl ey ax (1)
.
oxly oyl ozl ! axl; oy, ozl

RICEDOPSIEHOHOT 7y, L hH i, k, ZTERT Do
GOHPSTHEIO I~ B LA RATER T,

or _or(x,0,0) or _ar(x,0,0) or _ar(x,0,0)
X x oy oy oz oz

HHOVS 7 y, 1% Green-Lagrange O\ 2 80H L, kel TF

(12a-c)

KRS
1(or" or
=== —-1
& 2[ax ox J (13)
R , i, ZRATERT,
YUoar ax2T oy ox? ’
O I PRI & - B BRI IR L 72 D,
1 1
=—X'GX-= 15
T > (15
1 r 1 .
Ky :_EX HyX'KZ :EX HZX (16,17)

G,H, H, 3BE % BT 5, i) &z ks
e DR A RATET,

Juor (X, (X, )aV + [ Lor, (X, £)m, (X, £)dx
+ j L0, (X, E)m, (X, E)dx = SXTAF

ZIT 8y, cOT R b, O, PHEERIEOY, ¢ il
Jie f T R bob, 2 CHFERREL my,m, il
FE—=A bV OHREKTH S, OFTH, OFT A
oy, HES, BRERHESY. IS, AR A L N LR
~7 M OBRRE S BIRTHICEEL L CUA IR T,
KBMFATINE X, & DB CH D EWET B,

1

18)

}/XZB;/X_CaCZE 57x:B*75X
K, =B, X o, =B',,6X (1)
KZ = BKZX 5KZ = B*KZé‘X

B, 1 O A ERBIERTAIL B, 1 ONY A AR BRT T
N

3. B,,,B,, : M AEREBIEITHI, B, B,," : M5y
JERRBIER TAICH B, HEBIRAIIIENE 72 D,
r=Ey,,m =El x,,m, =Elx, (20)

B LS W RUIIRE L 72 D,
1 T 1. T
EAL[ B}y, d&+El L[ B x,dé
- (1)
+ELL[ B k,dE-2f =0
KRR R L 722720, ERAT v 7ITBIT 5
BIAL ST TR TR TR IS LB & 72 B,
PERAIME THI K 13kac T,

K; = KS;/ + KG;/ + KSKy + Kny +Ks,, +Ke,, (22)
K. —eAL['B" Pege K. —EAL 08 d 23
s =EAL[ B “dE K, =BAL[ —yds  (23a)
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L, Ok, 108
&W:H¢L&w5§daKM:Eu& %0
— toe T aKz — 168:zT
Ksz - EIZL.[O BKZ ax dé’ Kze - EIZL.[O ax szé

ZIT K, K, K, @ BIERZENIAIMA TS,

K, Kary Koy, # BMANETAITSH S, 5(21),(23)Dff
SYRFRIIEAIRESY & L, Gauss D 3 SRS AT L, X
DIFHKAL 2D,

EAL & . El L3 .
- 2 wB Ty, + 2” Zl:WiBKyTKy

24
ELLS @4

2 i=1

ARFFETIX, or/dy,or | oz IFHMFIEREIC X - T 12 1T
L CHEN GRERAfES, —H T, XDorlady, orloz
DIALZ Bernoulli-Euler Z2DAE LV | BT S Au7- FEEEAE
TR D IEREARIEN Y MLERA L, OBl
DEEEATI. K, Ky, K, 170 B2 ARREE TS
AIREFE LT | I & RENRIMA TS 2 &
ORTIATHITHY . B2 T2 DO IHBET 52 &
IXTE2RY,

+ WB: T dé—Af =0

3 EERNEEDBEAERNIC K HEEREDLLE
P NS R - A—T VBRI L AESIERSED
TEARFRAT N DI VR TEf T £ TEAT D,

K

C
AN
W

(o= (B
2 fEETIL
3.1 BRIETIL
Pl e NS - Hr—T VBRI L AEAE I EED
fiENTET L% X 2 12179, AB,CD 7342835 FJ,GK,HL,IM
NN T ARG ZOMN T —T NERTH D, IR
X AB,CD ZZOMB M ~Dr—F7—3Ff L35, A

/XX ABCD=20m, A ES1320m & L, SHEEREE
132 11 OR7, B3EFIT Bending-active #5&E248E L~
Ty M=% 3EERE LW &35, F—7 /Mg
AT %5k7)% B=6.0kN CTHEE L P, P, DIRJIFENZE
A1 1.0~6.0kN O#i[FH T 0.2kN %A TEL X H, 3 TD
FAAE DOV THRT 21TV By, B, DR E RO 2
TRVXOFZERZRD, ZDHN OHDIEIRIET
DET VOGN E T,
=1 RiEHEE

e

HRVEEREL Wrinfzk () iR

2.05x108KN/m? 25mmx250mm 1.875x102m?

Ve — % TAARFRAT lyo,l0 9.77x107m?*9.77x10° m?

F—AU N[ ISR Wl 8.79x10° m*9.77x10% m"

kT A

FEMEEREL Wrife IEEE

2.05x108kN/m? 1.517x10°% m? 101.6 mm

r—7 VB

SRS Wi

2.05%10%N/m? 9.55x10° m?

fREESR

FEMERRER | AR [ AT ULk

1.0x10%N/m? 6.0x10%N/m? 1.0x10%m 03

—— | RN | FEROA0NEVEROKE

NO

RDIRS TR AT AT BE

QRN  REREZ B LE +iR%ED
HEWEROKE
[
BREMN - REAEOEE
EEZEEsT—7ILREDEN
|
3LAEREN AN E L ITEEERNEED
FEWERKORKE
|

PP ROTHAI AT~ GIHNEGOER
EREHEICTY,

X3 fEthon—
3.2 MEMIEEL
PHHT 2 EORLIZE LRV, 7 —7 VR,
b A ISR ) D E R LA VD, T
n—%[X 3 |{TRT,

AT LARTEGE T VORARANT, 2R 2B L
TETARFEHT 3 TR 0D 3 BX BRI 0 CEAT 95,
TEARFHTIRA I, PR OBEREME2 n— T — & L,
PRI 2 B 58 IR« & — 7 ) VSR T T
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DI% B U TR FRIFFRIAT 21T 9 IR
Hl:1% Newton-Raphson {54 FV 5, Z ORFZWTE XS
BIEHVE U9 A FEE Lo AW~ 0 235
LHENPERAT 5, WITEER 2B L7 R ¢
IR ABCD 1T S~ AEH L, REROJE IS
FRRCE 3R e 5, BEOIE/NZ 0.2kN -2 A L,
BRI CHEIAWIRIEDS BN = DO BIZIR OIS~ EBATL
LOKN 725 £ T IR LEHRZAT O BT
(IS O GEEESR A U5 Active bending 1245
IS AR L, H & R B A B E L7 SRiEA B DS
N RER B AR SE 5, Aoz 73 mElk
A 01705 1.0 £TOLZNATHANIC)NT, WORL72
DHITROMEFEEA~EBATT D, R FF A
— 7 VBRI TIHEMERIME & ST 225 R L 7o ST
BRIGRENT ATV, FERERRITHIE I RARNTIE & [RIERIC
Newton-Raphson 1% HV %, Z OIRFEZR I LHIPE A fife 0
T DT DIEROE AW D ZFFEE L7V E R T A
T USTTENTEAT 5, 7ok, BHAMTT <D Oz
DU Tl Active bending 1ERIZIEE ARV MESZED
SINDHLDET D, £, REROBDIKIEMT, BE
BRI DTCRIRNT, T VETERAT DU DB 5
VT % Newton-Raphson 1E0Di 1 K LRI T 30 [FIE T &
T2,

4 FEATRER

B RIEE DIS N TIN5 DR 22 2 X 4,
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7z, p OWFZEHIRT 5 1307 £ T2,

ARSI, AHFDEREDORE TCOE DRI b2 D 507
TR D, AERE LI AORE r—A 1, H2E7
0y 7 DEE S —A2 LIRS, Teks, fAEkERE Lz
FARSEREDO A T NE R=35.1kN, HZE7 1w 7 OEE
IXTR=423kN & 72o7-, F£7=, Howmfbaiofng SpL%
Bk LT G OACER ) Re & BT E— A > b ORKE
Mo 5 &, 47— 113 R=139 kKN, M= 0.577
KNm/m 2565 Sz, AT — 2 > MBS HR%

D EIRELE 5> M " =0.87T0KNm/m & 72572, [Flkk

2, —A2 TIX152kN, 0.217 kNm/m, 0.285 kNm/m &
7ol

3~ ql
' s
SIS dl
1 ‘:: Tv, =B M
TR TR
z S = R -
v ~ = = z
—* f_':: ]—Y
S8 8 I
m‘ 2 ()2 &
4 FBETNVOFET
# 1 MFEREDFE T
fEFAEE ) hZe 7wy s
HENATIEER v (KN/m?) 214 152
BEIE fn (m) 0.65 030
Yo UK En(MPa) 1740 4550

Bt Scipy ZFIH L, SLSQP Z45& L TIAT L=,
K —RZBIT D37 A—4 p LESMITE—A > RO
HEHED AT 2K 6, TITRT, /3T A—H p L 1.0 Z7R,
0.0 27, mAMHITT— A > s OHEITRKEZTR, 0.0

HELTHT—~ 7/ TRLLTWA, X8It
SREH ONFE 2R, RQ)EFHIEN M ZHIE L, =3
mm % FRRAE & U THERIRIRZRGE L T D,
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BONIRERE RS L, WIS AN 531
JVDOIENE LN TE Y, EVKER 2 #5 L T 5,
ERICEB 92 &, MEbEITh oSz E LT 58
WRITBELTOD Z oD, wRiiFE—2 > b33
AU % h=3.0m OFEAIFRAN <, BITEHES N TN 5,
ASNE— A "D ERZ RS & —2 1 THEIL TS
23, HENE I IME & HIErc & 5, r—A 2 1 ERRMEDL
TE2D, BIAFED 55~60%1272 0, BE[LATE T
L3, WAV 5 EETO SR Z2 S PIRREIZ DU T
IXIEREIZET UL TE TR, FEfl7eMR A Bl
BT DTN D D,

5 #&

Mk > DF % FV 7= s @t iR 115
DIEEEHIE L, KTy, £7°, DF #ilzH0n
TR BN T HiEE T Uiz, RICERE CRlERE R
M EEAREA OFAROE A Y & LT dsom L&
ZERILL, BAEfpnc X 0 At amer Lz, 4%
IEFEOEECE X S T-1%, 15 DIVTZIE SV OFK
Z 3T ONC b—& — %A > TN « SRR EZFTV, B
& - i LIZRE T DA e TIT 9,

[
R(P,)=192 (kN), o[> M, =0.870 (kNm)
> p, =070 i
— < [Myman}= 0.580 (kKNm)
(b) AT E—A b
R A—H o DLy
@@ /NT A=K p DI M| D555

6 FauftAEROH] (r—A1)
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E e
R.(P,)=205 (kN), ) /Z M " =0.282 (kNm)
> p, =070 "
— [Mymard=0.215 (KNm)

(b) HSMTE—A L b
(Kt i) D53AR
7 FeifEREROB] (r—2A2)

(@ NTA—%p

@ 7—A1 (b) r—A2
V=043 m® V=039 m’
8  Step4 TIFHILHIMMERMHRETH DOFE
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EERELMBFEICHTEIREIRILF—D
FU—FATBRICEBLET Yy FYUTILBEDEERREBRIL

efse KD, FERAR?Y, A

fi

DT T, &L (1%), kaneko.ryoutaa@takenaka.co.jp
DREHFRFERE - AR B TPRRER YR, B, MLy
NHEBFERFERE - B LR TR, iR, HE(LY)

1 F

7y Ry =/ USIEORETZREAVE TR,  [EETE
(ST DERED T TH Y, BRI IS5 T4
IRIEREE ETHD, THUTK LT, —MIUSEAN
7 BIVHTA(GRSANZ S < FEMER S Y, BT
6 LTSRS LD IRED | L— R4 7 BROVRIE S 4L
228, XEBITRFERA O B H BIBGE KIZIRE S Tue,
Z ZTANIFETIE, BWEISHT HRET L —E K
/IMET DI b aATY, HUERATE Lk, SRS
P, HFREA S & 2 BARER A ORI A TG CTHRER
SNTCBIRIGIR & £ OB E R T %, &
ST ERARTAR OB f A 2RI OV TREE S D,

2 BUBRRITIIE
2.1 GRSAIZE D EETRERILETFE

L ITHEERERI EFIE 27T, $REFIRE, — b
I A N ENT(GRSAY & $HIIG IfRAT, Bt 7
ST X AOER LRI &0 B2 BIRR & 48551
%, NURBS #iifiZEmk, 7'V o RoEl, SpElfhT 7 Eak
AR IHES < I 3DCAD OFEEHEREREZ VS, fRHT
BT NAOLHE, BIEFHTOIAT, FERITHES< HAYEE
BAEOFE, Bt 7= XA K DR O ERT
RETVIRA MUBIL CHOBEVETT 7' A Titan) )%
FAN, BABEA#HTIE Fortran 90/95 D711 77T 1 9% W 5,
2.2 BEBRMORERTETIL

2\ARERM ORAEET VA, 1 ICEM#ETE R
SR TP dERUN=N ERTHE O T VA= By el sWp ) a ]
EET DEREED 3 JESFAMEMAEE 7Y v Ry o U
e 5, BIRAMEIL3Im 7Y v RICEITH, &, 4t
JEM A EUTT, SCREAAESNERRI i~ L— A E 7o 3
JEHIR 7 L —Z(BRB)ZALE T 2, AR - SNEMEIL 1.2
KN/m?, PRTTERI 5.0 kKN/m? &35, 1T 4 X% 79 m
EL, EEMES | RGO MR IR L CRARSE
WEZE A5 2.0, IFRFAMELR 2.5 TS EERRGT L,

BAHEBOER

| A ERDE - 8

[ B 7 L=y R i 3 R
| BfEfRgT Y 7 N EAT

e & B R RO I |

1 BEMEREFE

[ JOZ0THZ0XO0T TOT0THZOXC0Z0T ]
oooz:jooo
L4
>

PR [92=0 e2=0~ 15 o XRAIHER
7 (b) LA

X2 EEEY
=1 EHMEET
(a) FHPEEAE

4 def | soft hard

EATH $406.4x16
ARG A $26

SER $406.4x9.5

- $406.4x16 $355.6x11.1 $609.6x22
) it 71— % 216.3x12.7 216.3x5.8 355.6x12.7
SR L e ¢ ¢ ¢

SEHRRE $406.4x9.5 $318.5x10.3 $558.8x19

SRR $267.4x6 $216.3x5.8 $355.6x12.7

(b) JERHH 7 L—A(BRB)

Story | wkN] | 4, C, | 0, 1N |0, N[ N[KN] |4, [m]
3rd 11952 1.54 1.53 23176 5794 236 1676
2nd 11952 122 121 32858 8215 334 2376
1st 11376 1.00 1.00 38285 9571 389 2769

2.3 BESA—4

3NCETAAHANE, X4 I ASHERZ R, A
WIFEDRR ST A —421%, ORMIBEBOBEBER, ZH
(1), @7 EESRA([EIERTE DL (DA, HIFEFTE ELyy D,
DLAELyy), @RS E L~ LR H IR AR |
D E—Z 3 1.0G 5> 0.5G), @IFFZHEAERIERT
ARFHEAENE def & LU C 1/2 15D soft, 51%D hard), ©BRB
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(2 & D RO MR L XN OFIELE L, 5%
T A= INOELND BRI & E ORI 2 5
WAL T 5, 7o, HET L—AfHE7 /1% CB
E7 /L, BRB €7 /L% BRB E7 /L& MFRT 5,
2.4 BrE#HERELREDES

BRETARNT, M2 IR TR Z AT 5 NURBS
s O AL OERTE T Z A x; & L, HEIBSEUC[EE
TN DB RN —Upy F 7 THERT BRI
DIRETRNX—Upy WA L, B HPSEFE P-S
& % A8 L RTE P-M 2 (1) ~R(5) TEFRT D,

1MEM 4 2> 2 (2
U=53 “Er( oy + % + o) ()

2 k=1 B,
P-S) Minimize : f{x)=Upz, or Ugry, ot Upr+Ugrxy @)
P-M) Minimize : fi(x)=Upr, f5()=Usry 3)
P-S) & P-M) Sbjectto :0m<x;<15m )]
P-S) & P-M) Variables :x; )

Z 2 MEMITEMER, A 1 3WrmfE, &M E, B3y
Y TER, oy TS SIE, Qoy L i SDOBITISIETH D,
Uspoo |3 T ORTE T R L — 2 IN24E LT Fndshd 45
FEHEAI)E LTI 5,

F 70, ARRE IR B A i (b 15 (Particle Swarm
Optimization, PSO) &, % H HURL 7 fie it {1 12 (Multi-
objective Particle Swarm Optimization®, MOPSO)% V5,
BFRET 200, TEPEEE w L 1.0, fEIRRA S ~ONEE
Bl 2.0, FiAHESA FA~ONBEEE 213 2.0, ML
FHEEENL 50 L35,

2.5 HERENFE

AEFRAT T TR TR, IRENE A AT, REZ)
JEEIASRHT(NLRHA), A « T - OB T, —
WAV AT N OVRHT(GRSA) & VN, BRI IfERT
I IEETZRERIA: & 15 OB R O R R
%, YEENEA AT, NLRHA, #RF - bk « SOsmem
FENTI IR D IR MM AV D, NLRHA D5y
ZENTIE Newmark BHA(S=1/4) TRl L, B - HEBMEE R
AT IR k% F 5, GRSA I3 EEREAEIC AW
%o GRSA [THEREA T & IE AT R AEDIE
FEAPE L TOBAEMATRECH Y, HRRENIERFIC
ST D IRERR ORI & FHl T 5, X5 |2 NLRHA
& GRSA IZH1T 5 3CRAME A BT AOA DHIFRILE
ED L7~ RIS 4 1IR3 AT ML
A3 WITT DI TH D, GRSA 1FGHERIRDOLENT
JEVE A BATIRAREEE CRHIT 2,

. @ H 1B%k D%k (Single, Multi) ®1G
Slrggle-% @i d4M (DL, ELxy, DL+ELxy) % N/A | @ def
@UEE L~ (1G, 0.5G) ©®cB
(-0.5G-soft-BRB) T —
b a0 JKFERIPE (def, soft (defx1/2) , hard (defx5))
© @ O GuppHOMET XL ¥ —RIOFE (CB, BRB)

3 ETIILARE

I —IG © P2Single DL+ELxy DEbM Il
golor o —05G
E - Eifﬁ,';‘;ﬁe GRSA(CB Model)
g \, | — JMA Kobe GRSA(BRB Model)
b \ NLRHA(CB Model)
%E —_ NLRHA(BRB Model)
E s .u. Rigid diaphragm|
§ :/ \ .3Q‘7/;\O'A +30%
0001 0.1 1 T 17200 17100 75
Natural period [s] Rotation angle [rad.]
4 ANEE) 5 GRSA OfEE
3 ZHEBOHET RILX—RINHEV DR ERIE
3.1 TWIERHLEBMREILARERIRICEZ 5L

6 |CH H A L & 0 15 b ol BRIEIR A 7~ T,
LIRE, HHERMEOERE K 0 BARGME ORI & SR o —
HAAME L ORT, BEEMEOAIKRT D i EARR
(4 6(a), Single-DL)IE, 7K b [ElEw EIKT 2 A2
DHBILD T A ADEWNES RO IR E 70l —T7, Wik
T DI KT 2 Foi BARFEIR(X 6(b), Single-ELxy)lE,
ACEINZxt U ClNRE Rt 2 Rk E 725, X
7T DEM AT L IS, BRI G %
2 Fc IR OIS NIRRT Z DDA, B
SRIRFIZ B8 LR BN D EM IR T %, [H
ST B & IR EL ) 2 Bl RARZIR( 6(c), Single-
DLAELxy)IZ, Wi D HRf 7~ > Ze SR A O —I%
T RITHEHTT 5 & O MR 2 AT 2k & 72 D,
2O XD IThOHEBIRIAROFHT T A AOMIZIZ FL—F
F 7 BRIE S, A B A OB H Ao ki 37
Dr3L— MEO—RERZE L T D RTREMED B 5,

=766.2kNm|  [U,, = 575.0kNm, Uy, = 164.TKNm| [Ty, =94.6kNm, Uy, = 254 3kNm

[Up=27:2KNm, T,

=
At

i

PRPKPY
pective y direction
Single-DL+ELxy

Perspective y directi

ers i TS
(a) Single-DL (b) Single-ELxy (c)

6 EHBEMGERIRIK

[ E A R OEE MR N (i) OFE )
Slag , JEAE ICONI V]
——-100 kN ~100 kN
i ilod
E—AL b E—AL b
Single-ELxy =100 kNm —:100 kNm

7 EM DO
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3.2 WMEFHLZEMREILIREMINIZEZ 57E 3.3 MEFELANISRERRIRICEZ H5E

Ea—
8@IZZ RRRIE(LOES 23, B H AR R L~V DN RIS 5 2 D 5028 A o

IR S — MEO—TH Y, Single-DL,-ELxy I3% 5, HRAMBEED 0.5G OHIFER IR T 2 BEFRE T
DUFERIANLET D, £, BMEOREZRLXT—DOTF  (0.5G ET /W)L, BARL YD HIFEERE L~L /R HE<,

FRORE—REHIICRIT DHE BTN Uy & BET L— AN & SRS O F FMIINED B3 (N0
EFL, Uy ZTRIEE U TR A SR U Cotrd 7ol L 0 BRI A B S I Ao bis s
%o H9@NZ/ S L— MEDT A X%, K10@IZIFENR 5, X8I BB OfES % /~T, 0.5GET /L
Bl RARIEIR 27~ d, S L— MERDO T A KX Up 2R LT T, Usy @ FEREDY 1G 7 L0 025 51 L

KEEANTHEINL, U HAREWVNZEREDBIEOTLRIRIR,  WEHRO2F)ERD, 72720, Un LB LWl
Up DV INEWIE ERIMEE 2 2 ik & 72 5, 9a) & X 10T L 91T, FRUL Uy THEgst % & 0.5G
1/ — MEOSNE T DA~ T, $hiE T ETINDT A ZAPFERENCE L 725, £, 0.5GET /L
1% Up ORISR DU < FI 025) L3857 74TV T  ORERBIYEIRE, 0 Uy 259 4.0 5025 fF0w%5) L
13001ad 9% 2 5, LA RIR LT L 918, BUIGTERICH 72 1G BT VORGEERIR ST 5, SRS
L CREIRIRE Bt 95 & IEBIRAERGTRNAER S WIESEE) LW A TlE, SREOMERE L~k
AT, FEEREHCIMmEMEE O ARG T HRERIRIZIRIE, & 5 HIERMTE L~ UKk 2 foi
B 0Ei b/ S L— MEND Uy ZHeIRIERG 7 74T BIREIRE Uy 02 OFHECE DATREMEZ 2 LT D &

U T &R DRI AT 2 Z EREE LU, Bz b,

0/<L— Mg 0.5G)m 7k F fi# 0.5G) A SL— [ (soft) A TEF i (soft) I5F Upss=0.03 ©0od
700} O %L — M (1G) @AM (1G) 700 O /¥ L— M (hard) BT # (hard) 121 (b-4)
O H [ Wik = o I3
ROETAR (d4) U, = 8.68 E o (S_’S) O3 B O # 7 (0.56)
6001 1 272 KNm 60 (d-3) U, =2.26 2 C(a-3) (a-4) |0 HEF (0.5G)
= min DL =K = 6 -
g g (d2) U, =098 a o @2) © H7 (1G)
£ soo} (a-4) U, = 8.50 Z so0f; — 3’? ;& O #H (16)
B v : eny,=os L0,0=025 @) |mmeei:Hk
g (@-3) U,=2.66 = (c4) U,=8.74 oo o1 1 10 100 1000
400 B Single-DL+ELxy >‘400 3 (c-35 U=182 Strain energy ratio Uy [kNm]
g @2) Uy=1.11 & s (2) Multi-DL+ELxy / Multi-DL+ELxy-0.5G
5 300 (a-1) U, =052 53001 S 157 U= 0,52J
2 put (c-1) U, = 0.66 (c-4)
g (b-3) U, =0.51 £ ° 12F ©2) (e3) ¥
A (b-1) U, = Single-ELxy |& 200 X U, = 1653 kN = ()| O .
% 200 6y UO=24O7,(b 1) U0V0,10 & ingle-ELxy | 700 = o D% Rl u,,,,,‘H 65 " £ of A TET (soft)
(b-2) U/=021 Usono=164.1 kKNm ik A A L (@) | A f0 (soft)
100} . 1001+ winUnpony = 32.7 KNm minUtason = 141.8 KNm P o H—% (hard)
ﬁ mml//‘/wn 5G 40.7 kNm v i 3k [m] %E%(?ﬂ (hard)
i = R plawiOlRe ) lacwsiiin
K 100 200 300 400 500 600 700 K 100 200 300 400 500 600 700 05001 01 1 10 100 1000
Strain energy Up., [kKNm] Strain energy Up, [kKNm] Strain energy ratio Uy [kKNm]
(a) Multi-DL+ELxy / Multi-DL+ELxy-0.5G (b) Multi-DL+ELxy-soft / Multi-DL+ELxy-hard (b) Multi-DL+ELxy-soft / Multi-DL+ELxy-hard
i O val [V = a 4N »
8 /N\L—MEESE 9 FARX—MEIRILT—BERFR

Uh

2 Un =1
% Vs =24

N SRS
RESRERSR SRS RIS
> PINANPINAINP NNV TN N f \ 1 \ > 4 \ 4 X > f S 1 N
Perspective x direction  y direction Perspective x direction  y direction Perspective x direction y direction Perspective x direction  y direction

(a-1) Multi-DL+ELxy-0.52 a-2) Multi-DL+ELxy-1.11 (a-3) Multi-DL+ELxy-2.66 (a-4) Multi-DL+ELxy-8.50

SRR

N
i
N

N
RPN
RPN

7

(a) Multi-DL+ELxy

A
SR
PRRE

%
i

%,

) NN PR 7‘ NV D
Perspective  x direction  y direction Perspective n  y direction Perspective
(b-1) Multi-DL+ELxy-0.5G-0.10 (b-2) Multi-DL+ELxy-0.5G-0.21 (b-3) Multi-DL+ELxy-0.5G-0.51

(b) Multi-DL+ELxy-0.5G

iz
SRSSR

g N N
Perspective x direction  y direction Perspective x direction  y direction Perspective x direction y direction Perspective x direction  y direction
(c-1) Multi-DL+ELxy-soft-0.66 (c-2) Multi-DL+ELxy-soft-1.02 (c-3) Multi-DL+ELxy-soft-1.82 (c-4) Multi-DL+ELxy-soft-8.74
(¢) Multi-DL+ELxy-soft

RN
SPRIPRIPN]
PR

NN

SRR
KSR
PRONPRPN

SRR,
PROKPRPKIP
Perspective  x direction ~ y direction C x direction  y direction Perspective  x direction y direction ec
(d-1) Multi-DL+ELxy-hard-0.52 (d-2) Multi-DL+ELxy-hard-0.98 (d-3) Multi-DL+ELxy-hard-2.26 (d-4) Multi-DL+ELxy-hard-8.68
(d) Multi-DL+ELxy-hard

10 HRERZERRIK

AN
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N@IZ/ S L— MEOEHE =A%, X 12(a)ZHIE
JEEZ R, N L MO IHETE LY
(ot U TR Ze Uy 263 273 — MEDFER S
{[ER/5 N
3.4 ZHZEBOKTERIMLIRERIERIKICEZ 5528
SCREEOKENED Fo EBAR IR T G- 2. D58 % 55
W95, X 80b)Z HruRE L OfftE G %, X 9(b),
() S L— MED T A R ESRE T DA A a7~ T,
XA def)D 0.5 fi5(soft)~5 {E(hard) DEIPFH O SRFAAERIM:
D L— MEORET R0 Uy &/3— Mg
DT A ZAOBRIEIZ -2 2 BT/ S0, B0 fRE
HI7p i EIRR 27T, FIRRED Uy #0573 L— K
FROBIHEIIR A Hi T 2 &, SR S m
(hard) D eI 2 T D803 20, X 13 ORFEFR
BRI ORT L OIS, ZAUISREEERIEDS @S O
JAIEE Ry DMEIK D B i@k O BARMBEIS A DS RS S =0
FTUVEIFANO0.5~1.0)TH v, IREMWERIIRGTT 2 ER
TERD S L— MBITEIRSNOT K oo b EE X B
N, ¥£72, K 120) DHIEREMEI RS L 91T, FIFLE
D Up 2 D icliEIRIIR 2 el % &, [ARRDBEH T
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4.1 TEEHLHEBMNRELHIRERIKICEZ H5E
X 14 |ZHHEEIZ L 0 15 6o BRI 2
T, X6 OFGEEARIR & T 5 &, SCREZRMEIC X
HHET X —RINAH D55 T, ROEGE &
THIEMT AT DR E T R —PEI KT 5,
ZAUT 32 HiOHIEERE L~V OFEECHEEECE 5 L)
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5 REEbORRIZ LY, BARIOEAIE DSBS
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| R ¢
Vi PRPK

o7
SN x direction
..“\ il s

'm, L0 00
[N PN NN z ¥
SSCSSR v 55 NS
rg PNt

> NN > ONZON Y INZINAN
Perspective y direction Perspective y direction Perspective y direction
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SRR
\ RPN 4’4’ ’ <
Perspective  x direction y direction
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HrhoRt~—I—IRd/ b— METFEOMIE, EIR
FEE LWEBIRIRORGHERE L THaFEREE & X
Hd, K16 IZ[RIZED Uy 67T DT L —AfF &3
FFPZE%(CB £7 /1) & BRB i & IFZEBRB €7 /L)D
R — MEOHITEISE %2773, BRB OfFHINEEZE & =

IREBOMIAIREIE— R &R T 2 REMMEOZIRIZ LY,

NHEFETZ T7p < LD BRARERIE BT 2,

BRB-1.05 (340 | «Rigid diaphragm— 0|, i—lngld diaphragm—
BRB-0.42 & « .
0.52 S 5_30 0.52
111 g g
E =20 BRB-0.42
Rigid diaphragm| g L BRB-1.05]
N 5 10f
: e
& , 4 = B i
0 _TR00 17100 150 B 0 E 0 B
Rotation angle [rad.]
(2) EBAF RIS FA (b) AR E NI (c) SRELIG I

16 BRB ET/LDHEGEHE
x AEARN, Mult-DL+ELxy-)

5 5% L-REERI IR DB ERI E R

LSRN 2 A TRSE LTz X b— NMEO R AR
TEIROBIEIEIEE— N & A AR A A ot L, o
JE AR BRI O S S e A O AT 2 WEE S 5, R R
HHTRRER 2R LT 7 MR LT3 TT 5, FYPRE
e AT BRI ™ | SRR AT OO AT (B, SRR e A B
FRE (TP ARAT DIEATEDS 1.0 BeRooff EfREL
L%, GHIBME R BRI | IO R S AT IR D
TN EMROMA A, FI3fT A A2 L Cha!
BN LW h, ZOREROMEREE T 5, EIR
ETUUTPRIEA AR T TEM SR 2 RBT 2, B e
SMERITE L L, BAVNER A B 3Rl T 5, B
TEEEIEMENT CI, BRIRIEZ IR AN D 0.1%(AM5 T
Tl 48 mm)IZFPHE U 7o BB — RTIRO WA E
EEHREEICE 2 D, FROHE R AT ClIEMA2
it AR A co(Aa™ LS 5 A DARIBER) DAL
BMEE AT D720, 0.1% EOREE LR,
51 #HMERE—FEERRERE

17 12 1 AT — R LS — 2 (+03 L, —
D) &R T, k5 &3 D R ERIRIXATHE £ ClohRR
ST BRI DAk % I BRI IR O & L CEIR L7,
PR — NI, “FRZIEERT 20—l — N R
DIRE—2 A, — TR T — RRD/SH—
B, A HIRDN S ST NIAD B Wk FR T — KR O
NE— CIZKBIEN, REERE 6T 556X
17@)(b)(c)(e))°T A AH¥ 10 m LA F DO AR DEA(X

S -+
Z KT
Z CRRLT I —
» X .'O'.'.# (i) pattern A
(a) Multi-DL+ELxy  (b) Multi-DL+ELxy  (c) Multi-DL+ELxy +
-2.66 -0.5G-0.51 -hard-0.98
C _
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,i‘i;;’l’""iib“:\\\\\:\&\ Y (ii) pattern B
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- rf BRI BEAER A 7R T, X H O G AR AR T D5
ATy T OEAG AT EAREA 3e U TSR A B
A ZR LTEY, SRR & TR A FET 2 AR M
BRI 2 EIRT D0 AT, T A A3 < [EEfRTE
(R DB R F—Up, HVNSWNEERRE 7
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PR JEAT ER AL R ), AR ORI T
VIR 5.0 DLERECR TE 5, (X 19 (AR - AR
AT BRI o BR 2R T a0l AR D 0.5%DF)
IR E TR 0.6~09 TH Y, FEET ODOHERE FIRE 0.5
Z BA%, —J, e A DRERRIZIR(X 17(a) T
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Displacement 6, [mm]  Displacement 6, [mm]
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5.2 THEBMEEERIEDRE S HliEDER M
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1—0.24A 1
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B~ —I— TR LTS, [EEX I L— XTI
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PIEXY, IBEFEZHOCTERLZBHERT Y »
R e )VOPRIERTELE, AR K O TR R
BERBRECOEE S 7 L—R& FW T2 2 fl
ZiHMICE 5 Z LR ST,

6 &

ABIEOFEPH T DAL AEMIELL F Ol Y Th 5,

1) [EESE & R BRI HE = RV T — % i/
6T Do BRIRENCIE S L— A7 BfRR3H 0,
HH s R, 7SV — MBS 2R 5,

2) /XU— ML, BEEEICDRA 7R TEIR AR
DA, MU IR R LR 2 9 5
SR E 72D, 12121, SRR SRS X
B HET X — ORI O ARAT L CEET 5,

3) /N b— MEOIEEITRES L —Lb Uy THEET
X, BET ATV T LA TG RN OEIEIC
72%, REERINESEE) L7 GE, A FED HIE T
FLYUIKT 58— MERIZH D HIERE L1
X235 — Mif & U DEBHERTRE L 5 2 BV D,

4) ZFPEEOHE RN —RINDR D 2555, R
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—Upp [ FIHT %, 16> TR L— MEIZIXEEREIC
REIIEIR S EEND, — 0, HERISEIXRIE
SINDHTeOR— MEIHCH 5 EIRE FL2E LWE
IR DGR E L CTHAFEBIAE L B X bivd,

5) HHBmAZHT 527 Y v Ry =0/ L— Mg
PR EIRIBIRENT, A /50D 0.5%DFIHIA R &
FTR0.6~09 THY, HESETIRMEO0S % EH5, F
7o, HYBMERERAENY, BEX I L—RAEHNTE
ANCFHET 5 2 ENTE S,
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—75, JIFHILEN OIRIRE# LA TS 72355, 6
RIS & 384, EIEOE TSNS, #
ME—Htz B & LT EOREAR S92 &
T, HEEHORY SV E IR A 2 — AL TE,
2 2 NIRRT D723 B,

—J5C, ZEMEEY CIE, WEA T T EROBERIZ A,
TORBINEEL 705, BCKTIE, MR IE5<
PRACRRERREHENERS Lo b DY, [SHEMEREHAHA
THZLICLY, EEEEITS A ONHAE IS X G
THOTERL, BREEFEBHV T4 7 MRRET S
LEMNAERUEC LT, L 7 LR T UTHEER O
#1792 L SATREIC 72 59,

AATS, ZEMEm A ISR e 3 D ERE IR
DIFFED T TN DD, TRREG# L S L7 2=k EY
DIEHEMERFHIBIT 21788 LT, RBERDICL D HET
F AL =2 VOFIEIRZ x5 & U IR 258
AT ZATIR S TAFTEODR B D, LinL, T3,

F1o, REHEEWNEDD &, (FEEMERGHIRB W TEE
REHEMHEE VED D LB X DT, Fx DIZRO
WG x5 & T DO ERENIEE TH D,

Z ZCTAMIIETIE, BOHEHENE T 5B IR —IGE HEE
EHWVTHEZ F AT =V axtR L LR b 21T
VY, RO DIV A )G & UTAS MR L 0
[EHEMEFEIER & i ARy DBMRZ I G NI T H 2 & %
B E T2, IREE KIF2BREI 0T TIT o, 1R
Tl RT SRR LA, 2B H TIXLEREE ©
O EERE MRS LT, S E—H b7z
D, FEFHER DKM & e/ MEDZEDR Mz BRYE L
T bAAT O, RE(bAATOBRO T v 7T MY, Foi
{7 T X% PythontZ L W Ftalk L, Fortran77/90 CaL
R S AT BEAF ORISR 7 0 7 T L A F2PY
(2 & U Python TREONH 3 4ERK & 35, el batFE Iz
SciPy? 5 F AL D BIR —IREHEED V)L N—SLSQP % H
WD, FOFRERAG O REIRZ RIS, T — R
DAERMERERET 12O DR H IR FIEDIOTH
5 AFOSM 7% (Advanced First-Order Second-Moment
method)” % VT, S Ez 52T DBRDOB Ly DR
RERD D,

2 EME—HREICEET SRR &EIE
2.1 =ELMEDERIE

FRIZEEE T AR A, AT DX 21Tk 5, SR
AT MNPETED, B ua /7 A—2 L LT, #
Topfar P& EH S/ 5, SIERIEA TS, SRS 75114
FNENKL KoL 36< &, riRFEIEE— RO & ZHUTKHS
T 2ulE, RN EAEREOE TH S,
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WIEREEAT B Y, pau-DIEDR/IME R i &
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2.2 RMRETDEESTFAY TILOBE
MUAIRZ, RUTEMFE oA~ T, SR ETD
ETUL, BERIZRBWTT —F K Td 5 A-model & 9
%o ETo, xyHFANIEE SNDEM R T4, FROASE
FANZELE SO EM 2R & L, 2L D2REEDEM T
TF AL 2 VERERRT Do BERSIHIEE LSRR L,
SIS O A LA B8 L5y
fi &5, FUERTEITITRT X 912, 1S Em
T node & BT THIFE S 72 V) O E fpan (=1.18KN/M)DFE L L
TRD D,
Py =Ade Pao @

F7o, VIR IST DREEE AT B, F& -5
FEORKMEE B/ IMEDZE L =L i, RS RO

max min

KAl &/ MEDZE L = L iy T AR hin IR,
2.3 BEBESFRY/LHEON®E

HhmOFRIEE LT, mmik7 v Y VBV iiliim (U
T, ~vxhim) WD, iR A e T D FEZE ]
FEFENOHIE S~ ]\IV%R(;’ﬁk L, u,v(O0=uv=1)%& /X
TA=H LT DHE, XU, ), N A A
ISR B, B L OB (0=1...n, f=1..m)EFANTAB)T
FIN, T A —5'1'115(% WZE D EDBND,

X@v)=3 YR, B (u)B; (v) )
e, RONCBI DI, mEn=m=5 L%, %7,
R, V3T 7 4 VAHATHIT & EBUL SN 22N il
ST MR, AZ XD, K@D L O ITERSND,

R, ,=TR,, @)

72k, ol LRI C, il MV aRE e
DAL Ry, p Y, 77 4 VEHGTHIND, Fom ife
(ZRWTCREET D,

FEREaE IS, 9 >DHEHRODBEAESY SV R,p (dvx, dvy,
dvz) HRGTEEE LTIT9, BBITHIEEAY MR DHE
HEA RS, FSOEBES, 12572032085, 7L
iz s P e

XS ZARY I ZI8T 57 XT A —Hu, vORXTESEE
T u, viduy, v, j=1...6) R L, TF AT = /LOFEERITKE
I %/ 3T A—HZHITELEI L CRE T S, il 2=0.5,
V=0.51ZFBUWV TR L, =y DS 2 52 5,
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@ i EHUAT A
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® 1 EMEET
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X4 EFILEZ
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”
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5 EIREBERDDSA—S U

2.4 FoREEILRTEE

ARFFETIL, 1AM AR & e Kb, 7215,
R DR b 21T 9,
2.4.1 EEREREE/IMEP-1)

k3 B P21 B\ TR AT B3 B il 2 5%
FAOIZ, ETRIETCER LI 55 5s B
OB & U7 el L RIREP-1 2920 79 %, RO ik
Y MR D FIIE R FHME RIS LY 5, %
AL, HHESARY MRpET D,

P-1 Maximize : u* ®)
Subject to © Ry <R, <R} ©
Design variables : g, ™

2-4-0. $TIETETE RO L LTS E—HHE P-2)
RO T b TE DR & By IMED#
[~ [ OFMek Hi L Ui Rl & Ll FIoR
+, HHOLIEEP-1 & FREDBIEA Y RV, B EONE
I F DAL X 015 DA BRI TR iy DT E
DERLLEDRFE LT 5, REASET, BIEE~S by

Ryt %,
P2 Minimize : [7.%*- 7™ @)
Subject to & U’ e <S4 )
Ry < Rop < Rey (10)
Design variables : R, 4 (11

22T, SIHMEEDFHTH D,
2.5 mELTOTIL

A COR U= bR RH L, AHIFZECl, Fortran
& PythonZF55t L 7=t 7' 1 7' B L Ok
WLA1T D, #5313, Python DRSNS 1 75
U Numpy' VZ[FIHH STV DY 2 —/LR2PY 2 V5,
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AL, PythonTOEITT 7 A VZEAERLL, ZiLH AR
O LSETT 5, i, FafbitHIciy, PythondFl:
HIHFRET A4 7F U Scipy 2/ STV 5, BIR IR
FHEFED VL R—Td HSLSQP A V5,
2.6 HBEMLHER

B EIREP-1TlY, dvzmad33.0, dvzminl THTHHEX0.9 &
T 5, FoEfURIEP2 T, dvzmad33.0, dvzminl 3P-1% 411
TR & Uiz & 2 OIEHEX0.8, 0.7 95, Fi-sDIEIT,
0.9, 0.8 &5, A LEP-1, P20k it R 2 #2012,
P-1, P2IZBIT Dk A 2 eiuxe, K7W, *
7o, BOICIFET VOREERE M2 DI/ a s
T, E RIS DRI, s RN A
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s 0.9 0.8 0.8 0.8
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