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ABSTRACT

Tubular origami structures and their derived metamaterials hold significant
promise for advanced engineering applications due to their unique geometric
configurations and excellent spatial deployability. However, existing designs are often
constrained by the assumption of planar cross-sections. The lack of a generalized
kinematic synthesis framework for tubular structures with spatial polygonal cross-
sections severely limits configurational innovation. As metamaterials evolve from
single functionality to multifunctional integration, investigating the programmability of
their physical properties becomes increasingly urgent. Nevertheless, multifunctional
metamaterials are universally challenged by strong coupling between different physical
properties; specifically, it remains difficult to independently program one target
property without affecting others.

To address these theoretical limitations in structural design and the challenges of
multiphysical coupling, this dissertation focuses on the kinematic analysis and
multiphysical property programming of origami metamaterials, aiming to establish a
comprehensive design methodology extending from kinematic synthesis to
performance programming.

In terms of origami mechanisms, a generalized kinematic synthesis framework for
single-DOF tubular origami structures based on 4-crease vertices is established.
Compatibility conditions for tubular structures with generalized spatial quadrilateral
cross-sections are derived, and the analytical model is extended to multi-vertex systems.
On this basis, single-, double-, and triple-tubular origami metamaterials are constructed,
enabling systematic design from individual tubular units to complex spatial
metamaterials.

For single-tubular origami metamaterials, the effects of mountain-valley crease
assignments on the multiphysical properties are systematically investigated. By
constructing a series of structures with distinct spatial configurations, the effects of
crease assignments on geometric, mechanical, and acoustic properties are revealed.
These findings confirm that the crease assignment serves as a key design dimension for
programmable metamaterial performance.



For double-tubular origami metamaterials, a non-unique mapping between design
parameters, initial folding states, and physical responses enables substantial
independent programming of one physical property while maintaining constant
mechanical stiffness or acoustic bandgaps. Experimental validation using thermoplastic
polymers further demonstrates that performance can be tuned through thermo-
mechanical reconfiguration.

For triple-tubular origami metamaterials, the constructed structures exhibit
anisotropic mechanical performance along three orthogonal directions. The distinct
deformation mechanisms along these directions are revealed. Moreover, the nonlinear
relationships between the anisotropic performance and both the design angles and initial
folding angles are clarified. These characteristics enable the integration of multiple
mechanical mechanisms within a single structure.

In summary, focusing on the kinematic design and property programmability of
multifunctional tubular origami metamaterials, this dissertation constructs a
comprehensive design methodology covering generalized kinematic synthesis,
performance mechanism investigation, and multiphysical programming. This work not
only breaks through the geometric constraints of traditional tubular origami but also
provides a solid foundation for the on-demand customization of metamaterials across
multiphysical fields.

KEY WORDS: Rigid origami; Origami metamaterials; Tubular origami structures;

Multiphysical performance programming



Contents

T o |
ABSTRACT ..ttt sttt bttt s e bt s e be st et e re bt ereere e i
(000 01 1=] 0 T U TP PP PRTUPRUPRTOPROTS \Y
LIS OF FIQUIES ..ottt VIl
LISt OF TADIES ...t XVIII
AN 0] 721 {0 o F TSP USRS XIX
Chapter 1 INTFOAUCTION ........oouiiiiieieie et 1
1.1 Background and SignifiCanCe ...........ccccceiieiieii i 1

1.2 LItErature REVIEW ......ccueoieiiieiiieie ettt sttt ne s 3
1.2.1 KiNematiC TNEOTY ......cciiiiiriisiieieieie et 3

1.2.2 Rigid OFIgami.....cceeciiciecieiie et sraene s 5

1.2.3 Origami MetamaterialS...........ccoooeiiienieiiee e 14

1.2.4 Multifunctional metamaterialS ..........ccoovvivereiiniieieseree e 22

1.3 AIM ANA SCOPE ..ottt sttt sre e ste et e sreenre e e 26

1.4 OUtlines OF DISSEITatION........civeiiiiiiie et 27
Chapter 2 Kinematic Synthesis of Single-DOF Tubular Origami Structures Composed
OF 4-CrRASE VERITICES .....eiviivieiieiieieiie ettt ettt bbbt neaneas 31
0 A [ g1 oo [0 od o] o PSRRI 31

2.2 Compatibility Conditions on Tubular Assembly of Four 4-Crease Vertices.31
2.3 Compatibility Conditions on Tubular Assembly of Multiple 4-Crease Vertices

.............................................................................................................................. 44
2.4 Design and Tessellation of Double-Tubular Origami Structures................... 52
2.5 ConClUSIONS AN DISCUSSTON ......eeeeee ettt e et e e e e e e e 57

Chapter 3 Single-Tubular Metamaterials with Programmable Mechanical and Acoustic

Properties via M-V ASSIGNMENTS. ........cuiiiiiieiiierie ettt 59
K T0 I [ 1 oo [0 Tod 1 o] SO 59

3.2 GEOMELITC DBSIGN...c.veeuiiiiieitieie sttt sre e b e 60

3.3 MeChaniCal PrOPErtIES .........ociiiriiiiiieiieiee e 65
3.3.1 Mechanical Properties of the Uniform Metamaterials........................ 69

3.3.2 Mechanical Properties of the Mixed Metamaterials .................cccvee. 75



3.4 ACOUSEIC PrOPEITIES ...evveveeieeestee ettt sne e 82

3.4.1 Acoustic Properties of the Uniform Metamaterials ...............c..coc....... 86
3.4.2 Acoustic Properties of the Mixed Metamaterials............ccccceevvrvennne. 89
3.5 Conclusions and DISCUSSION ........ccuurverierieieienie et 92

Chapter 4 Double-Tubular Metamaterials with Independently Programmable

Mechanical and ACOUSLIC PrOPEITIES. ..........coviiieiiiiiesie e 95
A1 INEFOTUCTION. ...ttt bbb 95

4.2 Geometry and Folding KiNemMatiCS...........ccevuviiiiierieiie e 96

4.3 Mechanical Property of Double-Tubular Metamaterials...........c.c.cccccvevennee. 104

4.4 Acoustic Property of Double-Tubular Metamaterials.........c..ccccccevevervennnee. 110

4.5 Independent Programmability and Tunability of Dual Properties............... 114
4.5.1 Independent Programmability ...........ccccooniiiiiiiiiie, 114

4.5.2 Geometric Reconfiguration and Properties Tunability ..................... 118

4.6 Conclusions and DISCUSSION ......c.veueeierieriesiesie st sneens 121

Chapter 5 Triple-Tubular Metamaterials with Programmable Orthotropic Mechanical

(0] 0T 1= USSP 123
5.1 INTrOAUCTION. ....eiviiieie ettt 123

5.2 GEOMELIIC DESIGN ...ttt bbb 123

5.3 Mechanical Properties of a Typical Origami Metamaterial......................... 127

5.4 Programmability of Mechanical Properties.........ccccccevvvvvevieeveiiiese e 133
5.4.1 Analytical MOGEIS.........ccooiiiiiie e 133

5.4.2 Parametric ANAIYSIS ......eccveiieiierecie e 137

5.5 Conclusions and DiSCUSSION ........cueruerierierieniesiseseseeiesee e sessesneas 147
Chapter 6 Main achievements and Future WOrkS............ccocevveienenenciencese, 149
8.1 CONCIUSIONS.....cuiiiiiiiiiieieie bbbt 149

8.2 INNOVALIONS ...ttt ettt bbb e eneeneas 150

6.3 FULUIE WOTKS... .ottt 151
RETEIEINCES. ... ettt bbbt 153
N o] 01 4o 1 OSSR 169
HSERIEEL oo 175
Publications and ReSEArch PrOJECES .........ccviueiverieiieiiece e 181
ACKNOWIEAGMENES ... re e e 183

VI



Fig.

Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

1-1

1-6

1-7

1-9

List of Figures

Applications of origami structures in various fields. (a) The pre-folded
Miura-ori capable of programmable acoustic waveguides??; (b) the origami
metamaterial with tunable thermal conductivity¥; (c) a sandwich structure

with a foldcore for energy absorption®’], .............coovevecrieceeeeeee e, 2
The D-H notation of adjacent links connected by revolute joints................ 4
A spherical 4R HNKAGE. .....ooviiiieieiieee e 5
A 4-crease origami vertex and its equivalent spherical 4R linkagel*4. ........ 6

The 4-crease vertex origami. (a) General 4-crease vertex origami with
different sector angles; (b) the flat-foldable 4-crease vertex origamil“®: (c)
the in-plane graded Miura-ori®!; (d) the Miura-oril®®; (e) eggbox origamit®*.

Rigid foldability analysis and M-V assignments of representative origami
patterns. (a) Valid M-V assignment schemes for the rigid double-corrugated
patterntel: (b) the triangular twist pattern(®l; (c) two rigid-foldable variants
of the square-twist pattern(®®: (d) two non-rigid variants of the square-twist
pattern(8l: (e) rigid-foldable square twist converted from non-rigid variants
via auxiliary Creasesi®l............coovioiiieecceee e, 10
Construction of variable-DOF hexagonal twist patterns and rigid
tessellations via auxiliary creases. (a) Hexagonal twist units with distinct
DOFs (ranging from 1 to 3) constructed by selective auxiliary fold lines; (b)
single-DOF hexagonal twist tessellation networks.[®..............c.cccoevevnne. 11
Representative multi-DOF origami patterns composed of 6-crease vertices.
(@) Resch patterns with diverse tessellation geometries: triangular,
quadrilateral, and hexagonal configurations™l; (b) Waterbomb origami
patternl’?l; (c) Yoshimura (diamond) pattern™l. .........c..ccooovovveivieseene. 12
Single-DOF rigid foldable origami tubes. Folding and deployment
processes of origami tube with (a) planar quadrilateral cross-section®®! and
(b) planar octagon cross-section®l; (c) generation of origami tubes through
summation and subtractionl®l; (d) tubular assemblies using zipper coupling
schemes®l: (e) origami tubes with planar polygonal cross-sections®. ...14

Vil



Fig. 1-10

Fig. 1-11

Fig. 1-12

Fig. 1-13

Fig. 1-14

Fig. 1-15

The Miura-ori based origami metamaterials. (a) Deformed shapes of the cell
and equivalent plastic strains under quasi-static compressiont®!; (b) singly
curved stacked axisymmetric Miura origami metamaterials’®’; (c) ZCH
sheets created by changing the directions and/or the values of the offsets in
the patterns®l; (d) geometry of the zigzag-based metamaterials®; (e) the
TMP structure can be folded into two distinctive configurations: collapsible
and load-bearing modes*®: (f) kinematic folding sequence of the cellular
origami metamaterial and compression stiffness of the metamaterial in the
three Cartesian directions vs. extension®, ..., 16
Mechanical metamaterials based on multi-DOF origami patterns. (a)
Normalized axial compression behavior of Resch based tubular
metamaterial™®™; (b) twist motion of a waterbomb tube which starts from
the fully squeezed row and then spreads row to row till the ends of the
tubel™: (c) programmable distant actuation feature in the tubular
waterbomb metamateriall®?l. .............c.cccovoveiieiceeeee e 18
Origami metamaterials with non-rigid deformation mode. (a) Kresling
origami structure formed by array and mirror series connection method*?l;
(b) monostable and bistable characteristic of the Kresling origami unit(*?4!;
(c) panel buckling of the diamond origami crash box[*?1, ..................... 19
Origami metamaterials with hybrid deformation modes. (a) Schematic of a
Miura-ori with spatially varied unit cell geometry®l; (b) sequential
deformation mechanism and graded stiffness of the graded Miura-ori
metamaterialsi*®?; (c) deformation modes and the two stage force-
displacement response of the hybrid metamaterial*®l. ............................. 21
Strategic geometric designs for multifunctional metamaterials. (a)
Microlattice architecture based on face-centered cubic plate-truss
configurations?®; (b) unit cells obtained from topology optimizationt:; (c)
hierarchical face-centered cubic frameworks**®l: (d) hierarchical square
tube microstructuresi*®:  (e) multifunctional sandwich origami-based
topological metamaterials™*®€l; (f) lattice architectures integrated with
Helmholtz resonatorst®, ... ......ccoooiiieeeeecee e 23
Tunability of multifunctional metamaterials via reconfigurable mechanisms
and stimuli-responsive materials. (a) A tunable sandwich panel integrating

VI



Fig.

Fig.
Fig.
Fig.

Fig.
Fig.
Fig.

Fig.

Fig.

Fig.
Fig.

1-16

1-17
2-1
2-2

2-3
2-4
2-5

2-6

2-7

2-8
2-9

quasi-zero stiffness lattice cores with mechanically stretchable kirigami-
style surfacesi™%: (b) reconfigurable metamaterials utilizing shape memory
polymers with bistable beams for reversible phase transformationst*44; (c)
magneto-active metamaterials demonstrating field-responsive property
modulation under external magnetic manipulation™®2, ................c.coco...... 24
Strategies for achieving independent programmability in multifunctional
metamaterials. (a) Integration of resonant plates and lattice structures for
decoupled acoustic and mechanical control™*®: (b) bio-inspired multi-level
microlattices utilizing geometrical heterogeneities**4!: (c) weakly-coupled
designs featuring asymmetric cambered cell walls®*®l: (d) moth wing-
inspired metamaterials integrating acoustic, mechanical, and thermal
FUNCLONAITIESI®. ........oivec e, 25
Main contents of this diSSertation. ............ccccvvviiriniiiiieie e 29
Schematic of an origami structure composed of four 4-crease vertices.....32
(a) Projections of spatial quadrilateral ABCD, (b) geometric details of the

planar quadrilateral A1B1CiD1. ...ccooviiiiiceee e 35
Geometric details of the planar quadrilateral A2B2Cz2Da. ........coecvveveneeee. 36
Setup of the Cartesian coordinates in the origami structure. ..................... 38

Kinematic relationships of dihedral angles and the corresponding folding
processes for configurations based on case 1, with (a)
1*® =15 =1 =1°% o}, =5n/18, a5, =131/18, oy, =51/9, an=4n/9; (b)
IPA =17 1%¢ =1°° @y =4n/9, &, =5n/6, a5, =11n/18, o, =5n/18. .......42
Kinematic relationships of dihedral angles and the corresponding folding
processes for configurations based on Eg. (2-35), with (a)
IPA = |48 |5 = |°P gA=4n/9,al=71/9,al,=117/18, a=51/18 ; (b)
IPA =148 15¢ = |°C ol =4n/9, @l =11n/18, aS,= Tn/9,af=51/18 . ......... 43
Kinematic relationships of dihedral angles and the corresponding folding
processes  for  configurations based on case 2, with
1B¢ = 2178 1B = | |5 = |PA | ol =n—ag,=4n/9, an=n—aj,=5n/18. .44
An origami structure composed of multiple 4-crease vertices................... 45
Geometric definition and coordinate system setup of the rotated origami
structure. (a) division into upper and lower parts, (b) coordinate system

SEtUP NEAT VETEEX Po. ..vvviiiiiiiiiic e 46

IX



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

2-10

2-11

2-12

2-13

2-14

2-15

2-16

2-17

Kinematic relationships of dihedral angles and the corresponding folding
processes  for  configurations based on case 3, with
L = 10" =1 0" 10 =10 o, =57/18, oy, = AT/9. e 48
Kinematic relationships of dihedral angles and the corresponding folding
processes for configurations based on (a) case 4.2 and (b) case 4.3, with (a)
=g Y g = gy =m/3, e, = 41/9, ey, =51/18,

an, =5m/12, and (b) LM =2plt Y =gt VY = 25111 o) =1/3,
Ay, =419,y =5m/18, a5, =5M/12. oo 50
Kinematic relationships of dihedral angles and the corresponding folding

processes for configurations based on case 4.2, with (a)

Iy =10" =10 =1 0 =1 ey, =51/18, ay, =419,  ay, =21/9,
(Z’I\IIU :775/18’ and (b) I,{/l" :Il:/llm ZI,{/Ill v :II:/IV| :|,|\‘|| :|,|\l|||| :|’|\‘|||V :|'|\IV|’
=0y =AT/9, Ay = =BT/L8. oo 51

Construction of double-tubular origami structure. (a) Primary single-tubular
configuration based on case 4.2; (b) auxiliary origami substructure; (c) the
double-tubular origami StrUCLUIE. .........cccveiieieeieceee e 54
Orientation variants of the double-tubular origami unit: original unit (1) and
the derived rotated units (2), 3), and (4). .....c.ovuvvereereereeeeeeeeeeee e 55
Geometric definition and orientation variants of the double-tubular origami
unit. (a) Original unit (1); (b) rotated unit (2); (c) rotated unit (3); (d) rotated
UNIE (). vttt 55
Tessellation rules for the assembly of double-tubular structures. (a)
Tessellation of distinct rotated origami units; (b) assembled origami
MELAMALEITAL ...o.vieiecice e 56
Double-tubular origami metamaterial based on the origami structure in Fig.

(a) The double-corrugated origami pattern; (b) M-V assignments of a rigid
origami pattern and (c) a non-rigid origami pattern. ............ccccceeevervennnne. 61
The M-V assignments of four typical origami units and their corresponding

geometry: (a) DC-1; (b) DC-2; (c) DC-3; (d) DC-4. .....cceviiiriiirie, 62
Variations in different folding angles: (a) DC-1 and DC-2; (b) DC-3 and DC-
Qe e et R ettt R e r et R et renre e 63



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

3-5

3-6

3-10

3-11

3-12

3-13

3-14

3-15

Geometric dimensions and Poisson's ratio of the origami units: (a) DC-1; (b)
DC-2; (C) DC-3; (d) DC-4....coveicieeieeseee et 64
The 6x6x4 origami metamaterials formed by origami units, in which each
layer consists of 6x6 double-corrugated vertices and there is a total number
of 4 layers: (a) DC-1; (b) DC-2; (¢) DC-3; (d) DC-4......ccoevveeirerene 65
Construction of different metamaterials by varying M-V assignments: (a)
DC-Mx with n =0, 1, 2, 3, where n is the number of DC-2 per layer; (b)
DC-My With N =0, 1, 2, 3. ceiiieceee e 65
Experimental setup of quasi-static COMPression. ..........cccceeererererenennnan 67

The experimental stress versus strain curves compared with the simulations.

Experimentally and numerically obtained deformation processes in two
rigid foldable directions: (a) compression in the x direction; (b) compression
INTNE Z AIFECTION. .eviee e s 69
(a) The stress versus strain curves of DC-1 and DC-2 when compressing in
the x direction and DC-3 and DC-4 when compressing in the y direction; (b)
corresponding normalized stiffness and SEA. .........ccccoocevivevecicieece e, 70
Deformation processes and their corresponding PEEQ contour maps of the
metamaterials: (a) and (b) DC-1 and DC-2 when compressing in the x
direction; (c) and (d) DC-3 and DC-4 when compressing in the y direction.

................................................................................................................. 71
(a) The rate of angle changes and (b) the magnitude of angle changes in DC-
LHO DC4 et 73

(@) The stress versus strain curves of DC-1 to DC-4 when compressing in
the z direction; (b) corresponding normalized stiffness and SEA.............. 74
Deformation processes and their corresponding PEEQ contour maps of the
metamaterials when compressing in the z direction: (a) DC-1; (b) DC-2; (c)
DC-3; (A) DC4. ..t 75
(@) The stress versus strain curves of DC-Mx-0 to DC-Mx-3 when
compressing in the x direction; (b) corresponding normalized stiffness and
SE A ettt 76

Xl



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

3-16

3-17

3-18

3-19

3-20

3-21

3-22

3-23

3-24

3-25

3-26

3-27

Deformation processes and their corresponding PEEQ contour maps of the
metamaterials when compressing in the x direction: (a) DC-Mx-1; (b) DC-

VX2 ettt et a e e a e ae e e anre e e nnaeeennes 76
(a) The rate of angle changes and (b) the magnitude of angle changes in DC-
MX-0 10 DC-MX=3. ..ottt 77

(@) The stress versus strain curves of DC-My-0 to DC-My-3 when
compressing in the y direction; (b) corresponding normalized stiffness and

Deformation processes and their corresponding PEEQ contour maps of the
metamaterials when compressing in the y direction: (a) DC-My-1; (b) DC-

IVIY 2. ettt bttt n et b e renrens 78
(a) The rate of angle changes and (b) the magnitude of angle changes in DC-
IMY-0 10 DC-MY-=3. ..ot 79

(@) The stress versus strain curves of DC-Mx-0 to DC-Mx-3 when

compressing in the z direction; (b) corresponding normalized stiffness and

(@) The stress versus strain curves of DC-My-0 to DC-My-3 when
compressing in the z direction; (b) corresponding normalized stiffness and

Deformation processes and their corresponding PEEQ contour maps of the
metamaterials when compressing in the z direction: (a) DC-Mx-1; (b) DC-

Deformation processes and their corresponding PEEQ contour maps of the
metamaterials when compressing in the z direction: (a) DC-My-1; (b) DC-

Schematic representation of the acoustic unit cell. (a) The periodic array of
the single-tubular metamaterial; (b) the extracted representative cubic unit
cell used for acoustic CalCUlAtIONS. ..........ccccoeiiriiniiieee e 83
The reciprocal space lattice and the IBZ corresponding to the cubic unit cell,
with the characteristic wave vector scanning path '-X-S-Y-I'-Z-U-R-T-
ZIY=T|U=X|S=R. oottt e 84
Sound transmission 10ss measurement SEtUP. .......ccvevveveereereeiieseese e 84

Xl



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.
Fig.

Fig.

Fig.

3-28

3-29

3-30

3-31

3-32

3-33

3-34

4-1
4-2
4-3

4-4

4-5

Acoustic band structure and comparison of simulated and experimental TL.

................................................................................................................. 85
Acoustic pressure field distributions of the anti-symmetric mode associated
with the deaf-band effect. ... 85

Acoustic band structures of four different M-V configurations (DC-1, DC-
2, DC-3, and DC-4) at a fixed folding angle of ¢i=120°. The gray shaded
regions indicate the directional bandgaps along the considered propagation
01T £=Tod 10 TSSOSO 87
Evolution of the frequency ranges of the first directional bandgap for (a)
DC-1, (b) DC-2, (c) DC-3 and (d) DC-4 as a function of the folding angle

D e 88
Acoustic band structures of DC-2 along the I'-X direction at ¢2=140° and
DC-4 along the T'=Y direction at ga=40°. .........cccccveveiiereereseese e 88

Simulated acoustic pressure field distributions of the mixed DC-1 and DC-
2 metamaterial under frequencies of (a) 16.2 kHz, (b) 3.2 kHz, (c) 9.4 kHz,
and (d) 2.4 kHz. Binary indicators 0 and 1 represent the blocked and
transmitted output states respectively. The same notation is used in the
SUDSEQUENT PrESSUIE MAPS. ....veeveveerierieseeieseeste it sie st sseeee e sne st sbe st e ssesneas 90
Simulated acoustic pressure field distributions of the mixed DC-3 and DC-
4 metamaterial under frequencies of (a) 4.1 kHz, (b) 7.9 kHz, (c) 10.2 kHz,

AN (A) 2.2 KHZ. .o 91
Geometry of the double-tubular origami unit. ...........cccccovvveiviieieeiecee, 96
(@) Front and (b) top views of the double-tubular origami unit. ................ 99

Folding and deployment processes, along with the dihedral angles and
geometric dimensions of the origami units C1, with ai=b2=15 mm,
a2=b1=21.93 mm, a1=03=70°, a2=76.47°, 04=60°. ......0reerrrirrrirrrirnes 100
Folding and deployment processes, along with the dihedral angles and
geometric dimensions of the origami units C2, with ai=a>=b,=15 mm,
b1=21.93 MM, a1=a2=70°, a3=a4=60°. .......ccerriiriirreee e, 101
Folding and deployment processes, along with the dihedral angles and
geometric dimensions of the origami units C3, with ai=a2=b1=b2=15 mm,

AT tg ety e o1 TR 102

Xl



Fig. 4-6

Fig. 4-7

Fig. 4-8

Fig. 4-9
Fig. 4-10

Fig. 4-11

Fig. 4-12

Fig. 4-13
Fig. 4-14

Fig. 4-15

(a) Relationships of @2 versus g1 with different a showing symmetry about
the 45° line; (b) Two configurations featuring geometric transposition with
a=60°, ai=a2=h2=15 mm, (p1, p2) = (90°, 126.87°) and (126.87°, 90°),
FESPECTIVEIY. 1.t 102
(@) Relationships of o versus gi=g2; (b) configuration with a=60°,
a1=a>=h2=15 mm and ¢1=¢2=109.47° featuring identical dimensions in the
X and z direCtions (Ix=12). veeueeveeie e 103
Construction process of a 5x2x5 double tubular origami metamaterial........

Quasi-static compression setup using the YAW-600. ...........cccccvevvervennns 106
Mechanical properties of the double-tubular origami metamaterials: (a) and
(b) Comparative stress versus strain curves under axial compression along
x and z directions for (a) MC1 (ai=b2=15 mm, a2=b1=21.93 mm, a1=a3=70°,
a2=76.47°, 04=60°, ¢1i=119.16°) and (b) MC2 (a1=a2=b2=15 mm, b1=21.93
mm, a1=a2=70°, a3=a4=60°, ¢1i=119.16°), with corresponding deformation
modes and PEEQ distributions. ..........cccccvvevieiii i 107
Experimental results of MC3. (a) Theoretical and experimental stress versus
strain curves, stiffness and SEA of MC3 (ai=a2=b1=b2=15 mm, a=60°,
¢1i=109.47°) when compressing in the x and z directions; (b) deformation
modes of MC3 in two directions. Scale bar: 7 mm. ..........c.ccooiviiinnns 108
Parametric analysis of stiffness and SEA of MC3 when changing design
angle o and initial folding angle ¢ii. (a) and (b) Stiffness and SEA in the x
direction; (c) and (d) corresponding mechanical properties in the z direction.
To enhance visualization clarity of stiffness, all data are subjected to base-
10 logarithmic transformation prior to plotting. The white lines represent the
configuration at the gp1=¢2 state, and the white dots represent the selected
configuration iN Fig. 4-11. ..o s 109
Structural unit geometry and the IBZ. ..........ccocevveievieiice e 110
Details of the experimental setup for acoustic TL measurements along
different dir€CLIONS. ......ccuveie e 112
Band structures of (a) MC1 (a1=b2=15 mm, a2=b1=21.93 mm, a1=03=70°,
a2=76.47°, 04=60°, 1i=119.16°), (b) MC2 (a1=a2=b>=15 mm, b1=21.93 mm,

XV



Fig. 4-16

Fig. 4-17

Fig. 4-18

Fig. 4-19

Fig. 4-20
Fig. 4-21

Fig. 4-22

Fig. 5-1

Fig. 5-2

01=02=70°, a3=a4=60°, ¢1i=119.16°); (c) band structures and TLs of MC3
(a1=az2=b1=b2=15 mm, a (a1=a2=a3=04)=60°, P1i=109.47°). ...ccscvrrvrrrnne. 113
(a) Parametric analysis of the first bandgaps of MC3 with different design
angle o« and initial folding angle ¢ii; (b) Band structures of MC3 with
a1=a2=b1=b2=15 mm, a=70°, and ¢1i=130°, along with TLs in the x and z
01 €T3 1] SR OSRSPRSN 115
(a) Selected configurations exhibiting identical stiffness in the z direction
and (b) distinct bandgap characteristiCs. ..........cccvvevevieeieeie i 116
Comparative bandgap ranges between parameter sets: a=40°, ¢1i=76.11°
(left) and a=70°, p1i=115.49° (FIGNL). ....cccveiieriere e 116
(a) Configurations 1#-5% with transposition pairs 1* & 5* (a=50°, ¢1i=50.67°
and ¢1i=146.15°), 2% & 4% (a=55°, ¢1i=81.59° and ¢1i=127.33°) and
symmetric configuration 3* (a=60°, ¢1=¢2=109.47°) demonstrate (b)
identical bandgap frequencies; (c-d) direction-dependent mechanical
performance showing transposed stress versus strain curves, stiffness and
SEA between paired configurations (1* & 5%, 2# & 4*) along orthogonal axes
(x and z directions), with configuration 3* maintaining identical properties.

Quasi-static compression setup using the Instron 5982. ...........cc.ccccevenen. 119
Geometric reconfiguration of the double-tubular origami metamaterial
made by TPU. MC3 with a=65° at (a) ¢1i=70°, (b) ¢1i =113.94°, and (C) @i
=147.03°, FESPECHIVEIY. ...veeiieeie et 119
Properties tunability of the double-tubular origami metamaterial. (a) i. Stress
versus strain curves and stiffness and ii. TLs in the x and z directions of MC3
at ¢1i=70°, demonstrating direction-dependent properties along the
orthogonal directions; (b) identical (i) mechanical responses and (ii) TLs in
both directions at ¢1i=113.94°; (c) transposed properties at ¢1i=147.03°
along the two directions compared to Fig. 4-21(Q). ....cccccevvrvververinseene. 120
(@) and (b) Geometric design of the origami unit; origami structure with (c)
71=90°, and (D) 71=180°. ..ueiiiieieeee 124
(a) Folding and deployment of a 4x4x4 triple-tubular origami metamaterial
made of 250 g/m? card paper; (b) and (c) variations in folding angles and
geometric dimensions, in which a=b=c=7 mm and a=60°. ..................... 126

XV



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

5-4

5-5

5-6

5-8

5-9

5-10

5-11

5-12

5-13

5-14

5-15

(a) Experimental setup, zoomed-in view of the specimen and (b)
compression SEtUP OF FE........oovoi i 128
(a) The stress versus strain curves and (b) the deformation modes, PEEQ
drawn on the undeformed shapes obtained from experiments and numerical
simulations of 60-1-1-90 under compression in the x direction. ............. 129
(a) The stress versus strain curves and (b) the deformation modes, PEEQ
drawn on the undeformed shapes obtained from experiments and numerical
simulations of 60-1-1-90 under compression in the y direction. ............. 130
(a) The stress versus strain curves and (b) the deformation modes, PEEQ
drawn on the undeformed shapes obtained from experiments and numerical
simulations of 60-1-1-90 under compression in the z direction. ............. 131
The comparison of finite element simulation results in three directions. 132
(a) SEA and (b) stiffness comparison between the finite element simulations,
experiments and theoretical analysis. ...........ccccocviveiiiiiicc i, 132
Two types of corner element (1 and I1) and the X-shaped intersection element

The stress versus strain curves in the x direction when varying: (a) «, (b) a/b,
(c) alc, and (d) 1 for different design parameters. ........c.ccoecvevevveereeennnnn 139
Deformation process and corresponding PEEQ contour maps of 70-1-1-90
INTNE X AIFECTION. ..vviviiieie e 140
The stress versus strain curves in the y direction when varying: (a) «, (b) a/b,
(c) alc, and (d) #1 for different design parameters. ..........cceevevvreereeennnn. 142
The stress versus strain curves in the z direction when varying: (a) «, (b) a/b,
(c) alc, and (d) 1 for different design parameters. ........c.ccoeeverevvvereeennnnn 143
Comparison of SEA and ke in different directions when varying: (a-b) a, (c-
d) a/b, (e-f) a/c, and (g-h) #1 for different design parameters, with SEA in
the x and z direction obtained from theoretical analysis plotted on the
COrresSPONdiNG FIGUIES. ....ooveiieciieie e se e 145
Parametric analysis of SEA in the x direction: (a) SEA in the x direction
when varying length parameters a/b and a/c; (b) SEA in the x direction when

varying angle parameters o and 71.......cccccvevveieeieeresiieneese e 146

XVI



Fig. 5-16 Parametric analysis of SEA in the z direction: (a) SEA in the z direction
when varying length parameters a/b and a/c; (b) SEA in the z direction when
varying angle parameters o and 771, ......ccceoevereninenieeee e 147

XVII



Table 1-1

Table 3-1
Table 3-2

Table 3-3

Table 4-1
Table 5-1

Table 5-2

Table 5-3

Table 5-4

Table 5-5

Table 5-6

Table 5-7

Table 5-8

List of Tables

Summary of fabrication techniques for origami-inspired mechanical

MELAMALEITAIS. ..o e 22
The number of folding angles in metamaterials DC-1 to DC-4. ............... 72
The number of folding angles in metamaterials DC-Mx-0 (DC-My-0) to DC-
IMX=3 (DC-MY-3). .ottt 77
Frequency-dependent transmission states of the mixed metamaterials under
representative frEQUENCIES. ........oviiiieieeese s 91
Geometric meaning of the parameters. ..........ccoccevveveiieie e 98

Geometric parameters of different origami metamaterials when varying a.

SEA and k. obtained from simulations of different origami metamaterials when
VAIYING Lttt sttt re et e et e sbe e be e st e sbeesbeeneesneennens 140
SEA and ke obtained from simulations of different origami metamaterials when
VarYING @D, ...oooiicc e 140
SEA and kc obtained from simulations of different origami metamaterials when
VAIYING B/C. ..ttt ettt 141
SEA and k. obtained from simulations of different origami metamaterials when
VAIYING 711 1veteetieiiesieesieaee st e ettt e st tesreesbe et e sbeesbeaseesbeesbeeneesneennens 141

XVII



a,b,chl
ai(i+1)

Ix, ly, Iz

|K(K+1)

LIJ

Lx, Ly, Lz

w, h, |

W, H, L

Vxy, Vxz
1%

Xi, Vi, Zi

Rx
Rz

T
QUHN

Notation

Nomenclature

Side lengths of the origami panels
Link lengths of linkages between joint i and joint i+1

Geometric dimensions of the double-tubular origami unit
Length of the link connecting vertices K and K+1
Link vector directed from vertex | to vertex J

Geometric dimensions of the double-tubular origami
metamaterial

Geometric dimensions in the x, y, and z directions of the
double-corrugated unit and the triple-tubular unit

Geometric dimensions in the x, y, and z directions of the
double-corrugated metamaterial and the triple-tubular
metamaterial

The Poisson's ratios in different directions
The Poisson's ratio of the material

X, Y, Z coordinate axes of system i
Thickness of the origami panels

Young's module

Force

Transformation from the coordinate frame {x; ™, z; "}

to {xy, zy }in the upper part

Transformation from the coordinate frame {x; , z; } to
{x*, 2"} in the lower part

The rotation matrix about the x axis

The rotation matrix about the z axis

The translation matrix along the z axis

3x3 transformation matrix from the i th coordinate
system to the i+1 th coordinate system

XIX



T 4x4 transformation matrix from the i th coordinate
(+Di system to the i+1 th coordinate system

Greek Alphabets
a, The interior angles of a parallelogram
Qii(i+1) Twist angle of link i(i+1) between joints i and i+1 0
@i, 6i, 0i, &i, yi Dihedral angles between panels
ni Line angle of two origami panels
oy Yield stress
ou Ultimate stress
&u Ultimate strain
00 Plastic flow stress
] The coefficient representing non-uniform deformation
during multi-layer honeycomb buckling
o Stress
€ Strain
Abbreviations
2D Two dimensional
3D Three dimensional
4D Four dimensional
DOF Degree of freedom
D-H Denavit-Hartenberg
SVvD Singular value decomposition
M-V Mountain-valley
ZCH Zigzag unit cell with hole
TMP Tachi-Miura polyhedron
FE Finite element
PEEQ Equivalent plastic strain
SEA Specific energy absorption

XX



IBZ
TL
TPU
ABS
PLA
LCE
SMP
PDMS
PVA

Irreducible Brillouin zone
Transmission loss
Thermoplastic polyurethanes
Acrylonitrile butadiene styrene
Polylactic acid

Liquid crystal elastomer
Shape memory polymers
Polydimethylsiloxane

Polyvinyl alcohol

XXI






Chapter 1 Introduction

Chapter 1 Introduction

1.1 Background and Significance

Metamaterials are artificial structures rationally designed to exhibit extraordinary
properties that transcend the limits of their constituent natural materials. Unlike
conventional materials, whose properties are derived primarily from their chemical
composition and microscopic lattice structure, the macroscopic behavior of
metamaterials is governed by the geometric arrangement of their internal architectures.
Since the initial conceptualization™, metamaterials have garnered significant attention
across various disciplines due to their unprecedented capabilities in manipulating
physical fields. In the domains of electromagnetics, optics, and acoustics, metamaterials
have enabled revolutionary applications such as invisibility cloaks!?!, super-resolution
imaging®!, and sound absorption*. Extending the scope of metamaterial design, the
concept of structure-property mapping has been applied to the regime of static and
dynamic mechanics, giving rise to the field of mechanical metamaterials.

Mechanical metamaterials represent a distinct class of structural materials
designed to achieve unusual mechanical responses through the topology optimization
of their unit cells®®l. By tailoring the geometry, connectivity, and hierarchy of the
microstructures, these materials can exhibit unique mechanical characteristics that are
counterintuitive or impossible to achieve with standard solids. Prominent examples
include negative Poisson's ratiol”®l, multi-stability®™%, and mechanical logical
gatel1121. At the same time, these excellent mechanical properties also pave the way for
their applications in various fields, such as energy storagel*®l, biomedical*],
acoustics*>161, optics*™, thermal management[81°l, flexible electronics?%?H, etc.

To realize these complex mechanical responses, origami—the ancient art of paper
folding—has emerged as a powerful platform for designing mechanical metamaterials.
Origami offers a unique geometric approach to transforming two-dimensional (2D)
sheets into complex three-dimensional (3D) structures with continuous folding motions.
By treating the crease patterns as bars and linkages, origami structures can be designed
to possess programmable mechanical properties, ranging from rigid-foldable
mechanisms to deformable compliant structures. This geometric versatility has been
extensively explored in many areas, including sound absorption[??!, vibration control?,
thermal conductivity?!l, energy absorbers?>?7, and so on, as shown in Fig. 1-1.
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However, the design of complex origami assemblies is often impeded by the challenge
of satisfying rigid foldability constraints without relying on restrictive geometric
assumptions, such as the requirement for co-planar cross-sections, inevitably excluding
a wide range of valid geometries. Consequently, there remains a critical need for a
generalized framework capable of systematically solving compatibility conditions for

complex origami patterns without reliance on restrictive geometric constraints.
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Fig. 1-1 Applications of origami structures in various fields. (a) The pre-folded Miura-ori capable
of programmable acoustic waveguides??; (b) the origami metamaterial with tunable thermal

conductivity®l; (c) a sandwich structure with a foldcore for energy absorption?,

Although origami and other topological designs have achieved success in specific
mechanical domains, modern engineering applications, such as aerospace deployable
structures and soft robotics, are increasingly demanding materials that offer
multifunctional integration. Consequently, research is shifting from optimizing single
physical properties to developing multifunctional metamaterials that provide versatile
cross-domain capabilities, such as combining energy absorption with sound
insulation[?82° or thermal expansion and phononic bandgap properties®®®-32, However,
the advancement of such integrated systems is currently impeded by a fundamental
limitation: the absence of independent programmability in existing multifunctional
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metamaterials. Because diverse physical responses are typically governed by the same
set of shared design variables, altering a structure to achieve a target performance in
one domain almost inevitably induces unintended variations in others. This mutually
restrictive nature severely limits the precise and independent tailoring of specific
functionalities. As a result, the design process often transforms into inefficient "trial-
and-error" iterations, restricting the on-demand development of intelligent integrated
systems.

Therefore, the exploration of novel origami structural designs, systematic
programming frameworks, and strategies for independent programming can pave the
way for the development of multifunctional origami metamaterials. This research not
only holds significant value in advancing the configuration synthesis and performance
characterization of origami structures but also facilitates their implementation in critical
engineering applications, such as adaptive aerospace structures, soft robotics, and
intelligent devices.

1.2 Literature Review

1.2.1 Kinematic Theory

To systematically analyze the motion of spatial mechanisms and origami structures,
a variety of mathematical modeling techniques have been established, each with distinct
advantages and limitations depending on the complexity of the target structure, such as
the vector method®3l, the quaternion method4, screw theory>-271, truss method®8=°1,
and the SVD method“®*2, Among these frameworks, the matrix-based method
(Denavit-Hartenberg notation) stands out for its capability to simultaneously account
for the mechanism's topology and geometric parameters. Its primary advantage lies in
its ability to determine the DOF and, more importantly, derive accurate analytical
solutions for the full-period motion*3l. Consequently, the D-H notation is widely
adopted for the design and analysis of rigid origami, thick-panel origami, and modular
origami structures. As schematically illustrated in Fig. 1-2, this notation provides a
notation for attaching a local coordinate frame to each link in a kinematic chain and
describing the transformation between adjacent frames using homogeneous
transformation matrices.
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Fig. 1-2 The D-H notation of adjacent links connected by revolute joints.

The D-H method uniquely defines the spatial relationship between two adjacent
links using four geometric parameters, which are defined based on the common normal
between the joint axes, as shown in Fig. 1-2. The z; axis aligns with the rotational axis
of the ith revolute joint. The x; axis is established as the common normal between zi-1
and zi. The twist angle aigi+1) denotes the rotation from zi to zi+1 about the xi+1 axis. The
joint angle &i describes the rotation from xi to xi+1 about the zi axis. The parameter ai+1)
represents the shortest distance between zi and zi+1 along their common normal. The
offset distance Ri corresponds to the displacement between xi and xi+1 along the zi axis.
Based on these definitions, the general homogeneous transformation matrix T+
describing the relative pose between adjacent coordinate frames is given by:

cos¢, —sinf cose,, sSingsing,  a;, Cosf
T sing,  C0s6, CoSey;,, —COSE SN, 8, SING (1-1)
(i+0)i — 0 . R ’
SN,y COS &y i
. 0 0 0 1]

which transforms the kinematic representations from the (i+1)th coordinate system to

the ith system, and when i+1>n, it is replaced by 1. For closed-loop linkages comprising

n links, the kinematic closure equation is derived through matrix transformation
analysis of consecutive joint coordinate

Ta-Ta---Tan-y-Twm=1,, (1-2)

A specific and significant class of spatial mechanisms is the spherical linkage, with

the spherical 4R linkage shown in Fig. 1-3 serving as a representative example. In this



Chapter 1 Introduction

mechanism, the axes of all four revolute joints intersect at a single point, known as the
mechanism center. Due to this geometric concentricity, the linear dimensions associated
with the link geometry naturally vanish; specifically, both the link length aig+1) and the
link offset Ri become zero. Under these conditions, the translation components in the
last column of the general matrix are eliminated, and the matrix degenerates into a pure
rotation form. The kinematic transformation is thus solely governed by the two angular
parameters: the link twist aig+1) (representing the fixed angle between joint axes) and
the joint angle i (the variable governing motion). The simplified transformation matrix
for a spherical link is expressed as:
CosO,  —CoSa;,,SinG  sing,, sing,
Qi =| SING,  cOSar,, COSH,  —sina,,, COSO, |, (1-3)
0 sina; ., COS i,
which transforms the coordinates from the (i+1)th system to the ith system through pure
rotations about zi axis by angle 6. And the general closure equation in Eq. (1-2)
simplifies to
Q- Q3 Qup Q= 1. (1-4)

For spherical 4R systems, the cyclic condition requires i+1 is replaced by 1 when i+1=5.
By solving this matrix equation, the implicit or explicit relationships between the input
and output joint angles can be derived, providing the rigorous mathematical basis for
the configuration analysis and synthesis of complex spatial mechanisms.

Fig. 1-3 Aspherical 4R linkage.

1.2.2 Rigid Origami
Rigid origami, a pivotal subset of origami engineering, refers to a kinematic
idealization where the material surfaces (facets) are modeled as infinitely rigid plates
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that rotate about hinge-like creases without any stretching, bending, or shearing
deformation. Unlike conventional compliant mechanisms that rely on material elasticity,
the macroscopic deformation of rigid origami is governed solely by the geometric
compatibility of its crease patterns. This rigid-foldability hypothesis transforms the
continuous deformation problem into a mechanism analysis problem, allowing complex
folding behaviors to be described using the kinematic theory of spatial linkages.

1.2.2.1 Rigid Foldability and Flat-Foldability of Origami Pattern

The assessment of rigid foldability in large-scale origami tessellations is
predicated on the fundamental kinematic analysis of individual vertex. By abstracting
a crease vertex into a spherical linkage system, wherein rigid sectors function as links
and creases as concurrent revolute joints!*, as shown in Fig. 1-4, the problem is
transposed into the domain of spatial mechanism theory. Guided by this kinematic
relationship, a spectrum of analytical and numerical frameworks has been synthesized
to elucidate folding mechanics. Initial theoretical contributions utilized rotation vector
algebra and quaternions to derive loop closure constraints®. These were
complemented by screw theory approaches, which proved effective in categorizing
kinematic traits governed by symmetry™®l. In terms of computational modeling,
techniques such as SVDI®l and the vector geometry®’! have been widely adopted to
simulate kinematic trajectories and identify singularity bifurcations in general n-crease

vertices.

Fig. 1-4 A 4-crease origami vertex and its equivalent spherical 4R linkagel*1.

Among the diverse analytical frameworks, the matrix-based method utilizing D-H
notation distinguishes itself through its exceptional versatility™. Unlike purely
geometric or numerical approaches, this method establishes a unified algebraic
framework that seamlessly bridges the analysis of individual vertices and global

6
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tessellations. For the fundamental vertex unit, it derives general explicit analytical
solutions by solving the loop closure equations of the equivalent spherical linkage,
thereby providing precise kinematic relationships between dihedral angles“4l. Crucially,
this capability extends to complex multi-vertex systems, where the entire crease pattern
is modeled as a network of interconnected spherical mechanisms. By integrating
kinematic formulas with motion path transmission strategies, this approach
systematically resolves the single-DOF compatibility conditions for the global
network!*®l facilitating the rational design of novel rigid origami patterns without
reliance on trial-and-error approximations.

Beyond the study of rigid foldability, the property of flat-foldability, defined as the
capacity of an origami structure to fully fold into a compact 2D state, remains a critical
attribute in both theoretical mechanics and practical engineering applications. To
determine the flat-foldability of a n-crease vertex, three fundamental geometric and
topological conditions are widely recognized:

(1) The Kawasaki-Justin Theorem!*®l: Governing geometric compatibility, this theorem
necessitates that the alternating sum of sector angles around a flat-foldable vertex
must be zero; equivalently, the sum of odd-numbered angles must equal that of
even-numbered angles, summing to =.

(2) The Maekawa-Justin TheoremP%: Addressing topological validity, this theorem
states that the difference between the number of mountain (M) and valley (V) folds
at a flat-foldable interior vertex must be two, expressed as [M - V| = 2.

(3) The Big-Little-Big Angle Theorem[®*: This rule assumes that a sector angle strictly
smaller than its two neighbors must be bounded by creases of opposite parities.
Consequently, the two creases enclosing the minimal sector angle at any vertex must

strictly consist of one mountain and one valley fold.

1.2.2.2 Classic Origami Patterns

The advancement of rigid origami has been significantly driven by the
identification and mathematical characterization of specific crease patterns that exhibit
distinct kinematic behaviors. Over the past few decades, a rich variety of classic
patterns have been established, serving as the fundamental building blocks for
designing deployable structures and mechanical metamaterials. Unlike random folds,
these classic patterns are distinguished by their periodic tessellations and predictable

7
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DOF, allowing them to transform planar sheets into complex 3D configurations with
tailored mechanical properties, such as negative Poisson's ratiol®?-°, multistability®-
691 ‘and programmable stiffness®-¢%l. These patterns not only provide diverse geometric
solutions for spatial packaging but also function as the essential unit cells for
programming advanced mechanical responses.

The 4-crease vertex constitutes the fundamental building block of rigid origami.
Its geometric configuration is defined by four sector angles, denoted as a1, a2, a3, as,
surrounding a central intersection point, as shown in Fig. 1-5(a). Depending on the
specific constraints imposed on these angular parameters, this generalized vertex can
evolve into a variety of distinct kinematic families. When the sum of alternating sector
angles is supplementary, i.e., a1tas=a2t+os=mn, the structure satisfies the Kawasaki-
Justin theorem and forms a flat-foldable vertex, also known as the double-corrugated

vertex“®l as shown in Fig. 1-5(b).

(a) (b)

(d)

Fig. 1-5 The 4-crease vertex origami. (a) General 4-crease vertex origami with different sector
angles; (b) the flat-foldable 4-crease vertex origamit®l; (c) the in-plane graded Miura-ori®; (d)

the Miura-ori®®!; (e) eggbox origamil>4,

Alternatively, if the constraints are altered such that adjacent angle pairs sum to m,
i.e., artaz=as+as=m, the vertex forms the basis of the in-plane graded Miura pattern(®4],
as shown in Fig. 1-5(c). The classical Miura-ori pattern®® emerges as a highly
symmetric subset of the flat-foldable family. It must satisfy not only the flat-foldability

8
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condition (cat+as=aztas=n) but also the additional symmetry constraints of ai=a4 and
az2=03, as shown in Fig. 1-5(d). Beyond the realm of flat sheets lies the domain of non-
Euclidean origami, characterized by a sector angle sum that deviates from 2z
(a1+oz+as+as#2m). A quintessential representative of this class is the eggbox pattern(>#,
which is inherently not flat-deployable, as shown in Fig. 1-5(e).

The configuration of M-V folds serves as a determinant factor governing the
folding mechanics of crease patterns, particularly within mechanism networks
composed of interconnected vertices. Focusing on the double-corrugated pattern, Peng
et al.l*®l employed the D-H matrix method to model the kinematics of individual units.
By extending this analysis to the network level, they systematically evaluated the rigid
foldability of tessellations under various fold orientations, ultimately identifying a
series of valid M-V assignment schemes that ensure structural rigidity, as shown in Fig.
1-6(a).

Parallel to these investigations, the origami twist family, characterized by a central
polygon surrounded by parallel crease sets, has attracted significant research interest.
For triangular twist variants, Feng et al.%l synthesized kinematic compatibility
conditions with flat-foldability criteria to exhaustively derive all feasible M-V
assignments, as presented in Fig. 1-6(b), thereby establishing a complete theoretical
library of folding modes for this geometry. In the case of square-twist patterns,
foundational work by Hull et al. 71 utilized flat-foldability theory to isolate sixteen
potential M-V distributions. By accounting for rotational and mirror symmetries, these
redundant states were elegantly reduced to four classic, distinct configurations.
Subsequent kinematic analysis by Ma et al.[%8] classified these topologies into two rigid-
foldable variants (Fig. 1-6(c)) and two non-rigid modes (Fig. 1-6(d)). Further advancing
this domain, Feng et al.[®® demonstrated that non-rigid square twists could be converted
into rigid mechanisms through the strategic introduction of auxiliary creases, as shown
in Fig. 1-6(e). This research not only unveiled the kinematic bifurcation behaviors of
the modified structures but also established an effective methodology for transforming
non-rigid origami into rigid systems.

Building upon the principles established for simpler polygons, recent studies have
expanded this modification strategy to more complex hexagonal geometries. Wei et
al.l"® systematically constructed hexagonal twist patterns possessing distinct DOF,
ranging from one to three, by selectively introducing auxiliary fold lines, as shown in
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Fig. 1-7(a). Furthermore, by tessellating these modified units, they successfully
synthesized a novel class of hexagonal twist networks that maintain a single-DOF, as
shown in Fig. 1-7(b).

Fig. 1-6 Rigid foldability analysis and M-V assignments of representative origami patterns. (a)
Valid M-V assignment schemes for the rigid double-corrugated pattern(*l; (b) the triangular twist
pattern®!: (c) two rigid-foldable variants of the square-twist pattern®®: (d) two non-rigid variants
of the square-twist pattern(®l: (e) rigid-foldable square twist converted from non-rigid variants via

auxiliary creases(®l,

10
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(a) 1-DOF 2-DOFs 3-DOFs
Type 1 Type 2 Type 3

A E,
D A

Ay Ay
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Fig. 1-7 Construction of variable-DOF hexagonal twist patterns and rigid tessellations via
auxiliary creases. (a) Hexagonal twist units with distinct DOFs (ranging from 1 to 3) constructed by

selective auxiliary fold lines; (b) single-DOF hexagonal twist tessellation networks.[™™

Origami tessellations composed of 6-crease vertices, such as the Resch pattern
(Fig. 1-8(a))["Y], the Waterbomb pattern (Fig. 1-8(b))["?, and the Yoshimura (diamond)
pattern (Fig. 1-8(c))[™®l, are fundamentally distinct from 4-crease systems. These
patterns possess multiple DOFs, giving them versatile structural deformability and
diverse shape-shifting modes. Consequently, they have found extensive utility in
engineering domains requiring shape adaptability, including energy-absorbing
structures’1, deployable medical devices!®, soft roboticst’”8], and architecturel™,
However, this kinematic flexibility inevitably renders their analytical modeling
significantly more intricate. In addition to kinematic methods employed to resolve
motion compatibility conditions®®!, numerical simulation algorithms, such as truss-
equivalent models(®!l and the finite particle method®, have also been extensively
applied to characterize the behavior of these multi-DOF patterns. Furthermore, to
specifically address the analytical complexity of high-degree vertices, Zhang et al.["]
proposed an innovative vertex splitting methodology. This approach virtually
decomposes a single 6-crease vertex into two coupled 4-crease or 5-crease sub-units.
By enforcing constrained associations between these split nodes, the method effectively
reduces the DOF of the analytical model while rigorously preserving the kinematic
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equivalence of the original pattern, thereby providing a streamlined framework for
analyzing complex folding paths.
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Fig. 1-8 Representative multi-DOF origami patterns composed of 6-crease vertices. (a) Resch
patterns with diverse tessellation geometries: triangular, quadrilateral, and hexagonal

configurationst™: (b) Waterbomb origami patternl’?; (c) Yoshimura (diamond) pattern(’l,

1.2.2.3 Tubular Origami Structures

Tubular origami structures constitute a pivotal class of deployable systems that
transform flexible sheets into volumetric deployable elements through topological
closure. Unlike open planar tessellations, these structures are defined by a closed cross-
sectional geometry. From the perspective of construction, origami tubes are generally
realized through two distinct methodologies: the first involves enforcing cylindrical
closure constraints on a single continuous crease pattern to form a seamless shell with
open ends, while the second relies on the assembly and coupling of multiple origami
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strips or panels to create a polygonal enclosure. This structural versatility allows
origami tubes to serve as fundamental unit cells for cellular metamaterials, enabling the
development of lightweight, reconfigurable systems that balance substantial volume
reduction with high structural rigidity.

In tubular origami, extensive research has focused on complex kinematic
structures, primarily categorized into multi-DOF patterns and non-rigid systems. For
instance, the Waterbomb tube® exhibits highly versatile multi-DOF deployment.
Meanwhile, non-rigid systems like the Yoshimural®®l and Kresling[®*#® rely heavily on
the physical bending or stretching of constituent panels rather than pure hinge rotation.
These multi-DOF and non-rigid structures are frequently investigated for their unique
functional behaviors, particularly in energy absorption and multistability.

In contrast to these systems, single-DOF rigid tubular structures are characterized
by their strict flat-foldability and diverse cross-sectional possibilities. The design of
such structures demands rigorous adherence to kinematic compatibility conditions.
Tachi et al.’®® pioneered a design methodology for single-DOF flat-foldable tubes,
realizing configurations with various cross-sections, including quadrilateral and
hexagonal forms, as shown in Fig. 1-9(a). Building on kinematic analysis, Liu et al.["]
derived compatibility equations for closed-loop assemblies composed of 4-crease
vertices, facilitating the design of tubes with distinct polygonal cross-sections, as
presented in Fig. 1-9(b). To expand the design space, Chen et al.B®l introduced
constructive operations, such as summation, subtraction, and combination, to generate
novel tubular forms, as shown in Fig. 1-9(c). Furthermore, Filipov et al. advanced
geometric versatility through two distinct approaches: developing modular assembly
strategies (zipper, aligned, and internal coupling) for tunable stiffness®, as shown in
Fig. 1-9(d), and designing tubes capable of accommodating arbitrary planar polygonal
cross-sectionst®l, as shown in Fig. 1-9(e).

However, a prevailing limitation in the aforementioned studies is that the cross-
sectional geometries are strictly confined to planar polygons. Although Liu et al.[®"]
formulated the necessary compatibility conditions, their analytical process incorporated
a simplifying assumption of co-planar cross-sections. This simplification inevitably
excludes a wide range of valid spatial geometries. Therefore, establishing a generalized
kinematic framework is essential to overcome these geometric limitations, thereby

13



Doctoral Dissertation of Tianjin University

enabling the systematic resolution of compatibility conditions for complex origami
patterns independent of restrictive coplanar assumptions.

(e) configuration I configuration 11T _conﬁguration v
* A s
+ + - -+

i

® S

Fig. 1-9 Single-DOF rigid foldable origami tubes. Folding and deployment processes of origami
tube with (a) planar quadrilateral cross-section®! and (b) planar octagon cross-sectionl®”; (c)
generation of origami tubes through summation and subtraction!®l; (d) tubular assemblies using

zipper coupling schemes®; (e) origami tubes with planar polygonal cross-sections®®.

1.2.3 Origami Metamaterials
Origami-based mechanical metamaterials are created by transforming continuous
2D sheets into 3D architectures through predefined networks of creases. Rather than

acting exclusively as simple rotational hinges, these interconnected creases establish a
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fundamental geometric framework that coordinates the complex interplay between
localized folding and global structural deformation. Crucially, the overarching
mechanical behavior of these systems is governed by the distribution and evolution of
elastic potential energy during the folding and deployment processes. Based on the
spatial distribution of deformation, origami metamaterials can be systematically
categorized into three distinct classes. The first class adheres to the rigid origami
deformation mode, where deformation is exclusively localized at the hinge lines,
leaving the constituent facets effectively non-deformable. The second class follows a
non-rigid deformation mode, where the system relies primarily on the bending, twisting,
or stretching of the panels themselves to accommodate kinematic incompatibilities or
external loads. The third class exhibits a hybrid deformation mode, characterized by a
complex coupling of rigid hinge rotation and elastic panel deformation. This rich scope
of deformation mechanisms allows for the precise programming of diverse mechanical
properties, such as multistability®°? and programmable stiffness®*®, by simply
manipulating the geometric layout of the crease pattern.

1.2.3.1 Origami Metamaterials with Rigid Origami Deformation Mode

Origami metamaterials under the rigid origami deformation mode constitute the
most fundamental and extensively studied category within the field. In these systems,
the structural deformation is strictly confined to the rotation of creases, which act as
revolute joints, while the constituent facets remain rigid and undeformed throughout
the deformation process. Consequently, the overall mechanical properties of these
metamaterials are governed primarily by the geometric kinematics of the crease pattern
rather than the elastic deformation of the constituent material.

As the quintessential representative of this class, the Miura-ori metamaterial has
garnered extensive attention. Relative analytical studies!®! have derived explicit
formulas that link the geometric parameters to the resulting geometric dimensions and
Poisson's ratio. Utilizing its precise kinematics, Zhang et al.’®®! investigated the
mechanical response of Miura-ori metamaterials under quasi-static compression. By
modeling the creases as ideal plastic hinges, as shown in Fig. 1-10(a), they established
an analytical model that accurately characterizes the mechanical responses.
Subsequently, Karagiozova et al.%! extended this analysis to the dynamic regime using
both analytical and numerical methods. Their findings revealed that the energy
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absorption capacity of Miura-ori metamaterials is strain-rate dependent, enhancing
significantly with increased loading velocities. On a geometric level, Dang et al.l’]
conducted a systematic study on the deployment kinematics of axisymmetric Miura-ori,
as shown in Fig. 1-10(b). They further developed an optimization framework to design
hyperboloid tessellations capable of approximating complex surfaces of revolution.
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Fig. 1-10 The Miura-ori based origami metamaterials. (a) Deformed shapes of the cell and
equivalent plastic strains under quasi-static compression®!; (b) singly curved stacked axisymmetric
Miura origami metamaterialst®’; (c) ZCH sheets created by changing the directions and/or the
values of the offsets in the patterns®; (d) geometry of the zigzag-based metamaterialst®: (e) the
TMP structure can be folded into two distinctive configurations: collapsible and load-bearing
modes*®; (f) kinematic folding sequence of the cellular origami metamaterial and compression

stiffness of the metamaterial in the three Cartesian directions vs. extension!®.,
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Beyond the standard configuration, researchers have explored systematic
modifications of the unit cell geometry to engineer variants with unique mechanical
properties. By integrating zigzag structural forms with the Miura-ori base, Eidini(®®104
proposed the Zigzag unit Cell with Hole (ZCH), as shown in Fig. 1-10(c). This variant
not only achieves a more lightweight architecture but also demonstrates the capability
to modulate the system's Poisson's ratio. Further investigating the zigzag-based
metamaterials shown in Fig. 1-10(d), Zhang et al.®® combined analytical and numerical
approaches to analyze their large deformation and plastic behaviors under quasi-static
in-plane compression. Their results demonstrated that the zigzag configuration exhibits
superior energy absorption performance compared to the traditional Miura-ori
counterpart. Another variant is the Tachi-Miura Polyhedron (TMP), which manifests as
a bellows-like 3D structure derived from standard Miura-ori cellsi*%21% By
strategically reconfiguring the M-V assignments of specific crease lines, this
architecture enables the programmable tuning of critical mechanical properties,
including Poisson's ratio and structural stiffness*??1%4-1%1 as shown in Fig. 1-10(e). In
terms of modular assembly, Filipov et al.®® coupled Miura-ori tubes using a "zipper"
coupling manner, successfully creating origami metamaterials that exhibit anisotropic
stiffness characteristics in orthogonal directions, as shown in Fig. 1-10(f).

Origami metamaterials composed of high-degree vertices exhibit multi-DOF,
offering multistate shape morphing ability. The Resch pattern serves as a prime example
of a multi-DOF network. In its fully compacted planar state, the dense sixfold structural
arrangement creates a rigid plate capable of supporting significant static loads. This
mechanical robustness extends to tubular configurations, where the structure
demonstrates superior resistance to axial compression%”, as shown in Fig. 1-11(a).
Meanwhile, waterbomb origami serves as another typical multi-DOF pattern,
distinguished by its rich kinematic versatility. Beyond its utility in robotic wheels%!
and pneumatic grippers!*®, the waterbomb base also serves as a fundamental platform
for constructing mechanical metamaterials, where its multi-DOF nature allows for the
precise programming of stiffness profiles and deformation modes. Feng et al.[*10
discovered a twist motion in waterbomb origami tubes that significantly enhances
stiffness, proving that a purely rigid twist is only possible when the tube is fully
squeezed with specific symmetry, while further twisting requires material deformation,
as shown in Fig. 1-11(b). Mukhopadhyay et al.[?l demonstrated a distant actuation
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feature in waterbomb metamaterials where far-field forces control local shape and
stiffness, creating a programmable transition from rigid folding to high-stiffness
structural deformation upon vertex contact, as shown in Fig. 1-11(c).
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Fig. 1-11 Mechanical metamaterials based on multi-DOF origami patterns. (a) Normalized axial
compression behavior of Resch based tubular metamaterial®’; (b) twist motion of a waterbomb
tube which starts from the fully squeezed row and then spreads row to row till the ends of the tubet*%;

(c) programmable distant actuation feature in the tubular waterbomb metamaterial(l.

1.2.3.2 Origami Metamaterials with Non-Rigid Origami Deformation Mode

Distinct from rigid systems, origami metamaterials characterized by non-rigid
deformation modes rely on the deformation of constituent facets, such as bending,
twisting, or stretching, to accommodate folding motions. Non-rigid metamaterials
enable rich nonlinear mechanical behaviors, such as bistability[**1'? and superior
energy absorption™'*1%1 which are fundamentally unattainable through purely rigid
Kinematics.

Prominent among these systems are the Kresling and diamond patterns, which
exploit panel deformation to achieve unique functional properties. The Kresling pattern,
formed by the folding of a thin-walled tube under torque, as shown in Fig. 1-12(a),
utilizes the non-rigid stretching or bending of panels to induce bistable snap-through
transitions coupled with axial-torsional motion™®2%121 as shown in Fig. 1-12(b). This
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distinct energy landscape makes it a preferred candidate for developing tunable stiffness
isolators and mechanical switches*?2-124 Meanwhile, the diamond pattern, effectively
originating from the buckling modes of thin-walled cylinders, relies on the coordinated
bending of facets to accommodate significant axial shortening during the crushing
process, as demonstrated in Fig. 1-12(c). This topology enables the design of
metamaterials with exceptional load-bearing efficiencies and programmable post-

buckling responses, allowing for precise modulation of the cylindrical stiffness
profilel25-129],
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Fig. 1-12 Origami metamaterials with non-rigid deformation mode. (a) Kresling origami structure
formed by array and mirror series connection method™?l; (b) monostable and bistable characteristic

of the Kresling origami unit!*?4l; (c) panel buckling of the diamond origami crash box[*?],

1.2.3.3 Origami Metamaterials with Hybrid Deformation Mode

Representing the frontier of origami engineering, metamaterials with hybrid
deformation modes integrate the kinematic determinism of rigid folding with the panel
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buckling of non-rigid distortion. Unlike systems governed by a single dominant
mechanism, hybrid metamaterials operate through a programmable sequential
transition between rigid mechanism motion and facet deformation. This synergistic
interaction allows for the precise tailoring of the global force-displacement response,
enabling advanced functionalities such as multi-stage energy absorption[!30131 By
strategically designing the geometric constraints to trigger transitions between rigid and
deformable states, these systems offer a versatile platform for applications requiring
both high shape adaptability during deployment and substantial structural load-bearing
capability in service.

One highly effective and practical strategy to induce such programmable hybrid
behaviors is the introduction of geometric gradients. As illustrated in Fig. 1-13(a), the
unit cell geometry of the Miura pattern can be spatially varied within each layer®® to
create a functionally graded architecture. This geometric inhomogeneity introduces
kinematic constraints that disrupt the standard synchronized folding path typically
observed in uniform origami. Investigating this effect, Ma et al.*®2 and Yuan et al.l6
thoroughly analyzed the complex mechanical response of graded Miura metamaterials.
They observed a distinct, sequential deformation mechanism under compressive
loading: the structure initially undergoes a rigid folding mode, characterized by
remarkably low stiffness and a relatively smooth, extended force-displacement plateau.
Upon reaching a geometrically self-locked state, the continued compression forces the
system into a non-rigid regime dominated by panel buckling, resulting in a sudden and
significant surge in structural stiffness and energy dissipation capacity, as shown in Fig.
1-13(b).

Beyond geometric gradients, adopting a composite structural design strategy
provides another powerful avenue for achieving hybrid deformation. For instance, Li et
al.['* developed a hybrid metamaterial by integrating stacked Miura layers with
rhombic honeycomb structures. This architecture exhibits a two-stage programmable
compressive strength, as shown in Fig. 1-13(c). By systematically tuning the geometric
parameters of both the origami and honeycomb constituents, the distinct mechanical
responses across the different deformation stages, including the initial yield strength,
the transition threshold, and the final densification strain, can be precisely programmed.
Similar design strategies utilizing hybrid deformation modes have been widely adopted

to engineer metamaterials with superior mechanical performancel*3+13%1,
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Fig. 1-13 Origami metamaterials with hybrid deformation modes. (a) Schematic of a Miura-ori with
spatially varied unit cell geometry®!: (b) sequential deformation mechanism and graded stiffness
of the graded Miura-ori metamaterialst™®?l; (c) deformation modes and the two stage force-

displacement response of the hybrid metamaterialt*3],

1.2.3.4 Fabrication Techniques for Origami Metamaterials

In addition to design methodologies and mechanical characterizations, the
practical realization of origami-inspired mechanical metamaterials strongly depends on
advanced fabrication techniques. A variety of manufacturing approaches have been
developed to translate foldable geometries into physical prototypes, ranging from
conventional 3D/4D printing and moulding to laser cutting of thin sheets, modular
assembly, electrospinning, and hybrid processes. Each technique offers distinct

advantages in terms of material compatibility, structural complexity, scalability, and
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integration of actuation or sensing functionalities. To provide a clear overview, Table
1-1 summarizes the main fabrication routes, typical materials, and representative

applications.

Table 1-1 Summary of fabrication techniques for origami-inspired mechanical metamaterials.

Fabrication method Materials examples Typical applications
3D printing PLA, ABS, TPU Ref. [166, 167]
4D printing SMP, LCE Ref. [168, 169]

Moulding PDMS, Ecoflex, Dragon Skin, Ref. [170, 171, 132]
silicone rubber, Copper
Laser cutting + PET, PVC, paperboard, Ref. [172, 173]
manual folding polycarbonate
Modular assembly Polycarbonate panels + silicone Ref. [174]
rubber sheets
Electrospinning PVA nanofibrous membrane Ref. [175]
Hybrid processes LCE + conductive wires + 3D- Ref. [176]

printed frame

1.2.4 Multifunctional metamaterials

The preceding discussions have primarily focused on metamaterials tailored for a
specific mechanical property. However, practical engineering scenarios often
necessitate structures that can satisfy concurrent performance objectives rather than
maximizing a single function. Addressing this complexity, the research focus has
progressively shifted towards multifunctional metamaterials. Unlike their mono-
functional counterparts, these advanced architectures are designed to integrate multiple
programmable physical properties simultaneously within a unified geometric
configuration. This design philosophy enables a single structure to efficiently fulfill
diverse operational requirements without the need for assembling distinct components
for each function.

To achieve such integrated capabilities, researchers have extensively exploited
strategic geometric designs to coordinate distinct physical mechanisms. For instance,
microlattice architectures based on face-centered cubic plate-truss configurations
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presented in Fig. 1-14(a) have been adopted to simultaneously enhance acoustic and
mechanical energy absorption®, Additionally, unit cells obtained from topology
optimization have successfully synthesized negative thermal expansion and phononic
bandgap properties 2%, as shown in Fig. 1-14(b).
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Fig. 1-14 Strategic geometric designs for multifunctional metamaterials. (a) Muicrolattice
architecture based on face-centered cubic plate-truss configurations®?®l; (b) unit cells obtained from
topology optimizationt®: (c) hierarchical face-centered cubic frameworks™®l; (d) hierarchical
square tube microstructures®™®™; (e) multifunctional sandwich origami-based topological

metamaterialst**8l; (f) lattice architectures integrated with Helmholtz resonatorst*%.

Beyond elemental unit cells, hierarchical structuring offers another effective
pathway. The strategic integration of strut elements within hierarchical microstructures,
including face-centered cubic frameworks!**¢l in Fig. 1-14(c), and square tubes!*¥" in
Fig. 1-14(d), enables metamaterials to concurrently achieve vibration suppression and
energy dissipation functionalities. Similarly, sandwich architectures incorporating
chiral Kresling origami cores, as depicted in Fig. 1-14(e), have been engineered to
synergize topological wave transport with substantial mechanical robustness, utilizing
local resonances for effective vibration isolation™l. Recent innovations demonstrate
that systems combining Helmholtz resonance principles with lattice architectures can
effectively integrate broadband sound absorption and impact-resistant characteristics
through multi-scale energy dissipation mechanisms!*3¥l, as shown in Fig. 1-14(f).

In addition to static geometric configurations, the incorporation of reconfigurable

structural mechanisms and stimuli-responsive materials introduces dynamic tunability
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over these multifunctional properties. For instance, Liu et al.['*?! developed a tunable
sandwich panel by integrating quasi-zero stiffness lattice cores with kirigami-style
surfaces, as shown in Fig. 1-15(a), utilizing mechanical stretching to modulate load-
bearing capacity, energy absorption, and vibration isolation capabilities simultaneously.
Similarly, the synthesis of shape memory polymers with bistable beams creates
reconfigurable metamaterials exhibiting tunable Poisson's ratios and bandgap
characteristics through reversible phase transformations™4!, as presented in Fig. 1-
15(b). Likewise, magneto-active metamaterials, as shown in Fig. 1-15(c), demonstrate
field-responsive modulation of both mechanical stiffness and acoustic band structures
via external magnetic manipulation41,
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Fig. 1-15 Tunability of multifunctional metamaterials via reconfigurable mechanisms and stimuli-
responsive materials. (a) A tunable sandwich panel integrating quasi-zero stiffness lattice cores with
mechanically stretchable kirigami-style surfaces**; (b) reconfigurable metamaterials utilizing
shape memory polymers with bistable beams for reversible phase transformations™#!l; (c) magneto-
active metamaterials demonstrating field-responsive property modulation under external magnetic

manipulation42,

However, a persistent challenge in the development of advanced multifunctional
metamaterials remains the inherent parameter coupling among multiple physical
properties. Because distinct physical behaviors are typically governed by the exact
same set of underlying geometric parameters, attempting to optimize or vary one
property inevitably alters the others. This fundamental interdependence severely
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restricts the independent programmability of each individual function. Consequently, it
poses a significant constraint for complex engineering applications that demand
customized, independent control over distinct physical responses without unwanted

functional trade-offs.
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Fig. 1-16 Strategies for achieving independent programmability in multifunctional metamaterials.
() Integration of resonant plates and lattice structures for decoupled acoustic and mechanical
control™3l; (b) bio-inspired multi-level microlattices utilizing geometrical heterogeneitiest™*l; (c)
weakly-coupled designs featuring asymmetric cambered cell walls!; (d) moth wing-inspired

metamaterials integrating acoustic, mechanical, and thermal functionalities™*61,
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To mitigate this coupling and attain independent programmability, recent research
efforts have focused on spatially or physically compartmentalizing functions. This is
typically achieved by incorporating distinct, highly specialized sub-units within a larger
composite structure, where each discrete module is dedicated to governing a specific
physical function. For example, Li et al. 431 employs a hybrid architecture combining
resonant plates and lattice structures, as presented in Fig. 1-16(a), to control acoustic
and mechanical responses, respectively. Advancing this modular framework through
bio-inspiration, a multi-level microlattice**! was subsequently proposed, as shown in
Fig. 1-16(b), which utilizes geometrical heterogeneities to achieve broadband sound
absorption and deformation tolerance. Additionally, a weakly-coupled design featuring
asymmetric cambered cell walls was developed to further optimize mechanical wave
energy absorption without compromising structural integrity™], as presented in Fig. 1-
16(c). More recently, Pei et al.[**] drew inspiration from moth wings to construct a
multifunctional metamaterial, as shown in Fig. 1-16(d), which integrates broadband
acoustic absorption, mechanical energy dissipation, and thermal insulation within a
unified framework.

While this compartmentalized approach effectively realizes independent
programmability, it inevitably leads to a dramatic increase in structural and geometric
complexity. Furthermore, these physically separated designs are predominantly static;
once fabricated, they completely lack the capability for post-manufacturing structural
reconfigurability and on-demand property tunability. Consequently, achieving both
independent programmability and tunability within a single geometric design remains
a critical, unresolved challenge.

1.3 Aim and Scope

The primary objective of this dissertation is to establish a generalized kinematic
theoretical framework for the design of origami metamaterials, and to further develop
multifunctional metamaterials with independently programmable and tunable
properties. This research is expected to offer novel solutions for complex engineering
challenges in emerging domains.

This research begins with exploring the fundamental kinematic mechanisms of

origami, aiming to construct a generalized theoretical framework for the synthesis of
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tubular structures. Building upon this foundation, the study systematically investigates
the intrinsic mapping mechanisms linking M-V assignments and geometric parameters
to mechanical and acoustic performance of metamaterials. Subsequently, it proposes
design strategies for multifunctional metamaterials that feature independently
programmable and tunable mechanical and acoustic properties. Finally, the research
presents novel multifunctional metamaterials exhibiting distinct anisotropic mechanical

properties in three orthotropic directions.

1.4 Outlines of Dissertation

This dissertation consists of six chapters. Their main contents are outlined below,
and a schematic illustration is provided in Fig. 1-17.

Chapter 1 reviews the existing kinematic theories and their applications to the
analysis and design of origami structures. In addition, tubular origami structures,
origami metamaterials, and multifunctional metamaterials are introduced and discussed.

Chapter 2 establishes a generalized analytical framework for the kinematic
synthesis of single-DOF tubular origami structures composed of 4-crease vertices.
Beginning with a fundamental tubular unit comprising four such vertices, geometric
compatibility conditions are systematically derived and subsequently generalized to
multi-vertex systems. Building upon this theoretical foundation, a novel class of
double-tubular origami structures is developed, which are then systematically expanded
into complex spatial metamaterials using a tailored rotational assembly strategy.

Chapter 3 establishes a programmable framework for single-tubular origami
metamaterials by manipulating M-V assignments. Analytical and numerical results
reveal that these topological distributions inherently affect mechanical responses:
normalized stiffness is governed by the varying rate of folding angles, while specific
energy absorption (SEA) depends on the magnitude of angle changes and local panel
buckling. The study is further extended to the acoustic domain, demonstrating that
specific M-V configurations can induce directional bandgaps and thereby enable
effective wave manipulation. Consequently, this chapter verifies M-V assignments as a
critical and independent dimension for programming mechanical and acoustic
functionalities in origami metamaterials.

Chapter 4 proposes a family of double-tubular origami metamaterials that exhibit

unique rigid origami folding kinematics in two orthogonal directions. By correlating
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the design parameters and initial folding states with the mechanical and acoustic
responses, this chapter demonstrates that these two properties are independently
programmable. This capability allows for varying one property over a wide range while
maintaining the other nearly unchanged. Specifically, the frequency range of the
bandgap can be tuned by up to 10.4 times while the stiffness remains constant;
conversely, the stiffness can vary by up to 16.9 times without altering the bandgap
frequency range. Furthermore, prototypes fabricated from thermoplastic polymers
demonstrate on-site tunability via thermomechanical reconfiguration.

Chapter 5 presents a novel origami metamaterial which demonstrates remarkably
programmable anisotropic mechanical properties in three orthotropic directions under
quasi-static compression. Through a combination of theoretical analysis, experiments
and numerical simulations, this newly designed metamaterial is proved to exhibit a rigid
origami folding mode when loaded in the x direction, resulting in low SEA and
compressive stiffness. Conversely, when loaded in the y direction, the metamaterial
achieves high SEA and stiffness due to buckling deformation, which is three times
larger than the corresponding data in the x direction. Furthermore, in the z direction, the
metamaterial initially undergoes a rigid origami folding mode followed by panel
buckling, resulting in a graded response with intermediate SEA and stiffness.

As the conclusion of this dissertation, Chapter 6 summarizes main achievements
and future works. This dissertation first investigates the generalized analytical
framework established for the kinematic synthesis of tubular and double-tubular
origami structures, which serves as the theoretical foundation for the subsequent
designs. Based on these kinematics, it investigates the programming of mechanical and
acoustic properties in single-tubular metamaterials achieved through diverse M-V
assignments. Subsequently, the dissertation highlights the unique independent
programmability and tunability of mechanical and acoustic properties in the double-
tubular metamaterial. Finally, the programmable anisotropic mechanical responses of
triple-tubular metamaterial in three orthotropic directions are synthesized, followed by
a discussion on the limitations of the current study and perspectives for future research.
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Chapter 2 Kinematic Synthesis of Single-DOF Tubular Origami
Structures Composed of 4-Crease Vertices

2.1 Introduction

Origami-inspired structures have garnered significant attention in engineering for
their potential to create foldable mechanisms with tailored mechanical properties.
However, the design of complex origami assemblies is often impeded by the challenge
of satisfying rigid foldability constraints without relying on restrictive geometric
assumptions, such as the requirement for co-planar cross-sections.

Thus, the objective of this chapter is to establish a generalized framework for the
systematic synthesis of single-DOF tubular origami structures featuring spatial
polygonal cross-sections. For this purpose, the investigation begins by deriving the
compatibility conditions for a basic tubular mobile assembly formed by four 4-crease
vertices. This analysis is subsequently extended to generalize the compatibility
conditions for tubular assemblies comprising multiple 4-crease vertices. Guided by
these theoretical criteria, a diverse range of single-tubular origami structures is
constructed. Building upon this foundation, a novel class of double-tubular origami
structures is synthesized via a geometric coupling strategy, followed by the
establishment of a systematic methodology for tessellating these units into 3D cellular
metamaterials.

The outline of this chapter is as follows. Section 2.2 establishes the compatibility
conditions for a mobile assembly of four 4-crease vertices and derives explicit solutions
of origami structures with spatial polygonal cross-sections. Section 2.3 extends these
conditions to structures comprising multiple 4-crease vertices. Section 2.4 details the
geometric construction of a novel double-tubular origami unit based on the derived
theoretical cases and establishes a systematic tessellation strategy for cellular
metamaterials. Finally, Section 2.5 summarizes the main findings.

2.2 Compatibility Conditions on Tubular Assembly of Four 4-Crease
Vertices

This section presents the kinematic analysis of a closed-loop origami assembly
composed of four 4-crease vertices (A, B, C, D), as illustrated in Fig. 2-1. A global
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coordinate system {X, Y, Z} is established to define the spatial reference of the structure.
To facilitate the kinematic formulation, local coordinate frames are established on the
links and joints employing the D-H notation. Specifically, the zi axis aligns with the
rotational axis of the ith revolute joint. The x; axis is established as the common normal
between zi-1 and zi. The twist angle aigi+1) denotes the rotation from zi to zi+1 about the
Xi+1 axis. The joint angle 6i describes the rotation from xi to xi+1 about the zi axis, which
is defined within the range [0, 2x]. In this study, to better correlate the kinematic
parameters with the physical geometry of the origami structure, the dihedral angle ¢i is
introduced. As explicitly highlighted in red in Fig. 2-1, the relationship between these
two angles is defined as ¢i = n-6i, resulting in a value range of [-x, n] for ¢i. Within this
convention, the range [0, ] corresponds to a mountain fold, whereas the range [-x, 0]
denotes a valley fold. Consequently, to facilitate the subsequent analysis, ¢i is adopted
to represent the folding angles throughout the remainder of this paper. Focusing first on
the constraints by neglecting link lengths, the input and output parameters for the
closed-loop assembly must satisfy the closure condition:

(ﬁf‘—><03A=<01B—>¢3B=¢f—>¢§=¢?—>¢f=l¢f- (2-1)

xs //xh

Fig. 2-1 Schematic of an origami structure composed of four 4-crease vertices.

Following the methodology in the research by Liu et al. 7], to ensure the system
functions as a mobile assembly with a single-DOF, the geometric constraints among the
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vertices are governed by:
20 N zg lzs Ihzy, zp I zg I zg Il zg). (2-2)
To incorporate the physical dimensions of the structure, the link length | between
adjacent vertices is introduced. As shown in Fig. 2-1, the structure is conceptually
decomposed into an upper part and a lower part, bounded by the spatial quadrilateral
ABCD. For the upper part, the spatial loop-closure equation is established by enforcing
the sequential coordinate transformations traversing from the local frame {x.', z2'},
through {x2, z2%}, {x5, z5}, and {x7, zJ}, and ultimately returning to the initial
frame { x0', zJ' }. Similarly, the compatibility condition for the lower part is
determined by the coordinate transformation sequence traversing from the local frame
{x;, z.} through {x', 22}, {x2, 20} {x{, z;}, back to the starting frame
{x?, z; } Consequently, to ensure structural integrity and compatibility, the
following two geometric conditions must be satisfied:

TEPTROTSBTRA = 1, (2-3)
TOATATET =1, (2-4)
where
T =R (m-as™)T, (|K<K”>) R, (2m-ajs)R, (n+pf), iy
T — R (n-a;l)Tz (I K(Kﬁ)) R, (271-054'(1“) R, (n+(/)f+1), &9
in which 1““ denotes the length of the link connecting vertices K and K+1. Here,

K represents vertices A, B, C, D, with the convention that K+1=A when K=D. The

matrix T\™* represents the transformation from the coordinate frame { x*, z*1}

k) represents the transformation from

to{x<, zX}inthe upper part. The matrix T,
the coordinate frame { x;, z; }to{x\ ™, z;*}inthe lower part. The matrix Rx(ai(+1))

is the rotation matrix by angle aic+1) about the xi axis

1 0 0 0]
0 cose,;,, -—sina,, O
R(%n) =l o e ol (2:6)
s s
0 0 0 1]

R, (goi) denotes the rotation matrix by angle ¢i about the zi axis
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cosg, —sing, 0 O
sing, cosgp. 0 O

R ) = ’ 2'7

(0)=] ", o 1 0 (2-7)
0 0 01
and T, (IK(K”)) is the translation matrix along the zi axis
1 00 0 |

010 0

K(K+1) ) _ i

TZ(I )_ 0 0 1 [Kk| (2-8)
000 1

Equations (2-3) and (2-4) constitute the fundamental compatibility conditions for
the upper and lower parts, respectively. The system initially involves twenty unknown
design parameters, comprising sixteen angle parameters and four length parameters.
However, due to the geometric constraint in Eq. (2-2):

ap vy =m, a "t vag =, (2-9)
the number of independent angle parameters can be reduced to eight. Solving this
system reveals that the assembly behaves as a closed chain composed of four

parallelograms. The explicit solution to Eq. (2-3) yields
cos(g5 + 5 ) =cos(of + ¢ ),
Sin(gof +¢)ZB) = —Sin(gozC +¢2D),

BC «; C a; A B
~1%sina sin (¢} +¢5)

(2-10)

AB «; B o A CD ; D i D
1™ sin oy, sin g, —17"sinay, sing, =0,

1” sin o, —1°® sin ), cos ' + 15 sin o COS((/)ZA +(p25)— 1 sin e cos ;) =0,
(2-11)
[P cosafy +1°° cos o +1°¢ cos e, +1°P cos ), = 0. (2-12)
Similarly, the solution to Eq. (2-4) is given by
cos(@) +p )=cos(p; +o5 ),
(02 +65 ) =cos(of +47) -

Sin(gof +¢)48>:—Sin(go4c +go4D),

1% sin gy sin off — 1% sinag, sin (@ + ¢ ) +1< sinag, sing)? =0,

1° sin o, — 1% sin &}, cos ) +15¢ sinal, COS((/)4C +¢f)—ICD sinag, cosg; =0,
(2-14)
AB A BC B CD C DA D
"™ cosay, +17 cosa,, +17 cosa,, +17" cosa,, =0. (2-15)

Equations (2-10), (2-11), (2-13), and (2-14) describe relationships for the dihedral
angle ¢i, which varies during folding and deployment processes. To provide a geometric
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interpretation of these results, we consider the planar quadrilaterals A1B1CiD:1 and
A2B2C2D2, obtained by projecting the spatial quadrilateral ABCD onto the planes with
normal vectors AA1 and AA:, respectively, as shown in Fig. 2-2(a). The projections of
axes x; and x{ areaxis xJ' and x{*, respectively, as illustrated in Fig. 2-2(b). In
this planar configuration, ¢, ¢@-, @5, and ¢ denote the internal angles of the
quadrilateral A1B1C1D1. Consequently, the summation of ¢ satisfies

P+ ¢, +¢5 +@; =2 (2-16)

(b)

Fig. 2-2 (a) Projections of spatial quadrilateral ABCD, (b) geometric details of the planar
quadrilateral A1B1C1D1.

Hence, the relationship among the dihedral angles ¢i described by Eq. (2-10) is
automatically satisfied when the upper part forms a closed loop. Furthermore, regarding
the quadrilateral A1B1C1Da, the notation |A1B1| is employed to denote the linear distance
between vertices A1 and Ba; similar definitions apply to the lengths of the remaining

sides, i.e., |B1C1|, |C1D1|, and |D1A1]. Then Eqg. (2-11) can be reformulated as
|AB,[sin g} —|B,C,[sin (¢} + 3 )~|C,Dy[sin g} =0, 217)
ID,A,|-|A,B,|cos ¢} +|B,C,|cos( ¢ + @5 )~|C,D,|cos g7 =0.

To further analyze the geometry of the planar quadrilateral A1B1CiDs, auxiliary
lines are constructed as shown in Fig. 2-2(b): a perpendicular from point B1 to line D1A1
intersects at point E, a perpendicular from Ci to line BiE intersects at point F, and a
perpendicular from Ci to line DiA1 intersects at G. Consequently, the relationships
between the dihedral angles gi and the edge length described by Eq. (2-17) simplify to
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B.E|+|B,F|-|C,G|=0,
(2-18)
ID,A,|+|AE|-|C,F|-|D,G|=0.
Based on the geometry presented in Fig. 2-2(b), the length constraint within the planar
quadrilateral A1B1C1D1 described by Eq. (2-18) is naturally satisfied.

Then, consider the planar quadrilateral A2B2C2D: illustrated in Fig. 2-3. Let the

projections of axes x* and x; be denoted as x* and x[", respectively. The

a
summation of ¢, satisfies

O+ + o) + o) =2m. (2-19)
Consequently, Eq. (2-13) is inherently satisfied. Within the quadrilateral A2B2C2D2, Eq.
(2-14) can be reformulated as

~|A,B,[singf ~|B,C,[sin(¢f + 7 ) +|C,D,[sing; =0, 2:20)
|A,D,|~|A,B,|cos @} +[B,C,|cos(¢f +¢;)-|C,D,|cos g} =0.
To facilitate the geometric analysis of the planar quadrilateral A2B2C2D2, auxiliary
construction lines are introduced as depicted in Fig. 2-3. Specifically, a perpendicular
line is drawn from point B2 to line D2Az, intersecting at point E. Similarly, a
perpendicular from C: to line B2E intersects at point F, and a perpendicular from Cz to
line D2A: intersects at G. Based on this geometric construction, Eq. (2-20) simplifies
to
—|B,E|-|B,F|+|C,G|=0, (2-21)
|A,D,|+|A,E|-|C,F|-|D,G|=0.
Finally, considering the geometric relationships presented in Fig. 2-3, Eq. (2-20) is
naturally satisfied.
Therefore, the correlations between the edge lengths and twist angles aig+1) for the
upper and lower parts, represented by Egs. (2-12) and (2-15), constitute the essential

compatibility conditions.

D,
Fig. 2-3 Geometric details of the planar quadrilateral A;B,C;D».
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Next, considering a specific geometric constraint, the link vector directed from
vertex | to vertex J is denoted as LV, and its modulus is represented by IV, i.e., |[LV|= IV,
Based on this notation, the constraint is formulated as

L°A + L%® = L°€ + LB, (2-22)
However, with four length parameters and eight angular parameters remaining, the high
dimensionality of the unknowns complicates the solution process. Therefore, we
impose the constraints in Eq. (2-23) to reduce the angular parameters, which are

expressed as
al’E + a% =, 0{% + 0{{1 =, (2-23)
a,ta;, =T, Oy+a, =T
From a physical perspective, these equations dictate that vertices A and C must be flat-
foldable 4-crease vertices. This geometric restriction effectively reduces the number of
unknown angle parameters to four, facilitating the subsequent analysis.

By rotating the origami structure shown in Fig. 2-2(a) clockwise by 90° about the
X axis, the configuration transforms into that illustrated in Fig. 2-4. For clarity of
representation and derivation, the structure is visually decomposed into two segments.
It is important to note that the node pairs (D, D), (B, B'), (K, K'), (L, L"), (M, M’), and
(N, N’) represent coincident nodes in the physical assembly. A Cartesian coordinate
system is established with the origin located at vertex D (or D'). Consequently, the
fundamental geometry relationships are defined as follows:

>+ L% = L =(x(B), y(B),z(B)), (2-2)
>+ L% = L°® =(x(B"),y(B'),z(B")).

To facilitate the geometric derivation, a series of auxiliary lines are constructed: a
perpendicular line AQ is drawn from point A to the line DM, intersecting at point Q; a
perpendicular line AP is drawn from point A to the plane DMN, with the foot of the
perpendicular denoted as P; and a perpendicular line BO is drawn from point B to the
line AP, intersecting at point O. Additionally, let Bo denote the projection of point B (or
B’) onto the x axis.

Applying spherical trigonometry to the spherical triangle associated with vertex D
(spherical triangle D-AMN), the following relationships are obtained:

cos Z/MDN = cos &zl COS a,, +Sin a; sin a, COS @y,
cos a, —cos ZMDN cos oy, (2-25)
sina sin ZMDN '

cos ZAQP=
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Hence, there exist:
|AP| =17 sin az, sin ZAQP,
AB e A (2-26)
|AO| =1 sin aryy sin ZAQP.

Furthermore, considering the geometry of the right-angled triangle PDQ, the following
relation holds:

2 2
PQl _ yIAQ AP

/PDQ =arctan =
N O

(2-27)

This leads to:
/MDN

/PDB, = /PDQ -

(2-28)

Fig. 2-4 Setup of the Cartesian coordinates in the origami structure.

Synthesizing the preceding derivations, the general coordinate expression can be
determined as:

+1+cos ZMDN
) = 0 .(2-29)

B
z(B
(8) DA 1AB\cin A cos &l —cos ZMDN cos
(1°% =1%%)sin ey, [1- s
sin a,; sin ZMDN

Similarly, applying the same geometric principles to the counterpart segment of the

structure yields:
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V2 6e ooy —COsaS, —cosal
_(| o ) 23 23
J1+cos /MDN
Lo® =| y(B') |= 0 .(2-30)

2(B’) o e\ c —cosa® +cos ZMDNcosal,
10 —1%%)sin a, [1- _ :
( 2 sin a5, sin ZMDN

Equating corresponding terms in Egs. (2-29) and (2-30), the following equations
are derived

(1% +17®)(cos apy + cos ey, ) = (1°° +1° ) (~cos a5, — cos 3 ),
(17 —IDA)2 (sin? a3y —cos® £D,DD, —cos® e, +2¢0s £D,DD, cos a; Cos ay, )

= (10 1% )2 (sin® &5, — cos® £D,DD, —cos’ ay, +2¢0s £D,DD, cos g, COs @, ).

(2-31)

To ensure the validity of Eq. (2-31) and obtain precise solutions, it is necessary to

perform a case analysis based on the link length parameters. Specifically, we examine

the difference between (1*B-1°A) and (I°P-IBC). If the condition IB-IPA=|CD-[BC=Q is
satisfied, the general constraint in Eq. (2-31) simplifies to

1" +1"® _ cosay, +cosay
COSapy +COSaty,

IBC+|CD -

(2-32)

By integrating the relationship between the twist angles given in Eq. (2-32) with the
expressions for edge lengths and twist angles «ici+1) for the upper and lower parts (Egs.

(2-12) and (2-15)), we derive the following compatibility conditions:
Case 1:

IAB =|DA,ICD :|BC’
1"® _ cosay, +cosay, (2-33)

CoSapy +Cosay,

ICD -

Based on the compatibility conditions derived in case 1, two types of origami
structures featuring spatial quadrilateral cross-sections are designed, as illustrated in
Fig. 2-5. These structures are constructed by tessellating the fundamental kinematic unit
four times to form a tubular assembly. This construction strategy is consistently applied
to all subsequent models discussed in this work. Figure 2-5 presents the physical folding
sequences of these configurations and the corresponding relationships between the
dihedral angles. The analysis reveals that the folding characteristics are critically
governed by the selection of geometric parameters. Specifically, when the parameters

are chosen to possess high symmetry, the kinematic curve in Fig. 2-5(a) shows that
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o), ¢, and ¢, reach 0 or = when the input angle ¢° is 0 or &. This quantitative
result confirms that the structure possesses two compact 2D states, corresponding to
fully flat-folded (¢, =0, state i) and flat-deployed (¢ =n, state v) states. In contrast,
adopting a more general set of parameters results in the configuration shown in Fig. 2-
5(b). Here, the kinematic curve demonstrates that ¢;, ¢ ,and ¢, remain neither 0
nor = when ¢ is 0 or m, thereby verifying the absence of any compact 2D states.
Furthermore, the kinematic curves in Fig. 2-5 reveal discontinuities during the motion.
At these critical points, the dihedral angle satisfies ¢, =n (or -m). Physically, this
condition indicates a transition in the M-V assignment of ¢, , signifying that a crease
switches from a mountain fold to a valley fold (or vice versa) during the continuous
folding process. To ensure the structure can achieve a fully flat-folded state, the
geometric arrangement must allow the adjacent layers to come into contact without
physical intersection. This requirement leads to the following constraint:

an+as, ay +as,

2

Substituting Eq. (2-34) into Eq. (2-33) yields the flat-foldability conditions for this

graded configuration:

21°® cos =-21°° cos (2-34)

IAB :IDA,ICD :IBC,

A B_ . C D A c_ B D
Oy T 0yy = Olpz + Qpg OF Oy + 0yy = Qlpz + Qs (2-35)
AB B c
I _ COSQy; +COS

COSarp +COS L,

ICD -

Based on the solution space derived in Eq. (2-35), two distinct origami
configurations are constructed, as illustrated in Fig. 2-6. In these two configurations,
the parameters «f, and ag, are switched. The kinematic curves demonstrate that
when the input angle ¢ is 0, the remaining dependent dihedral angles reach 0 or .
This verifies that both configurations possess a flat-folded state. Furthermore, the
folding behaviors are distinguished by the relative magnitudes of the twist angles. For
the case where ajy> ., if the condition (- o) < (n- a5, ) is met, the structure folds
into the configuration shown in Fig. 2-6(a). The kinematic curve for this configuration
exhibits a discontinuity, corresponding to a physical transition in the M-V assignment
of @7 . Conversely, if (n-af) > (n-as,), the structure folds into the configuration
shown in Fig. 2-6(b), where the kinematic curve remains continuous throughout the
motion. Itis worth noting that when «; < a2, these relationships are switched, leading
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to the opposite correspondence between the geometric conditions and the resulting
folded states.
Alternatively, we consider the special geometric condition satisfying 1AB-PA=]<P-
IB£0, and the solution is given by
COS oy COS @x, = COS cry, COS ALy,
cos” al; +23(:052 azDz = cos’ 0253283 + cozs32 ay,. (2-30)
To derive the explicit kinematic relationship for this case, a similar analysis is
performed by combining this simplified constraint with the previously defined
expressions (Egs. (2-12) and (2-15)). Solving this system of equations yields a distinct
solution set, denoted as case 2:
Case 2:
IAB — ICD,IBC — IDA,
COS @y = —COS Ay, COS (g, = —COS Ly, (2-37)
(or cosay; =-cosayp, cosay, =—cosas, ).

Utilizing the relationships derived in case 2, an origami structure characterized by
a parallelogram cross-section is designed, as illustrated in Fig. 2-7. The kinematic
relationship and the folding process demonstrate that the structure possesses two
compact 2D states.

In summary, this section has established a rigorous kinematic foundation for the
fundamental closed-loop assembly of four 4-crease vertices. By integrating D-H
kinematics with spatial loop-closure constraints, explicit compatibility equations were
derived, revealing that the rigid foldability of such structures is not limited to planar
cross-sections. Two distinct solution spaces were identified: case 1, corresponding to
those with generalized spatial quadrilateral cross-sections, and case 2, corresponding to
structures with parallelogram cross-sections. Furthermore, the derivation of flat-
foldability conditions ensures that these assemblies can achieve compact folded states.
These findings demonstrate that the geometric design space for single-DOF rigid-
foldable tubular origami structures is significantly broader than previously assumed,
providing the theoretical basis for the generalized multi-vertex analysis in the
subsequent section.
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Fig. 2-5 Kinematic relationships of dihedral angles and the corresponding folding processes for
configurations based on case 1, with (a) I*® =1%¢ =1°° =1°* o/, =5n/18, &}, =13n/18, oy, =5n/9,
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Fig. 2-6 Kinematic relationships of dihedral angles and the corresponding folding processes for
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Fig. 2-7 Kinematic relationships of dihedral angles and the corresponding folding processes for
configurations based on case 2, with 1%¢=21"% 1" =1 I°¢ =1°* ol =n—ay,=4n/9,

ap=n—ay,=5m/18.

2.3 Compatibility Conditions on Tubular Assembly of Multiple 4-
Crease Vertices

The kinematic analysis is now extended to generalized origami assemblies
composed of multiple 4-crease vertices, as illustrated in Fig. 2-8. The assembly is
conceptually partitioned along the reference plane (designated as the XOY plane) into
two distinct regions, denoted as region M (highlighted in blue) and region N
(highlighted in gray). Region M comprises a serial chain of P 4-crease vertices (labeled
I, 11, ..., P), while region N contains Q 4-crease vertices (labeled I, I, ..., Q).

Although the cross-sectional profile of such a structure typically forms a spatial
concave polygon, the strategic modification of M-V assignments allows for
transformation into a spatial convex polygon, as indicated by the transparent overlay in
Fig. 2-8. In this configuration, vertices Po and Qo serve as the inflection points
connecting the distinct geometric chains of regions M and N, respectively. To facilitate
Kinematic analysis, the view presented in Fig. 2-9(a) is derived by rotating the
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configuration in Fig. 2-9 counter-clockwise by 90° about the X axis. In this rotated
orientation, the structure is further decomposed into an upper part and a lower part by
a spatial dividing polygon (highlighted in red in Fig. 2-9(a)). Consequently, the
intersection of the vertical (M/N) and horizontal (U/L) divisions create four structural
quadrants: MU, ML, NU, and NL. Using vertex Po and its adjacent nodes as a
representative case, local coordinate systems are established based on the D-H notation,
as detailed in Fig. 2-9(b). For region M (and similarly for N), the vertices indexed from
Il to P (and Il to Q) are designed as flat-foldable 4-crease vertices, while maintaining
the parallelism constraint described in Eqg. (2-2). For notational brevity, we use a to
represent the acute angle of the constituent parallelograms. For instance, ¢ denotes
the acute angle corresponding to the edge connecting Po and Po+1 within the lower part

of region M, as shown in Fig. 2-9(b).

M:
11 P
7
7 |
X
Q 11
N:

Fig. 2-8 An origami structure composed of multiple 4-crease vertices.
Similar to the derivation for the origami structure composed of four 4-crease
vertices, the compatibility conditions that must be satisfied for the upper and lower parts

in this multi-vertex assembly are:
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P Q
§ LR § LR
KP:I KQ:I (2-38)
TR XKD _ | '
];[ ML ]l;ll: NL 4
in which
Tl\(/II/(N+U1)K =R, (am\llu )Tz (|,§,(,\|‘<+1)) R, (271:—0!5,NU ) R, (7t + @y )’ (2-39)
TNII(II(\JIT_H) = Rx (n-al\ﬁlNL)Tz (l&/([if*l)) Rx (n-al\ﬁlﬁL) Rz (TC + ¢£I1<+l)'
(a)
Upper part

Fig. 2-9 Geometric definition and coordinate system setup of the rotated origami structure. (a)

division into upper and lower parts, (b) coordinate system setup near vertex Po.

By simultaneously solving the system of kinematic equations established in Eq.
(2-38), we derive the explicit compatibility conditions that govern the independent
motions of the upper and lower parts:

il | 11 1 P(P +1) P Pl =]
Iy, cosa,,, +ly cosay, +-+1a "7 cosas, +--+ 1, CosSayy,

IQo(Qo +1) (2-40)
N

_qtu I i 1l Q Ql Q
=l cosay, +1y cosay, +--+ cosayy +---+ 1y cosayy,
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1 I 1 1 Po(Po+1) P PI P
Iy cosay, +ly cosay, +---+1"° 7 cosay +---+1y, cosay, (2-41)
—11"cosa), +1"cosa! +-+12% cosa® +---+19 cosarl .

Furthermore, to ensure the kinematic compatibility between regions M and N, the

following geometric constraint is imposed:
L+ Ly et Ly = (L + "+ L), (2-42)

Consequently, solving this constraint equation leads to the derivation of the following
relationships:

Al 1 Pl | 1
Iy +ly +---ly  CcOSay, +CoSay,

- , 2-43
' 1"+ 19 cosay,, +CoSagy, (2-43)
2 2
(AM) :(AN)'
(Ay ) cosay, cosag, =(Ay )’ cosay, cosa,, (2-44)

(A ) (sin agyy — €08 atyyy ) = (A ) (sin? ey, —cos ayy, )
In these expressions, Am and Ay represent the length parameters associated with regions
M and N, respectively, and
JNE L [ [ L e S [
AN :Ill\l“ +|’|\:||| +"'+|r(\1Q0_l)Q0 _ISO(QOH)_“'_ISI-

The analysis reveals that the kinematic solutions are governed by the parameters

(2-45)

(AM)? and (AN)2. Consequently, integrating this finding with the fundamental
compatibility conditions established in Egs. (2-40) and (2-41), we identify specific
solution cases based on the classification of these length parameters.
Case 3: When (Am)?=(An)%£0:

Under this specific condition, the angular parameters are strictly constrained by
the geometry, leading to the expression:

Oy =y Oy = Ay
(or ey =ty oy =y ),
B I O e s

Po(Po+1) (Po+1)(Pp +2) Pl _ 1Q(Qo+1) (Qo+1)(Qo+2) Ql
N +1y, o1y =13 +1y ot

(2-46)

To demonstrate the physical implementation of this case, we consider a specific
configuration where P=I11, Q=II, and Po=Qo=I1. Substituting these values into Eq. (2-
46), the relationship between the length parameters simplifies to:

47



Doctoral Dissertation of Tianjin University

|||| _ ||||
M TN

[ (2-47)

M M T 'N

Guided by these derived parameters, the origami tubular structure illustrated in Fig.

2-10 is constructed. This assembly comprises a total of five 4-crease vertices and

features a spatial parallelogram cross-section. The kinematic relationships and folding

process demonstrate that this structure possesses two distinct compact 2D states.

1 il iii v A
TE T T
- (DAItM
Pin
i’j3n/4* Ty |
&0
=
[a+]
= w2t
S
,-c [ ]
(]
< p
A w/4+t
0

0 /4 n/2  3mn/4 T
?im

Fig. 2-10 Kinematic relationships of dihedral angles and the corresponding folding processes for

configurations based on case 3, with 1);' =15," = 11", 1" + 15" =1\", &y, =57/18, ey, = 41/9.

Finally, we investigate the special case where (Am)?=(An)?=0. This condition leads
to the emergence of three distinct sub-cases, classified as follows:
Case 4.1:
COS,,, =CO0Sy,, COSay,, =COSy, - (2-48)
Case 4.2: In this sub-case, the solution depends on the specific parity of vertex indices
P, Q, Po and Qo. Accordingly, there exist the following relationships:
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(Po+2)(Py +3) !

+1y,

f o+ Y e o2t = (o2 g (03030+4) (g p s odd))
(F) = IIII+|IIIIV+”.+|(P0‘1)P0 —

| P+ ) (if P, is even)

1% (if P is odd)
g(P) = o) (i p :
e (if P is even)
f(Q ) {III\,“ +|'|\‘|||V+.“+|'(\‘PO-2)(P0-1) :Il(\‘PO+1)(PO+2)+|’(\IPO+3 Py +4) (If Qo is Odd)

[ +|||||v +___+|(Po-l)Po =|EO(P0+1)+|'(\IP0+2)(P0+3 (|f Q, is even)

(2-49)

2(0) = {I( "% (if Qs odd)

@) (if Qs even)'

And the compatibility conditions are derived as

f(Py)+9(P),
F(Qo) +9(Q),

|,:,,“ n wlm |'\P/?(Po+1) n |(Po+1)(Po+2)

TR L
[ Q _ | Q(Q+) A (Qo+1)(Qo +2) (2-50)
N —IN

(Q Ql
ot +ot 1y,

il 1 P-1P 1
Iy, +1y + +I ° COSaNU+COSaNU

e, g -1)Q I n-
I )@ cos oy, +COS oy

Case 4.3:

| “+|'£;)0'1)P0 :|Po(Po+1)+|(Po+1)(Po+2)+,,,+|'\PA"

M M

g Qo _ 1Q0(Q0+1) | 1(Qo+1)(Q+2)
IN +|N o_lNo 0 +IN0 0

(Q Ql
1y +o 41y

L v V VI
y +1y o+l

+
_I_
1 v VIVII
o= Y Y ) cosal, —cosal (2-51)
+ H

III\III+II“IV+IRI/VI _(lll\llm+|’|\:||v+|'tl/|vu+m) COSO(,i,,U COSO!,{,I,U

' 1"+ +IP'”’° _cosay, +Cosayy,
TEESTIIN +| -1)Q COSU!.‘muJFCOSOf,I\;u'

The theoretical framework established above provides a robust basis for
synthesizing a diverse range of origami structures. Notably, the solution in case 4.1
mathematically recovers the geometry of the classical Miura-ori pattern, validating the
generality of the results. Applying the conditions derived in cases 4.2 and 4.3 allows
for the construction of the alternative origami configurations shown in Fig. 2-11. For
these specific configurations, the kinematic curves in Figs. 2-11(a) and 2-11(b) indicate
that these structures can neither achieve a fully flat-folded state nor a flat-deployed state,
where the gray shaded regions denote ranges physically inaccessible due to model
interference.
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Fig. 2-11 Kinematic relationships of dihedral angles and the corresponding folding processes for
configurations based on (a) case 4.2 and (b) case 4.3, with (a) I,," =21.", 15" =31, 1" =11",
ayu=m/3,a,=41/9,a,, =51/18,ay, =5n/12, and (b) 1" =21 10"V =31 1YY =251,
Ay =1/3, o, =41)9, a1y, =51/18, ary, = 5m/12.
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(a)

Dihedral angles

I (ozltM
Pin|

111
- ¢4M

Dihedral angles
<

0 /4 n/2  3n/4 gL
Piu

Fig. 2-12 Kinematic relationships of dihedral angles and the corresponding folding processes for

configurations based on case 4.2, with (@) I,,' =14" =15'" =17, 1" =1\, &y, =57/18, oy, = 47/9,

an, =2m/9,ay, =7n/18, and (b) 1" =1y" =15 =1 =1 = 1" = 11" = 1", oy, =, =47/9,

ag, =y, =5m/18.
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Nevertheless, by carefully selecting design parameters within these theoretical
cases, complex flat-foldable assemblies can still be achieved. As demonstrated in Figs.
2-12(a) and 2-12(b), origami structures composed of six or eight 4-crease vertices can
be successfully constructed to allow for flat-foldability.

To conclude, this section has successfully generalized the kinematic analysis to
origami assemblies composed of multiple 4-crease vertices. By decomposing the
complex loop into discrete geometric chains, universal compatibility conditions
governing the relative geometric parameters were derived. The analysis identified
specific solution classes, case 3 and case 4, which enable the construction of single-
DOF tubular origami structures with complex spatial polygonal cross-sections. Notably,
this framework recovers classical patterns such as the Miura-ori as a subset (case 4.1)
while unlocking novel configurations with tailored folding characteristics (cases 4.2
and 4.3). These theoretical advancements provide a robust methodology for
synthesizing complex tubular origami structures with versatile spatial configurations,
serving as the building blocks for the advanced metamaterial design discussed in the

following section.

2.4 Design and Tessellation of Double-Tubular Origami Structures

Based on the compatibility conditions established in the previous sections, single-
tubular origami structures oriented along specific axes can be systematically
constructed. However, the proposed theoretical framework offers design flexibility that
extends well beyond simple single-tubular configurations. This section utilizes the
derived compatibility conditions to explore advanced construction possibilities,
specifically focusing on the synthesis of double-tubular origami structures through
constraint-based geometric coupling.

The construction process begins with a primary single-tubular structure derived
from the case 4.2 compatibility conditions, as illustrated in Fig. 2-13(a). The boundary
interface of this structure, specifically the section defined by the polygon ABCDEF,
possesses the geometric characteristics to serve as a shared constraint boundary for an
adjacent substructure. By treating this interface as a linkage foundation, a secondary
origami assembly with a distinct spatial orientation can be coupled to the primary unit,
as presented in Fig. 2-13(b). To ensure the rigid foldability of this coupled assembly,

strict parameter matching is required at the connecting vertices. In the primary structure
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(Fig. 2-13(a)), vertices B, C, and E, are fully defined flat-foldable 4-crease vertices.
Taking vertex B as an example, its two angular parameters and four length parameters
are intrinsic to the primary design. Consequently, for the secondary substructure shown
in Fig. 2-13(b) (defined by the cross-section BHKG), the kinematic constraints

propagate from vertex B. Thus, we have:

B, B _ B, B _
Oy + 0y =T, O+, =T, (2-52)
K + K _ K + K _

o T 0y =Ty O Ty =T

If the lengths satisfy IBS£IBH the governing compatibility equation corresponds to Eq.
(2-46), satisfying:

IBG_IHK IBH_IGK

—|HK|BH oK,

B_ K B _ K (2-53)
Oy = Oy Qg = Upg.

Conversely, if the geometric setup dictates an alternative relationship where 186=|BH

under specific symmetric conditions, the system adheres to Eq. (2-50):
IKG — IKH
1°°  cosays +cosay (2-54)
I“¢  cosal +cosal

Simultaneously, vertex D in the primary structure functions as an eggbox-type
vertex, with its four angular and four length parameters already determined.
Furthermore, vertex D shares fully defined parallelogram facets with the adjacent flat-
foldable 4-crease vertices (C and E); a similar geometric constraint applies to vertex L.
Due to these shared kinematic chains, the spatial position and angular parameters of the
resulting vertex L are uniquely constrained. Thus, regardless of the specific case applied
(Eq. (2-46) or Eq. (2-50)), the four angular and four length parameters of the eggbox
vertex L are uniquely determined by the closure constraints of the adjacent loops.
Consequently, by synthesizing the primary configuration from Fig. 2-13(a) with the
derived secondary substructure from Fig. 2-13(b), a complete double-tubular origami
unit is obtained, as shown in Fig. 2-13(c). This derivation confirms that once the
geometry of the primary single-tubular structure is defined, the kinematic profile of the
corresponding double-tubular configuration is uniquely determined by the governing
compatibility conditions, ensuring a single-DOF motion for the combined assembly.

Due to the absence of inherent symmetry in the generalized double-tubular unit,
assembling multiple units into a large-scale mechanism requires a specific rotational
tessellation strategy to ensure geometric continuity. Unlike uniform tessellations that
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rely solely on simple translation, the asymmetric nature of these units necessitates a
more complex arrangement to maintain kinematic compatibility. Figure 2-14 illustrates
the fundamental building blocks derived from this strategy. The reference configuration
is designated as original unit (1). By performing spatial rotations on this primary unit
along the coordinate axes, a series of complementary configurations, referred to as
rotated units (2), 3), and (4), are generated. These derived variants are not merely
reoriented duplicates but serve as essential distinct components that allow the structure

to extend continuously in 3D space.

(c)

Fig. 2-13 Construction of double-tubular origami structure. (a) Primary single-tubular configuration

based on case 4.2; (b) auxiliary origami substructure; (c) the double-tubular origami structure.

Crucially, Figure 2-15(a) provides the detailed geometric definition of the
reference configuration, designated as original unit (1). To explicitly illustrate the
geometric interface, the figure presents a 3D isometric view alongside a side view, in
which the boundary contour is highlighted by red lines and the vertices are marked by
red squares. The side view reveals that the outer boundary exhibits a distinct zig-zag
profile, which acts as a specific geometric interface for connectivity. The assembly
variants are generated through spatial rotations of this reference unit, as shown in Fig.
2-15(b)-(d). Notably, these spatial rotations not only reorient the structure in 3D space
but also transform the alignment of this zig-zag profile. This transformation is vital
because it ensures that the boundary profiles of adjacent units are mathematically

compatible, allowing them to interlock perfectly without physical interference.
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Rotated unit3) Rotated unit @)

Fig. 2-14 Orientation variants of the double-tubular origami unit: original unit (1) and the derived

rotated units (2), (3), and (@).

(a) Original unit (1) (b) Rotated unit 2)
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(c¢) Rotated unit(3)
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Fig. 2-15 Geometric definition and orientation variants of the double-tubular origami unit. (a)

Original unit (1); (b) rotated unit (2); (c) rotated unit (3); (d) rotated unit (4).
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Consequently, when interconnecting multiple double-tubular units to form an
extensive structure, stringent connectivity rules must be satisfied to address the absence
of inherent symmetry in the generalized double-tubular unit. As detailed in the
geometric definition, the outer boundary of these units exhibits a distinct zig-zag profile.
Since spatial rotations transform the alignment of this profile, adjacent units must not
only connect via shared edges but also strictly maintain identical relative positions of
their outer profiles along the interface to ensure compatibility. For example, as
illustrated in Fig. 2-16(a), the tessellation requires a specific matching of rotated
variants: the blue component of unit (1) must connect exclusively with the blue
component of unit (2), whereas the gray component of unit (1) is compatible only with
unit (3). Through this specific rotational tessellation strategy, which ensures geometric
continuity across the boundaries, double-tubular origami structures can be
systematically arranged in 3D space to construct extensive kinematic grids, ultimately
forming an origami metamaterial with single-DOF mobility, as shown in Fig. 2-16(b).

AV
LTASSNELE 225
S L)

ey SNy /NN
"'/(\W%’/ XY

Fig. 2-16 Tessellation rules for the assembly of double-tubular structures. (a) Tessellation of distinct

rotated origami units; (b) assembled origami metamaterial.

As a representative example, we adopt the specific unit configuration shown in
Fig. 2-4(a), which features high symmetry and possesses two compact 2D states, as the
primary structure. Through the systematic execution of the previously discussed
tessellation strategy, these primary structures are interconnected to form the double-
tubular origami metamaterial presented in Fig. 2-17. The kinematic analysis of this
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metamaterial reveals a distinct coupling effect: the dihedral angles ¢ and ¢,
exhibit opposite variation trends throughout the motion. Specifically, as one set of
dihedral angles increases, the other set decreases, implying that the expansion of the
structure along one tubular axis is coupled with a contraction or distinct geometric
transformation along the orthogonal axis. Physically, this characteristic indicates that
the tubular pathways aligned along the two distinct directions undergo inverse
geometric evolutions during the folding process, thereby endowing the metamaterial

with complex, direction-dependent spatial reconfiguration capabilities.

1 i il 1v
TE P
“
L ]
§ /2t i
on
=
< .
= 0
$—
b5
= — 03
Q-T[/z r (pg)
— 05

0 /4 n/2  3n/4 L
@7

Fig. 2-17 Double-tubular origami metamaterial based on the origami structure in Fig. 2-4(a).

2.5 Conclusions and Discussion

In this chapter, a generalized kinematic framework has been established for the
synthesis and analysis of rigid-foldable tubular origami structures constructed from 4-
crease vertices, effectively eliminating the design limitations imposed by traditional co-
planar cross-section assumptions. By decomposing the spatial assembly into upper and
lower parts with loop-closure constraints, the research has derived explicit
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compatibility conditions for both fundamental four-vertex loops and generalized multi-
vertex chains. This rigorous analytical approach has significantly extended the feasible
design space, enabling the construction of diverse configurations ranging from simple
parallelograms to complex spatial polygonal cross-sections. Guided by these theoretical
results, a novel double-tubular origami unit has been successfully constructed via
constraint-based geometric coupling. Furthermore, a systematic tessellation strategy
has been developed, employing specific rotational transformations to ensure the
geometric and kinematic continuity of these units within cellular metamaterials. These
advancements position the proposed framework as a versatile design methodology,
paving the way for applications in deployable aerospace systems, soft robotics, and
architectural structures.

In addition, although the generalized kinematic framework developed in this
chapter significantly expands the feasible design space for tubular origami structures,
practical considerations for subsequent metamaterial design indicate that symmetric
configurations with coplanar cross-sectional vertices are often more advantageous.
Symmetric designs provide more predictable and uniform folding behavior and
simplify tessellation strategies. Therefore, while the theoretical design space
accommodates highly diverse spatial polygonal cross-sections, prioritizing symmetry
in future designs is expected to improve geometric compatibility and ease the
implementation of complex origami metamaterials.

The present study is formulated within the framework of zero-thickness rigid
origami, and the effect of panel thickness on foldability is therefore not considered.
Meanwhile, the analytical solvability of the proposed framework relies on the flat-
foldability constraint, which serves as a necessary dimensionality-reduction step. As a
result, the present solution is limited to a specific class of tubular origami structures and
does not include more general configurations containing three or more eggbox-type
vertices. Future work may address these limitations from both physical and
methodological perspectives. On the one hand, incorporating thickness effects would
enable a more realistic kinematic synthesis of tubular origami structures. On the other
hand, for tubular assemblies composed of general 4-crease vertices, numerical
approaches could be introduced to handle the compatibility conditions in the resulting
high-dimensional nonlinear design space.
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Chapter 3 Single-Tubular Metamaterials with Programmable
Mechanical and Acoustic Properties via M-V Assignments

3.1 Introduction

Based on the compatibility conditions discussed in Chapter 2, a variety of origami
structures with distinct geometric characteristics and folding behaviors can be designed.
By tessellating these units in 3D space, origami metamaterials can be constructed.
Regarding the performance of such structures, systematic studies have been extensively
conducted on the influence of geometric and material parameters, such as design angles,
panel side lengths, folding angles, and wall thickness, on their physical properties.
However, with respect to the influence of M-V assignments, previous studies have
primarily focused on variations in geometry, with limited research dedicated to their
specific effects on physical properties.

Thus, the objective of this chapter is to program the mechanical and acoustic
properties of single-tubular metamaterials by varying M-V assignments. For this
purpose, a series of single-DOF rigid foldable origami metamaterials based on the
double-corrugated pattern are created by altering their crease assignments. The
geometric dimensions and Poisson's ratios of these metamaterials are theoretically
analyzed to establish their kinematic foundations. To further investigate the impact of
M-V assignments on mechanical and acoustic performance, a combined approach
utilizing finite element (FE) simulation and experiments is employed. By systematically
correlating specific M-V configurations with their corresponding physical responses,
this chapter demonstrates that altering M-V assignments is an effective strategy for
performance programming.

The outline of this chapter is as follows. Section 3.2 presents the geometric design,
identifying four distinct rigid foldable units, and derives their Poisson's ratios. Section
3.3 systematically investigates the mechanical properties, comparing the structural
responses of uniform and mixed metamaterials. Subsequently, Section 3.4 extends this
comparative framework to investigate the acoustic properties of both uniform and
mixed designs. Finally, conclusions are included in Section 3.5, which ends this chapter.
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3.2 Geometric Design

The double-corrugated pattern, shown in Fig. 3-1(a), represents a typical origami
pattern consisting of degree-4 vertices. It composes two types of rhombi with identical
side lengths a but varying internal angles, named « and $. Based on the Maekawa-Justin
theory and the Big-Little-Big Angle theorem, numerous M-V assignments can be
applied to this origami pattern. Figure 3-1(b) illustrates a rigid M-V assignment, while
Fig. 3-1(c) shows a non-rigid one, where solid and dashed lines represent mountain and
valley creases, respectively. In a study conducted by Peng et al. 8], the rigid foldability
of the units ABCD and ABEF shown in Fig. 3-1(a) was examined using kinematic
analysis, considering all possible M-V assignments. Based on the previous analysis,
four distinct rigid foldable origami units with single DOF can be constructed within a
4x4 origami pattern, labeled as DC-1 to DC-4 in Fig. 3-2. The gray area shown in the
figure represents the smallest unit of the origami structure. This unit can be repetitively
arranged in a 2D plane to form a larger origami pattern. For the four types of origami
units shown in Fig. 3-2, the angles g¢i, 6i (i=1, 2, 3, 4), i (=2, 4) represent the dihedral
angle between the panels, and di and yi (i=1, 2, 3, 4) represent the dihedral angle between
the panel and the plane spanned by vectors BA and BC. Additionally, creases of the
same color correspond to identical dihedral angles. In this paper, we consider ¢i as the
folding parameter of the origami units, and the relationships of other angles plotted in

Fig. 3-3 can be obtained using the following equations!47:148l:

7z—2arctan(cot(;‘cosﬂ;a/cosﬂ;ra) when i=1,2

0 =
Zarctan(tan(g‘sinﬂ;a/sina;ﬂj when i =3,4

: (3-1)

%—arctan [ (cos Bsina—cosasin Bcosg,)/(sin Bsing,)] when i=1,2

0 = :
%+arctan(cosozcot(pi +cot fcsco, sina) when i=3,4
(3-2)
%—arctan [ (cosarsin f—cos Bsinacosg, )/(sinasing,)| when i=1,2
Vi = ,
%—arctan(cos,ﬁcot(pi +cotacscey sin ) when i =3,4
(3-3)

60



Chapter 3 Single-Tubular Metamaterials with Programmable Mechanical and Acoustic Properties via M-V Assignments

2arctan tan(p‘sinOHﬂ/sinﬂ_a when i =2
2 2 2
= ) (3-4)
2arccot(cot§;‘cosa;ﬂ/cosﬂ;a] wheni=4

Non-rigid

Fig. 3-1 (a) The double-corrugated origami pattern; (b) M-V assignments of a rigid origami pattern

and (c) a non-rigid origami pattern.

The geometric dimensions are indicated in blue in Fig. 3-2, in which w, |, and h
are the geometric dimensions in x, y, and z directions, representing the width, length,
and height of the origami units, respectively. It is important to note that the plane
spanned by vectors BA and BC and the plane spanned by vectors ED and EF are
identical. Hence, the height h also represents the perpendicular distance from point G
to this plane. The geometric dimensions can be derived by applying the following

equations:
2a\/(1—005acos,8—sinasinﬂcos(pi)/Z wheni=1
w, wheni=2
Wi = ' (3-5)
2a\/(l—cosacos,8—sinasinﬂcos@i)/z wheni =3
2w, wheni =4
2a\/(1+003acosﬁ—sinasinﬂcos&i)/2 wheni =1
AN wheni=2
| = : (3-6)
2a\/(1+COSaCOSﬂ—SinaSiﬂ,BCOSgoi )/2  wheni=3
I, wheni =4
asinasino,  wheni=13
P = . . . . (3'7)
2asinasing, wheni=24

Then, the Poisson's ratios in different direction vxy and vx can be calculated as

__dij ]
Y dw/w! (3-8)
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_ dh/h
dw/w

(3-9)

xz

Fig. 3-2 The M-V assignments of four typical origami units and their corresponding geometry: (a)

DC-1; (b) DC-2; (c) DC-3; (d) DC-4.

Figure 3-4 illustrates the geometric dimensions and Poisson's ratios of the four
units, with the Poisson's ratios validated by simulations. It is evident from Figs. 3-4(a)
and 3-4(b) that despite variations in the M-V assignments, the configurations DC-1 and
DC-2 share identical vxy and vx.. Similarly, DC-3 and DC-4 also exhibit the same
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Poisson's ratios. This behavior can be attributed to the fact that changes in the M-V
assignments lead to alterations in the geometries of the units. However, there exists a
two-fold relationship between their geometric dimensions, as shown in Egs. (3-5)-(3-
7). Consequently, according to the definition of Poisson's ratio outlined in Egs. (3-8)-
(3-9), the configurations display the same Poisson's ratio. These configurations exhibit
a negative vxy and a negative-positive vxz. The positive Poisson's ratio of the origami
structure attributes to the typically wine-rack mechanism4°-151 The single-tubular
origami metamaterials can be obtained by mirroring the origami sheets along the plane
spanned by vectors BA and BC. The folding processes of these origami metamaterials

are shown in Fig. 3-5.
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Fig. 3-3 \Variations in different folding angles: (a) DC-1 and DC-2; (b) DC-3 and DC-4.

Mixed metamaterials are constructed under the premise of a finite number of units.
For the current metamaterial size of 6x6x2, it can be regarded as being formed by the
repeating arrangement of two types of unit cells. Specifically, mixed metamaterials are
constructed by connecting origami configurations that share the same Poisson's ratio
along the direction where their geometric dimensions are identical. To be more precise,
DC-1 and DC-2 are connected in the x direction, while DC-3 and DC-4 are connected
in the y direction. We use the variable nx6 to represent the number of DC-2 (or DC-4)
units within a layer. For instance, when n is set to 1, it is denoted as DC-Mx-1 (or DC-
My-1), meaning that there are 1x6 DC-2 (DC-4) units in a layer. By varying the value
of n, we can construct several different origami metamaterials shown in Fig. 3-6, in
which DC-Mx-0, DC-Mx-3, DC-My-0, and DC-My-3 are the uniform metamaterials,
corresponding to DC-1 to DC-4, respectively, and DC-Mx-1, DC-My-1, DC-Mx-2, and
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DC-My-2 are the mixed metamaterials. When the number of units is further increased,
the mixed metamaterial can also be viewed as a single unit cell that tiles in

three-dimensional space.
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Fig. 3-4 Geometric dimensions and Poisson's ratio of the origami units: (a) DC-1; (b) DC-2; (c)

DC-3; (d) DC-4.

64



Chapter 3 Single-Tubular Metamaterials with Programmable Mechanical and Acoustic Properties via M-V Assignments

==

9z =,
I
“\Mﬁ?@ z

L ds

Fig. 3-5 The 6x6x4 origami metamaterials formed by origami units, in which each layer consists
of 6x6 double-corrugated vertices and there is a total number of 4 layers: (a) DC-1; (b) DC-2; (c)
DC-3; (d) DC-4.

Fig. 3-6 Construction of different metamaterials by varying M-V assignments: (a) DC-Mx with n
=0, 1, 2, 3, where n is the number of DC-2 per layer; (b) DC-My withn=0, 1, 2, 3.

3.3 Mechanical Properties

To gain a more comprehensive understanding of the metamaterial behaviors in the
rigid foldable directions when changing the M-V assignments, numerical simulations
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of the compression were performed using the commercial finite element software
Abaqus/Explicit. The rigid foldable directions differ among these configurations.
Taking DC-1 as an example, when choosing ¢i=2z/3 as the initial folding state and
compressing in the x direction, the angles @1 and 61 exhibit a decreasing trend, while
the angles 01 and y1 show an increasing trend. Different angles are compatible under the
compression in the x direction, as shown in Fig. 3-3(a). When compressing in the y
direction, the angles ¢1, d1, and y1 exhibit an increasing trend, while 61 has a decreasing
trend, which is unable to be achieved compatibly according to Fig. 3-3(a). And when
compressing in the z direction, the angles @1 and 61 have an increasing trend, while the
angles 01 and y1 show a decreasing trend. It is compatible throughout the compression
process. Therefore, the x and z directions serve as the two rigid foldable directions for
DC-1 and DC-2, while the y and z directions are the rigid foldable directions for DC-3
and DC-4.

The compression scenario was simulated by modeling a structure placed on a
stationary rigid plate and compressed by a moving plate. In the simulation, the
stationary rigid plate was fully fixed in space, while all DOFs of the moving plate were
constrained, except for the translational DOF in the corresponding directions. A
prescribed downward displacement of 85% of the model dimension was assigned to the
free DOF of the moving plate, allowing control over the compression process. The
loading rate was controlled using the smooth amplitude definition feature provided by
Abaqus. The model was meshed using four-node shell elements with reduced
integration (S4R). General contact between the surfaces was taken into account, and
friction was considered by assigning a friction coefficient p of 0.3.

Before conducting the analysis, convergence tests were performed to assess the
effects of mesh density and analysis time. Two principles recommended by Abaqus
were considered during these tests. The first principle involved checking the ratio of
artificial energy to internal energy, ensuring that it remained below 5%. This
examination aimed to ensure that the hourglassing effect, which can introduce artificial
energy into the system, did not significantly impact the results. The second principle
involved evaluating the ratio of kinetic energy to internal energy throughout the
compression process. It was necessary to verify that this ratio remained below 5% for
the majority of the process, indicating that the dynamic effects could be considered
insignificant. Based on the convergence tests, it was determined that a global mesh size
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of 1 mm and an analysis time of 0.1 s produced satisfactory results. Both geometric
nonlinearity and material nonlinearity are taken into account.

Four metamaterials have the same design and folding parameters, with a=15 mm,
o=n/4, f=5n/12, and p=2n/3. 316L stainless steel with a thickness of 0.8 mm is used as
the material in the simulation process. And the material properties are consistent with
the experiments.

To validate the numerical model, compression experiments in two rigid foldable
different directions are conducted on the specimens. The geometric parameters of the
specimens are as follows: a=10 mm, o=n/4, f=5n/12, and ¢=2n/3. And the M-V
assignments are the same as DC-2. The experiment setup is shown in Fig. 3-7. It is
conducted on an Instron testing machine (type 5982). The measuring range of the load
cell is 100 KN with an accuracy of 0.1%. The specimens are compressed with a
displacement of 85% of the specimen height at the loading rate of 5 mm/min to
eliminate dynamic effects. Each experiment was conducted three times to ensure

accuracy and eliminate accidental errors.
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Fig. 3-7 Experimental setup of quasi-static compression.

The specimens are fabricated out of 316L stainless steel with a thickness of 0.8
mm through the 3D printing technique. The printing method employed is selective laser
melting with a double laser powder sintering process. The material used is 316L
stainless steel powder with particle sizes ranging from 15 to 53 um. The printing layer
thickness is 0.04 mm, with scanning spacings of 0.1 um on the upper surface and 0.05
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um on the lower surface. The scanning speeds are 650 m/s on the upper surface and
2200 m/s on the lower surface, and the laser power settings are 160 kW on the upper
surface and 180 kW on the lower surface.

The material properties obtained from the uniaxial tensile test are as follows:
elastic modulus E=175 GPa, Poisson's ratio v=0.3, yield stress 6y=486.71 MPa, ultimate
stress ou=845.97 MPa, ultimate strain &u=29.06%. The density of the material is p=7.85
glem®.

The comparative analysis between the experimental stress-strain curves and the
corresponding numerical simulation results is illustrated in Fig. 3-8, while the
morphological evolution and the distribution of equivalent plastic strain (PEEQ) during
the deformation process are detailed in Fig. 3-9. A close examination reveals that the
FE model successfully captures the fundamental mechanical characteristics of the
structure, including its elastic stiffness and plateau stress trends. Due to the fact that the
boundary conditions in the experiment and the finite element are not exactly the same,
particularly friction, there was a slight synchronization difference in the x direction
during compression, resulting in higher experimental values. Additionally, printing
errors and surface roughness from the 3D printing process may cause the physical
model to exhibit higher stress when compressed. The errors between the experimental
and finite element results, measured by comparing integrating of the stress over the
strain, are less than 10% in both directions, which is acceptable for origami
metamaterialst*3®1321, Therefore, the finite element modeling approach is considered
appropriate for this study.
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Fig. 3-8 The experimental stress versus strain curves compared with the simulations.
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Fig. 3-9 Experimentally and numerically obtained deformation processes in two rigid foldable

directions: (a) compression in the x direction; (b) compression in the z direction.

3.3.1 Mechanical Properties of the Uniform Metamaterials

The results obtained from the finite element simulations consist of the stress versus
strain curves, stiffness within the elastic stage normalized by the projected area
perpendicular to the loading direction, and the SEA, defined as the energy absorption
per unit mass(*®?, The results of DC-1 and DC-2 in the x direction, DC-3 and DC-4 in
the y direction are plotted in Fig. 3-10. It can be seen from Fig. 3-10(a) that these curves
display similar trends: initially increasing and then entering a plateau, then continuing

to increase.



Doctoral Dissertation of Tianjin University

The deformation processes and the corresponding PEEQ contour maps are plotted
in Fig. 3-11. It can be seen from Figs. 3-11(a) and 3-11(b) that the deformation processes
of DC-1 and DC-2 basically follow the rigid origami folding mode. The plastic
deformation mainly concentrates near the creases. While in the case of DC-3 and DC-
4, buckling deformation of the panels is observed when the strain ranges from 0.42 to
0.55, as shown in Figs. 3-11(c) and 3-11(d). This behavior arises due to non-monotonic
changes in the angle y during compression in the x or y direction, as illustrated in Fig.
3-3. Setting po=27/3 as the initial folding state, y undergoes a process of increasing and
then decreasing. This non-monotonic change cannot be achieved through compression
in a single direction. Therefore, as y reaches its maximum and starts to decrease,

buckling deformation occurs in the panel.
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Fig. 3-10 (a) The stress versus strain curves of DC-1 and DC-2 when compressing in the x direction

and DC-3 and DC-4 when compressing in the y direction; (b) corresponding normalized stiffness

and SEA.

Consequently, when comparing the variations in y shown in Figs. 3-3(a) and 3-
3(b), it is evident that DC-3 and DC-4 exhibit more pronounced buckling deformation
when compared to DC-1 and DC-2 due to the closer alignment of ¢34 with go when y3 4
IS maximized. This geometric proximity to the critical threshold significantly
diminishes the structural stiffness, thereby triggering earlier and more severe out-of-
plane buckling. Additionally, all four metamaterials show buckling deformation at the
boundary, which arises from the point contact between the metamaterial boundary and

the two rigid plates.
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Fig. 3-11 Deformation processes and their corresponding PEEQ contour maps of the metamaterials:

(a) and (b) DC-1 and DC-2 when compressing in the x direction; (c) and (d) DC-3 and DC-4 when

compressing in the y direction.

The normalized stiffness and the SEA exhibit similar regularities across different
metamaterials as shown in Fig. 3-10(b). This can be attributed primarily to the
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variations in angles within the metamaterials when subjected to a compression load. In
a 6x6x4 metamaterial, where the total number of creases remains constant, varying the
M-V assignments leads to a variation in the number of different types of creases. The
folding angles for different metamaterials are presented in Table 3-1. We denote the rate
of angle changes in metamaterial as Dwi, and the magnitude of angle changes in
metamaterial as Swi. These values can be calculated as follows:

Dw =n+n, 89‘+n5i85‘+ni67‘+n6i ag‘, (3-10)
’ . 0p Top T op
Swy=n, |(z)0i —(/)endi|-|—n9i |«90i —Hendi|+ N |50i —5endi|+nyi |7/0i _Vendi|+ N 1€ o _gendi|’
(3-11)

in which ni, nai, nsi, Nyi, and n.i represent the number of folding angles given in Table
3-1. Bo, oo, yo, and &o represent the folding angles when @po=2n/3, and gend, fend, dend, yend,
and eend represent the target folding angles when the strain is up to 0.65.

Table 3-1 The number of folding angles in metamaterials DC-1 to DC-4.

N(¢pi) N(6) N(di) N(yi) N(ei)
DC-1 528 528 48 48 0
DC-2 528 240 48 48 288
DC-3 528 528 48 48 0
DC-4 528 240 48 48 288

According to Egs. (3-10) and (3-11), the variations of Dwi and Swi can be obtained,
as shown in Fig. 3-12. The normalized stiffness of the metamaterial is primarily
determined by Dwi, since it represents the changes in angles under small strains. A
larger angle changes corresponds to a higher force requirement under a small strain,
leading to increased stiffness. When the initial folding angle po=27/3, it is apparent from
Fig. 3-12(a) that Dw1>Dw3s>Dw4+>Dw2. Therefore, the normalized stiffness of DC-1 to
DC-4 exhibits the same order of magnitude, as shown in Fig. 3-10(b). The SEA is
related to the magnitude of angle changes Swi. When treating the crease as a plastic
hinge, the energy can be calculated by multiplying the rotation angle of the hinges by
the bending moment of the hinges. As the material and side length of the hinges remain

constant, the bending moment per radian is consistent across all plastic hinges.
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Therefore, a larger Swi value indicates a larger energy by the hinges.

When compressing in the x or y direction, it can be seen from Fig. 3-12(b) that
Sw1>Swa>Sw2>Sws, in which Sws does not match the relationship in Fig. 3-10(b). This
is attributed to the significant buckling deformation of the DC-3, as illustrated in Fig.
3-11(c). The pronounced buckling deformation contributes to an increase in the SEA of
DC-3.
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Fig. 3-12 (a) The rate of angle changes and (b) the magnitude of angle changes in DC-1 to DC-4.

The simulation results of the four metamaterials when compressing in the z
direction are plotted in Fig. 3-13. From the deformation modes and the PEEQ contour
maps shown in Fig. 3-14, it is obvious that the deformation of these configurations
completely follows the rigid origami folding mode, and the plastic deformation mainly
occurs near the creases, while the panels are free from distortion. We can obtain from
Fig. 3-12 that Dw1>Dw3s>Dws>Dw2 and Sw3>Sw1>Sws>Sw2. Therefore, the SEA
shown in Fig. 3-13(b) follow the same order as Swi, as we analyzed before.

It is worth noting that the stress, SEA and stiffness of DC-3 are significantly higher
than those of other configurations. This phenomenon can be attributed primarily to the
boundary effect induced by the contact. Unlike the compressions in the x or y directions,
the contact between the metamaterial boundaries and the two rigid plates in the z
direction imposes a strong boundary constraint. As shown in Fig. 3-4, compression in
the z direction induces significant extension in the x and y directions. However, this
boundary constraint hinders such extension, restricting the deformation of the middle
panels. This restriction leads to buckling deformation, as marked by the red box in Fig.
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3-14(c). Consequently, the stress, SEA and stiffness of DC-3 are considerably higher

than those of other configurations.
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Fig. 3-13 (a) The stress versus strain curves of DC-1 to DC-4 when compressing in the z direction;

(b) corresponding normalized stiffness and SEA.

Through a comprehensive finite element analysis of the various metamaterial
configurations across their rigid foldable directions, a distinct correlation between the
underlying kinematic design and the macroscopic mechanical response is established.
Specifically, it is observed that paired metamaterials engineered with identical Poisson's
ratios (DC-1 and DC-2, as well as DC-3 and DC-4), demonstrate highly analogous
deformation modes and load-bearing capacities. The structural rigidity is intrinsically
linked to the folding kinematics; the normalized stiffness across the DC-1 to DC-4
configurations is fundamentally governed by Dwi. When the metamaterials primarily
undergo deformation following the rigid origami folding mode, the magnitude of the
angle changes Swi plays an important role in determining the SEA. However, as the
loading orientation shifts to the y direction, configurations such as DC-3 and DC-4
undergo a profound mechanistic transition. In these specific cases, the structural
response deviates from pure kinematic folding, and the severe out-of-plane buckling of
the constituent panels emerges as the dominant deformation mechanism. This critical
shift from zero-energy rigid folding to energy-intensive facet buckling dissipates
considerably more strain energy, thereby resulting in a significant and advantageous
amplification of the SEA for these metamaterials.
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Fig. 3-14 Deformation processes and their corresponding PEEQ contour maps of the metamaterials
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when compressing in the z direction: (a) DC-1; (b) DC-2; (c) DC-3; (d) DC-4.

3.3.2 Mechanical Properties of the Mixed Metamaterials

To investigate the behavior of the mixed metamaterial, finite element simulations

are conducted to simulate compression along the rigid foldable directions. The results

of DC-Mx when compressing in the x direction are presented in Fig. 3-15. Figures 3-
16(a) and 3-16(b) illustrate the deformation processes of DC-Mx-1 and DC-Mx-2,
which show similarities to the deformation processes of DC-Mx-0 and DC-Mx-3

presented in Figs. 3-11(a) and 3-11(b), respectively. The number of different folding

angles in these metamaterials are shown in Table 3-2. From Figs. 3-17(a) and 3-17(b),
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we can observe the following relationships when applying compression load in the x
direction: Daomx-0>Damx-1>Daomx-2>Damx-3 and Swmx-0>Swmx-1>Swmx-2>Swmx-3. These

results correspond precisely with the normalized stiffness and SEA plotted in Fig 3-
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Fig. 3-15 (a) The stress versus strain curves of DC-M-0 to DC-M-3 when compressing in the x
direction; (b) corresponding normalized stiffness and SEA.
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Fig. 3-16 Deformation processes and their corresponding PEEQ contour maps of the metamaterials

when compressing in the x direction: (a) DC-Mx-1; (b) DC-Mx-2.
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Table 3-2 The number of folding angles in metamaterials DC-Mx-0 (DC-My-0) to DC-Mx-3 (DC-My-

3).
N(pi) N(&%) N(91) N(i) N(ei)
DC-Mx-0 (DC-My-0) 528 528 48 48 0
DC-Mx-1 (DC- My -1) 528 432 48 48 96
DC-Mx-2 (DC- My -2) 528 336 48 48 192
DC-Mx-3 (DC- My -3) 528 240 48 48 288
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Fig. 3-17 (a) The rate of angle changes and (b) the magnitude of angle changes in DC-Mx-0 to DC-
Mx-3.

Figure 3-18 presents the simulation results of DC-My when subjected to
compression in the y direction. Additionally, the deformation processes of DC-My-1
and DC-My-2 are illustrated in Figs. 3-19(a) and 3-19(b) respectively. In these cases,
rigid folding is present, but the overall deformation process is still predominantly
governed by buckling deformation. The following relationships can be obtained from
Figs. 3-20(a) and 3-20(b) when compressing in the y direction: Dawwmy-0>Dwmy-1>Dawmy-
2>Dawmy-3 and Swwmy-3>Swwmy-2>Swmy-1>Swwmy-0. The change in normalized stiffness
aligns with the variation in Dwi, whereas the variation in SEA exhibits a completely
opposite trend to that of Swi. This contrast arises due to the predominance of buckling
deformation when DC-My is compressed in the y direction. Specifically, the DC-3
element within DC-My experiences greater buckling deformation compared to the DC-
4 element according to Figs. 3-11(c) and 3-11(d). Consequently, the greater the number
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of DC-3 units present in the DC-My metamaterials, the more pronounced the buckling

deformation, resulting in a larger SEA.
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Fig. 3-18 (a) The stress versus strain curves of DC-My-0 to DC-My-3 when compressing in the y

direction; (b) corresponding normalized stiffness and SEA.
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Fig. 3-19 Deformation processes and their corresponding PEEQ contour maps of the metamaterials
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when compressing in the y direction: (a) DC-My-1; (b) DC-My-2.
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Figures 3-21(a) and 3-22(a) display the stress versus strain curves of the DC-Mx
and DC-My when subjected to z direction compression, respectively. In contrast to the
previous regularities, the mixed configurations DC-Mx-1, DC-Mx-2, DC-My-1 and
DC-My-2 exhibit a step-shaped stress behavior, which is not observed in the uniform
configurations such as DC-Mx-0, DC-Mx-3, DC-My-0 and DC-My-3.
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Fig. 3-20 (a) The rate of angle changes and (b) the magnitude of angle changes in DC-My-0 to DC-
My-3.

Additionally, the stiffness demonstrates different variations compared to the
previous cases, as shown in Figs. 3-21(b) and 3-22(b), which do not follow the
relationships obtained from Figs. 3-17(a) and 3-20(a) when compressing in the z
direction. This is due to the special deformation characteristic of the mixed
configuration, as shown in Figs. 3-23 and 3-24. Taking DC-Mx-1 shown in Fig. 3-23(a)
as an example, due to the number of creases interconnecting the top two layers and the
bottom two layers is noticeably reduced, the DC-2 units in DC-Mx-1 undergo
deformation initially, while the DC-1 units experience minimal deformation with a
strain of around 0.14. Hence, the decreased involvement of creases in the deformation
process is the reason for the sharp decrease in stiffness in the mixed configuration,
which subsequently increases with the number of n. When the strain is further increased,
the DC-1 units in the mixed configuration come into contact with each other, resulting
in the second step in the stress-strain curves. Comparing the stress amplitudes between
the two mixed configurations, it can be observed that DC-Mx-2 exhibits higher stress
amplitude during the first step, whereas DC-Mx-1 demonstrates higher stress amplitude
after the second step. This difference arises because, during the first step, a greater
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number of units participate in deformation within DC-Mx-2, while after the second step,
all units undergo deformation. Besides, DC-1 units account for a larger proportion
within DC-Mx-1, leading to higher stress levels. A similar phenomenon can be observed
in DC-My-1 and DC-My-2. The changes in SEA shown in Figs. 3-21(b) and 3-22(b) are
consistent with the changes in Swi shown in Figs. 3-17(b) and 3-20(b).

For the DC-Mx (DC-My), the mechanical properties in the x direction (y direction)
exhibit similar regularities as DC-1 and DC-2 (DC-3 and DC-4). In the z direction, the
mixed configuration displays a distinct step-shaped stress curve, and the normalized
stiffness presents a sharp decrease. These phenomena are closely related to the number
and type of units involved in deformation during compression. Compression in the z
direction of different metamaterials precisely follows the rigid origami folding mode.
As a result, there exists a direct relationship between SEA and Swi.
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Fig. 3-21 (a) The stress versus strain curves of DC-Mx-0 to DC-Mx-3 when compressing in the z

direction; (b) corresponding normalized stiffness and SEA.
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Fig. 3-22 (a) The stress versus strain curves of DC-My-0 to DC-My-3 when compressing in the z

direction; (b) corresponding normalized stiffness and SEA.
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Fig. 3-23 Deformation processes and their corresponding PEEQ contour maps of the metamaterials

when compressing in the z direction: (a) DC-Mx-1; (b) DC-Mx-2.
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Fig. 3-24 Deformation processes and their corresponding PEEQ contour maps of the metamaterials

when compressing in the z direction: (a) DC-My-1; (b) DC-My-2.
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The results demonstrate that four uniform metamaterials, obtained through varying
M-V assignments, exhibit different mechanical properties in their rigid foldable
directions. Furthermore, by combining different origami units with the same Poisson's
ratios, mixed metamaterials are created, whose mechanical properties can be
programmed by adjusting the number of origami units.

Additionally, a graded stress response can be observed when compressing in the z
direction due to the unique deformation mode of the mixed metamaterials. This
confirms that the programmability of mechanical properties can be achieved by
manipulating the M-V assignments. Moreover, after varying the M-V assignments, the
mechanical properties can be further programmed by changing parameters such as
design angle, folding angle, and wall thickness, as established in previous studiest®>3!-
1321581 thereby obtaining a wider range of mechanical properties. This work introduces
a new dimension for the programmability of mechanical properties in origami
metamaterials.

3.4 Acoustic Properties

Following the mechanical analysis, the focus now shifts to the acoustic wave
propagation characteristics of the single-tubular metamaterials. COMSOL Multiphysics
(Version 5.6) was utilized to model the band structure and transmission loss (TL) of the
proposed origami metamaterial. The panels of the structure are modeled as sound-hard
boundary walls, simulating the interactions of sound waves with the structure under
Floquet periodicity for various wave vectors k. To validate the simulated results, the

transmission loss was calculated using

TL = 201g (ﬂj, (3-12)
R
where Pi is the incident sound power and can be calculated ast??
2
r
p = (L0 g (3-13)
A 2Cairpair

for the integration of pressure pi(r) in the integration plane Ai. The transmitted sound

power Pt can be expressed as

P =j|p2(r)| dA (3-14)
Ay
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for the integration of pressure pz(r) in the integration plane Az. High TL may arise from
either a directional bandgap in the considered propagation direction or a deaf band
associated with symmetry-inactive Bloch modes. The 5x2x5 lattice with sound hard
boundary conditions in the panels and sound soft boundary conditions in the boundaries
except for the incident plane and the transmitted plane. The incident pressure field is a
plane wave propagating along the x or y direction, and the pressure amplitude is set to
po = 1Pa.

To quantify these properties, a representative acoustic unit cell was extracted from
the infinite array, as illustrated in Fig. 3-25. In the numerical simulations, the origami
panels were modeled as sound-hard boundaries, assuming perfect reflection at the rigid
walls without fluid-structure interaction. Consequently, the analysis focused solely on
the propagation of airborne sound within the complex internal air domains. Based on
the periodicity of the lattice, the corresponding reciprocal space and the Irreducible
Brillouin Zone (IBZ) were identified, as shown in Fig. 3-26. The acoustic band
structures were then obtained by solving the eigenvalue problem of the Helmholtz
equation while sweeping the wave vector k along the characteristic boundaries of the
IBZ (I'-X-S-Y-I'-Z-U-R-T-Z|Y-T|U-X|S-R). Here, the symbol “|” denotes a
discontinuous jump between non-adjacent high-symmetry segments in the scanning
path.

(a) \ (b)

Air block
\

Double-corrugated unit

Fig. 3-25 Schematic representation of the acoustic unit cell. (a) The periodic array of the single-

tubular metamaterial; (b) the extracted representative cubic unit cell used for acoustic calculations.

Sound transmission loss experiments for the specimens were conducted in square
acoustic impedance tubes formed by sound-absorbing cotton (Fig. 3-27). Plane waves
spanning 0.1-25 kHz were generated via a power amplifier (Briel & Kjeer, Type 2719).
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Sound pressure data were collected through the microphone (Briel & Kjer, Type 267)
and output generator module (Bruel & Kjaer, Type 3160-A-042), then analyzed via
computer-controlled signal processing systems. The specimens were positioned

equidistant (240 mm) from both the 3x3 speaker arrays and microphone.

Fig. 3-26 The reciprocal space lattice and the IBZ corresponding to the cubic unit cell, with the

characteristic wave vector scanning path '-X-S-Y-I'-Z-U-R-T-Z|Y-T|U-X|S-R.

=Sound-absorbin

I cotton

(2 O

Experiment in progress ————

Fig. 3-27 Sound transmission loss measurement setup.

Experimental measurements of sound transmission loss were utilized to verify
these computational assumptions. Figure 3-28 presents the calculated acoustic band
structure alongside a comparison of the simulated and experimentally measured sound
TL. Overall, good agreement is observed between the experimental and numerical
results, which supports the validity of the adopted acoustic model. In addition to the
attenuation associated with the directional bandgaps, a pronounced TL peak is observed
at a frequency where propagating Bloch modes are still present in the band structure.
This feature indicates the existence of a deaf band, rather than a bandgap. In other words,
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although an eigenmode exists at this frequency, it cannot be efficiently excited by the
incident plane wave because of modal symmetry mismatch.
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Fig. 3-28 Acoustic band structure and comparison of simulated and experimental TL.

To further clarify the physical origin of this attenuation mechanism, the acoustic
pressure field distributions at the corresponding frequency are shown in Fig. 3-29. It
can be seen that the relevant mode exhibits a strongly anti-symmetric pressure pattern
inside the acoustic cavity. By contrast, the incident plane wave propagating along the
prescribed direction possesses a symmetric excitation field. Owing to this mismatch in
spatial symmetry, the incident wave cannot effectively couple with the corresponding
Bloch mode, resulting in strongly suppressed transmission and, consequently, a high
TL peak. Therefore, the observed attenuation at this frequency should be attributed to a
deaf-band effect rather than to the opening of a directional bandgap.

Sound pressure (Pa)
Max

-Max

Fig. 3-29 Acoustic pressure field distributions of the anti-symmetric mode associated with the deaf-

band effect.
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3.4.1 Acoustic Properties of the Uniform Metamaterials

Building upon the validated numerical framework, the wave propagation
mechanisms within the uniform metamaterials are systematically investigated. The
periodic porous channels within these tubular structures undergo significant geometric
transformations during the folding process. This kinematic behavior directly alters the
internal air cavity profiles and provides a strong physical basis for manipulating sound
waves.

To investigate the influence of topological configurations on acoustic performance,
the dispersion relations of four distinct M-V assignment configurations (DC-1 to DC-
4) were first compared under a fixed folding state of i=120°. The band structures were
plotted along the I'-X direction for the DC-1 and DC-2 configurations and along the I'—
Y direction for the DC-3 and DC-4 configurations.

As shown in Fig. 3-30, the results reveal clear differences in the wave attenuation
characteristics among the four configurations. Specifically, DC-1 and DC-3 exhibit
pronounced directional bandgaps, highlighted by the gray regions, within which
acoustic waves are prohibited from propagating along the considered directions. By
contrast, DC-2 and DC-4 do not exhibit evident directional bandgaps within the
investigated frequency range at this folding state. This comparison indicates that
varying the M-V assignment significantly alters the acoustic dispersion characteristics
of the metamaterials, even when the global geometric parameters and folding state
remain unchanged. In other words, the M-V assignment provides an effective design
variable for programming directional wave attenuation behavior.

Furthermore, a parametric analysis regarding the folding angle ¢i was conducted
to investigate the evolution of the acoustic properties. Figure 3-31 shows the frequency
ranges of the first directional bandgap for the DC-1 to DC-4 configurations as a function
of the folding angle. It can be observed that the directional bandgap generally appears
between the fourth and fifth acoustic bands. As the folding angle increases, the lower
boundary frequencies of DC-1 and DC-3 exhibit a clear decreasing trend, as shown in
Figs. 3-31(a) and 3-31(c). This trend is closely related to the geometric expansion of
the unit cell during deployment. As the folding angle increases, the dimensions of the
unit cell increase in both the x and y directions, as shown in Fig. 3-4. Although the
internal cavity volume varies non-monotonically, the overall expansion effectively
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increases the characteristic acoustic path length inside the structure. As a result, the
corresponding characteristic frequencies shift toward lower values.
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Fig. 3-30 Acoustic band structures of four different M-V configurations (DC-1, DC-2, DC-3, and
DC-4) at a fixed folding angle of ¢i=120°. The gray shaded regions indicate the directional bandgaps

along the considered propagation directions.

Although DC-2 and DC-4 do not exhibit bandgaps at ¢i=120°, a broader sweep of
the folding angle reveals that such bandgaps can still be induced within specific folding
ranges. As shown in Figs. 3-31(b) and (d), directional bandgaps can be opened in both
DC-2 and DC-4 by adjusting the folding angle appropriately. This result indicates that
the absence of a bandgap at a particular folding state is not an intrinsic limitation of the
configuration, but rather a state-dependent feature governed by the instantaneous
geometry during folding. The corresponding band structures of DC-2 at ¢2=140° and
DC-4 at p4=40° are presented in Fig. 3-32, where distinct directional stopbands can be
observed. This phenomenon suggests that changing the folding angle can effectively
modify the internal channel geometry and the characteristic propagation paths of
acoustic waves, thereby altering the dispersion relations and enabling the opening of
bandgaps. Therefore, by manipulating both the M-V assignment and the folding angle,
the acoustic attenuation behavior of single-tubular origami metamaterials can be
effectively programmed, highlighting their potential for applications such as adaptive
acoustic waveguides and tunable noise-control structures.
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Fig. 3-31 Evolution of the frequency ranges of the first directional bandgap for (a) DC-1, (b) DC-2,
(c) DC-3 and (d) DC-4 as a function of the folding angle ¢i.
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Fig. 3-32 Acoustic band structures of DC-2 along the I'-X direction at ¢,=140° and DC-4 along the
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I'-Y direction at p4=40°.
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3.4.2 Acoustic Properties of the Mixed Metamaterials

Building upon the acoustic characteristics of the uniform configurations, this
section further investigates wave propagation in mixed metamaterial assemblies. The
design strategy is to spatially integrate DC-1 and DC-2, as well as DC-3 and DC-4, into
mixed structures. By combining sub-domains with different bandgap characteristics,
the resulting metamaterials can selectively guide acoustic waves along specific
pathways. In this sense, the mixed designs function as programmable acoustic
waveguides.

To demonstrate this frequency-dependent spatial filtering capability, a mixed
assembly composed of DC-1 and DC-2 was subjected to incident acoustic waves at
several representative frequencies. The corresponding simulated acoustic pressure field
distributions are shown in Fig. 3-33. The pressure fields indicate that the transmission
behavior of the mixed structure is highly sensitive to the excitation frequency. For
clarity, the incident plane-wave side is treated as the input, and the transmission states
at the terminal ends are represented by binary outputs. An output state of 1 denotes
successful transmission, whereas an output state of 0 denotes blockage. The
corresponding transmission states at different representative frequencies are
summarized in Table 3-3.

At 16.2 kHz, both the DC-1 and DC-2 segments operate within their respective
stopbands. As shown in Fig. 3-33(a), the incident acoustic waves are strongly attenuated
within the structure, preventing transmission through either pathway and resulting in a
globally blocked state. In contrast, a fully transmitted state is observed at 3.2 kHz. The
pressure field in Fig. 3-33(b) shows that both sub-domains are in their passband regimes,
allowing the incident sound waves to propagate through the entire mixed assembly. At
intermediate frequencies, selective wave routing can be achieved. At 9.4 kHz, the DC-
1 domain acts as an acoustic barrier, whereas the DC-2 domain still permits wave
propagation, as shown in Fig. 3-33(c). Consequently, the acoustic energy is selectively
guided through the DC-2 pathway. A reversed routing effect occurs at 2.4 kHz. As
shown in Fig. 3-33(d), the acoustic waves propagate through the DC-1 section, while
the DC-2 section blocks the incident energy due to its stopband behavior at this
frequency. These four typical transmission states are listed in Table 3-3 for clarity.

It is worth noting that the transmission behavior of the DC-1 segment at 2.4 kHz
shown in Fig. 3-33(d) appears inconsistent with the band structure characteristics
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reported earlier. This discrepancy arises from the different boundary conditions adopted
in the two analyses. In the band structure calculations, periodic boundary conditions
were applied to the origami unit cell, representing an infinite periodic metamaterial. By
contrast, only a finite number of cells are combined in the mixed metamaterial, and a
soft acoustic boundary condition is used at the boundaries of the assembly.
Consequently, the wave transmission observed in the finite mixed structure can deviate
from the predictions of the infinite periodic band structure.

Similar programmable waveguiding behavior is also observed in the mixed
configuration composed of DC-3 and DC-4. The simulated acoustic pressure field
distributions under different excitation frequencies are shown in Fig. 3-34. As
illustrated in Fig. 3-34(a), the incident waves are almost completely blocked when the
excitation frequency falls within the overlapping stopbands of both sub-domains,

leading to a global low-transmission state.

(a) f=16.2 kHz (b) £=3.2 kHz

Max

Fig. 3-33 Simulated acoustic pressure field distributions of the mixed DC-1 and DC-2 metamaterial
under frequencies of (a) 16.2 kHz, (b) 3.2 kHz, (c) 9.4 kHz, and (d) 2.4 kHz. Binary indicators 0
and 1 represent the blocked and transmitted output states respectively. The same notation is used in

the subsequent pressure maps.

90



Chapter 3 Single-Tubular Metamaterials with Programmable Mechanical and Acoustic Properties via M-V Assignments

Table 3-3 Frequency-dependent transmission states of the mixed metamaterials under representative
frequencies.

Output DC-1&DC-2 DC-3&DC-4
00 16.2 kHz 4.1 kHz
1 3.2 kHz 7.9 kHz
10 2.4 kHz 2.2 kHz
01 9.4 kHz 10.2 kHz

By contrast, Fig. 3-34(b) shows that when both sub-domains are in passband
regimes, the acoustic energy can propagate through all available channels. The selective
transmission states are illustrated in Figs. 3-34(c) and 3-34(d). In Fig. 3-34(c), the
acoustic energy is guided exclusively through the DC-4 pathway because the adjacent
DC-3 domain acts as a stopband filter. In Fig. 3-34(d), the situation is reversed: the DC-
4 domain blocks wave propagation, while the DC-3 domain allows transmission,
thereby switching the propagation pathway.

(a) f=4.1kHz (b) /=7.9kHz

Outputo

Output

(¢) /=10.2 kHz (d) /=2.2 kHz
Output |
HC 0 1
;‘.IJ 2 -Max 0 Max
D H e

Fig. 3-34 Simulated acoustic pressure field distributions of the mixed DC-3 and DC-4 metamaterial

under frequencies of (a) 4.1 kHz, (b) 7.9 kHz, (c) 10.2 kHz, and (d) 2.2 kHz.
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These results demonstrate that combining different single-tubular metamaterial
configurations enables frequency-dependent control of acoustic wave propagation. By
exploiting the distinct stopband characteristics of different sub-domains, the mixed
metamaterials can realize global blocking, full transmission, and selective wave routing
under different excitation frequencies. This provides an effective strategy for
programming acoustic functionalities in origami metamaterials and highlights their

potential in adaptive waveguiding and acoustic filtering systems.

3.5 Conclusions and Discussion

In this chapter, a series of single-DOF rigid foldable origami metamaterials based
on the double-corrugated pattern have been created by varying the M-V assignments.
The geometric dimensions and Poisson's ratio of these metamaterials have been
analyzed. To investigate the impact of M-V assignments on the mechanical properties,
a finite element model has been established and experimentally validated. Furthermore,
the acoustic band structures and their programmability have been explored to reveal the
wave propagation characteristics.

Regarding the mechanical properties, the analysis of simulation results under
compression in two rigid foldable directions indicates that metamaterials with identical
Poisson's ratios exhibit similar deformation modes and mechanical responses. The
findings of our research demonstrate that varying the M-V assignments effectively
influences the mechanical properties through changing the rate and magnitude of angle
changes. The normalized stiffness is influenced by the rate of angle changes. And the
SEA is related to the magnitude of angle changes when the deformation of the
metamaterials follows the rigid origami folding mode. For the mixed metamaterials,
mechanical properties in the x and y directions are similar to those of the uniform
metamaterials. While in the z direction, the mixed metamaterials display unique graded
stress. These phenomena are determined by the number and type of units involved in
deformation during the compression process.

In terms of acoustic properties, the results demonstrate that the M-V assignments
play a key role in determining the wave attenuation behavior. Under the considered
propagation directions, DC-1 and DC-3 exhibit pronounced directional bandgaps,

whereas DC-2 and DC-4 do not show evident bandgaps at the same folding state within
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the investigated frequency range. Parametric analysis further shows that these acoustic
characteristics are highly sensitive to the folding state. By adjusting the folding angle,
the location and width of the directional bandgaps can be effectively tuned, and
directional stopbands can also be activated in configurations that do not exhibit them at
other folding states. Moreover, by integrating different configurations into mixed
metamaterials, frequency-dependent global blocking, full transmission, and selective
waveguiding can be achieved. These results demonstrate that the acoustic properties of
the proposed origami metamaterials can be programmed through the combined
manipulation of M-V assignments and folding states.

Given the complexity of M-V assignments, this dissertation focuses exclusively
on rigid foldable double-corrugated configurations. Future research will concentrate on
exploring non-rigid folding kinematics to unlock a broader range of programmable
mechanical and acoustic responses.
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Chapter 4 Double-Tubular Metamaterials with Independently
Programmable Mechanical and Acoustic Properties

4.1 Introduction

With the advance in mechanical metamaterials, recent research has increasingly
focused on the multifunctional ones, as they can provide versatile cross-domain
properties for complicated engineering applications, such as energy and sound
absorption, vibration isolation, and noise attenuation. While Chapter 3 preliminarily
investigated the factors influencing the mechanical and acoustic properties of origami
metamaterials, in most cases, the multiple properties of existing metamaterials cannot
be programmed independently, not to mention to be tuned post-fabrication.

Thus, the objective of this chapter is to achieve independent programmability and
tunability of mechanical and acoustic properties. For this purpose, a series of double-
tubular metamaterials are designed based on the criteria established in Chapter 2,
followed by a systematic analysis of their geometric characteristics. Subsequently, the
mechanical and acoustic properties are investigated to elucidate how these dual
performances evolve with parametric variations. Furthermore, utilizing the nonlinear
mapping between design parameters and physical responses, the independent
programmability of the two properties is achieved. Finally, by incorporating
thermoplastic polymers, geometric reconfiguration and property tunability are realized
under thermomechanical stimuli.

The outline of this chapter is as follows. Section 4.2 details the geometric design
and folding kinematics of the double-tubular origami units. Section 4.3 investigates the
mechanical properties of the double-tubular metamaterials, followed by an analysis of
their acoustic properties in Section 4.4. Building upon these analyses, Section 4.5
explores the advanced design strategies for these double-tubular metamaterials by
demonstrating the independent programmability and tunability of their dual properties.
This section not only establishes methodologies to simultaneously independently
program the mechanical and acoustic behaviors, but also utilizes post-fabrication
geometric reconfiguration to achieve tunable properties. Finally, Section 4.6

summarizes the main conclusions of the chapter.
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4.2 Geometry and Folding Kinematics
The double-tubular origami unit presented in Fig. 4-1 features two perpendicular

tubular pathways aligned along x and z axes, constructed through the connections of
parallelogram panels, as shown in the front and top views in Fig. 4-2(a) and 4-2(b),
respectively. The configuration comprises four distinct groups of geometrically defined
parallelograms: Panels DHGC, CGFB, and CKJB share identical geometries with
sector angle a1 and length a1, ba; Panels DHEA, AEFB, AIJB are characterized by oz,
az, bi. Panels HOLE, ELMF, ILMJ are characterized by as, az, b2. Panels HONG,
GNMF, KNMJ are characterized by a4, a1, b2. Detailed definition of geometric
parameters is presented in Table 4-1. In addition, to ensure a single-DOF motion of the
unit cell, the design parameters should satisfy541%]

a,Cosa, =a, Cosa,,

a, Ccosa, =a, CoS;, (4-1)

b, cosa, =b, cosa,.

Fig. 4-1 Geometry of the double-tubular origami unit.

Hence, the folding kinematics of the unit cell can be described by Egs. (4-2)-(4-5)
in which the dihedral angle ¢1 is taken as the input to drive the rest dihedral angles ¢i,
i, and di (i=1, 2, 3, 4B |n this framework (see Fig. 4-1), p2, ¢4, and i determine
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the folding state of the unit cell in the x direction, while g1, @3, and i similarly determine
the folding state in the z direction

cos’ %(Zsin a, sin a,, tan ¢1/2—\/I31 +4sin® a, sin’ o, tan® (;1}

¢, =180°—2arctan - -
cosa, —cos(a, —a, )cosa, +Ccosg sin(a, —a, )sina,

sine, sina, CoS ¢,
@, = arccos| cosa, Cos &, —CoS ax, COS &, + ,

sine, sina,

cos® (21(28"] a, Sin a, tan (/)1/2—\/P2 +4sin’ o, sin’ o, tan® %J

@, =180°—2arctan - -
CoS ¢, —COS ¢z, COS (e —r, ) —COS @, Sin e sin (e, — )

4-2
6, =180° — 2arccot (—cos &, cot ¢, +cot ez, CSC g, Sin e, ) 2
6, =180° - 2arccot (—cos , cot g, + cot e, csC g, sinar, ), (43)
6, =180°— 2arccot (—cos a, Cot ¢, +cot a, CsC ¢, Sin ;)
¢, =180°—2arccot (—cos e, cot ¢, +cote, csc e, sinay, ),
8, =180°—2arccot (—cos ¢, cot ¢, +cotar, CsC, Sin e ),
&, =180° — 2arccot (—cos a, cot g, + cota, Cscp, sina, ), (4-2)
8, =180°—2arccot (—cos ¢, Cot ¢, + COt er, CSC @, Sin ez, ),
&, =180° — 2arccot (—cos , cot ¢, +cot e, csc g, Sin e, )
in which
P, =—sec* %[cosw3 —cos(a, —a, ) Cos a, +Cos g, sin (o, —a, )sina, |
[ cosa, —cos(a, +a, )cosa, +Cos g, sin (o, +a, )sing, | | @)

P, = —sec* %[cosw2 —cosa, cos(a, —a, ) —Cos ¢ Sin g, sin(a; — ) |

[cosa, —cosa, cos(a, +a, ) +Cos g sing; sin(a, +a,) |
And the relationship between the overall dimensions of the unit cell, Ix, ly, I and
the input angle g1 is

li=a,sinay/(1+c0s6,)/ 2 +a,sina,,/(1+cosb,)/ 2,

2 . ein? 2 . «in?
Iy:2a1\/1+cos o, ;m o, Cos +2b1\/1+c0s o, 2sm o, COS O,

l. =b;sina,/(1+c0s 8, )/ 2 +b,sina, /(1+cos5,)/ 2.

97

. (4-6)




Doctoral Dissertation of Tianjin University

Table 4-1 Geometric significance of the parameters.

Parameter

Geometric significance

ai
az
b1
b2
o1
02
03
a4
o1
®2
®3
®4
61
02
03
04
o1
02
03
04
71
2
&1

&2

The length of HG, GF, KJ, DC, CB, ON and NM
The length of HE, EF, 1J, DA, AB, OL and LM
The length of DH, AE, CG, CK, Al, BF and BJ
The length of HO, EL, GN, KN, IL, FM and JM
The interior angle of parallelogram CDHG, BCGF and BCKJ
The interior angle of parallelogram ADHE, BAEF and BAIJ
The interior angle of parallelogram LOHE, MLEF and MLIJ
The interior angle of parallelogram NOHG, MNGF and MNKJ
The dihedral angle between parallelogram CDHG and NOHG
The dihedral angle between parallelogram CDHG and ADHE
The dihedral angle between parallelogram ADHE and LOHE
The dihedral angle between parallelogram LOHE and NOHG
The dihedral angle between parallelogram CDHG and BCGF
The dihedral angle between parallelogram ADHE and BAEF
The dihedral angle between parallelogram LOHE and MLEF
The dihedral angle between parallelogram NOHG and MNGF
The dihedral angle between parallelogram BCJF and BCKJ
The dihedral angle between parallelogram BAEF and BAIJ
The dihedral angle between parallelogram MLEF and ML1J
The dihedral angle between parallelogram MNJF and MNKJ
<BAD
+DCB
<KCG

2GNK
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(a) D C B
I.
H & K ]
J
z O N M
Ly “
(b) E A !
I,
H D F B J

G C K
Y l,

X
Fig. 4-2 (a) Front and (b) top views of the double-tubular origami unit.

By varying the geometric parameters, the flat foldability of the double-tubular
origami unit cell can be modulated, leading to three different types with fundamentally
distinct folding behaviors, referred to as C1, C2, and C3 hereafter. In general, the unit
cell is not flat foldable along either tubular direction (x and z axes) as demonstrated by
Clin Fig. 4-3. As the dihedral angles and dimensions vary with input @1, neither Ix nor
I can reach zero. At the upper or lower bound of the input @1, one side of the unit cell
is flattened, and the unit cell is self-locked, corresponding to ¢, =180° and
Proge =180°—arccos| cota, cot(a, +a, ) - Cosa, CsCa, C5C(a; + ) .
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Fig. 4-3 Folding and deployment processes, along with the dihedral angles and geometric
dimensions of the origami units C1, with ai=b.=15 mm, a,=b:1=21.93 mm, a1=0s=70°, 02=76.47°,

04=60°. Scale bar: 10 mm.

To obtain flat foldability in one direction, for instance, the x direction, the design
parameters should meet a1=az, a1=a2, and az=a4 SO that the corresponding cross section
becomes a rhombus, and the dihedral angles exhibit p1 = @3, 61 = 02, 03 = 04, 61 = 02,
and 03 = d4. The folding behavior of a prototype of this type, C2, is presented in Fig. 4-
4. Similarly, when bi=bz, a1=a4, and a2=azs, the unit cell is flat foldable along z direction.
Therefore, when both conditions are satisfied, we obtain a very special case, C3, which
is flat foldable in both directions (Fig. 4-5) with ¢3=¢1, @2=@s=
180°-2arctan(cosatang, /2) , 6 =180°-2arccot(cosatang,/2) ,  and
&, =180°—2arccot (cosa tan g, /2) .

Specifically, C3 has a unique kinematic feature within the range of design
parameter o as shown in Fig. 4-6(a) that the @2 versus g1 curve is symmetric about the
45° line, indicating that for any point (p1, ¢2) On curve g2, its transposed point (@2, ¢1)
can also be found on the same curve. Such angular transposition also leads to a
dimension transposition between the x and z axes. For example (Fig. 4-6(b)), for o =
60°, a1=az=b1=b2=15mm, @1 =90°, 2 =126.87°, Ix= 23.24mm, I;= 18.37mm. After
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transposition, g1 = 126.87°, g2 = 90°, and then Ix changes to 18.37mm while I; becomes
23.24mm. Furthermore, when ¢, =@, =2arctanvseca (Fig. 4-7(a)), Ix and 1. are
guaranteed to be equal (Fig. 4-7(b)).

—
[0.0]
o=l
W
S

— 2 \’\\\‘ /// € — L | T
iso e N S Eas |
N = h N\ ’\\ ,’/ // 8 -l
$120 — 612 N4 220¢ T |
Eﬁ === il \\/\’ \ i s 7
S 90— J12 e NP £ 15 .

%D --- 034 > / wl \\‘ S /
S 60 v /NN 2 10/
LT? // AN \ o
30+ // S\ g 5t
© < N et .92°
. 50.912\\ ’./ | | N S . 50 92\ | | | |
0 30 60 90 120 150 180 0 30 60 90 120 150 180
¢ (%) P (%)

Fig. 4-4 Folding and deployment processes, along with the dihedral angles and geometric
dimensions of the origami units C2, with ai=a.=b.=15 mm, b:1=21.93 mm, a1=02=70°, as=as=60°.
Scale bar: 10 mm.

It is also worth noting that while C1 (with aa#as) and C2 can achieve identical
dimensions in x and z directions under certain specific folding states. However, these
two categories do not generally exhibit a universal geometric transposition feature
throughout the entire deployment process. The inherent absence of structural symmetry
dictates that their corresponding folding angles ¢1 and @2 maintain fundamentally
distinct kinematic rates. Furthermore, the established categories from C1 to C3
comprehensively exhaust all possible rigid folding mechanisms permitted by the
fundamental compatibility constraints defined in Eq. (4-1). While parametric variations
(changing «ai, a1, a2 ba and bz) generate infinite variants within these categories, they
cannot produce new folding behaviors that violate the compatibility conditions.
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Fig. 4-5 Folding and deployment processes, along with the dihedral angles and geometric

dimensions of the origami units C3, with ai=a;=b1=h>=15 mm, cx=a2=as=04=60°. Scale bar: 10 mm.
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Fig. 4-6 (a) Relationships of g2 versus ¢: with different & showing symmetry about the 45° line;

(b) Two configurations featuring geometric transposition with a=60°, ai=a,=h,=15 mm, (1, @2) =

(90°, 126.87°) and (126.87°, 90°), respectively.
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(a) 90 (b)
P1=02=109.47°
I
60
T
30!
%0 30 60 90 120 150 180 L=l

P1=02(°)
Fig. 4-7 (a) Relationships of a versus g1=¢>; (b) configuration with a=60°, ai=a,=b.=15 mm and

¢m=02=109.47° featuring identical dimensions in the x and z directions (I,=I,).

Finally, 3D metamaterials can be assembled from the proposed unit cells following
the procedure depicted in Fig. 4-8. First, the unit cell as previously shown in Fig. 4-1 is
rotated along the x axis by 180°; second, both the original and rotated unit cells are
tessellated along the z axis; third, the original and rotated multi-unit cells are shifted by
half a unit along the z axis and then connected along the y axis by sharing the
intersecting crease lines; last, the unit cell combination obtained from the previous step
is tessellated along the x axis to form a 3D metamaterial with mxxmyxm; unit cells.

Fig. 4-8 Construction process of a 5x2x5 double tubular origami metamaterial.
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We name the metamaterials formed solely by unit cell C1-C3 as MC1-MC3,
respectively, the overall dimensions of which are defined by Ly, Ly, and L; and can be
calculated using

V2 41
Lx=m COS—=+a, COS*— |,
X (a'l 2 2 2 j
m,(2asinZ+bsins|  whenm, i
,| 2a,sin 5 +Db, sin 5 when m_ is even
Ly = ’ (4-7)
2m,a,sin 22 +(m Jrl)blsinﬁ when m, is odd
y 2 y 2 y

& &
L:=m cos— +h, cos==% |.
z(bl 2 2 2)

4.3 Mechanical Property of Double-Tubular Metamaterials

Taking advantage of the rigid origami folding mode and the previously established
folding kinematics of the unit cell C3, we develop an analytical model for the stiffness
and SEA of MC3 in the x and z directions based on the assumptions that all creases are
characterized as elastic-plastic hinges while the panels are rigid without deformation.
The bending moment per unit length can be expressed as

ahzo_oE ((01 — O )

¢l = 12? ] (4-8)
Uzt » when ¢, > ¢, ( plastic)

, When ¢, < ¢, (elastic)

where a and t represent the length and thickness of the parallelogram panel, respectively,
o1i is the initial folding angle, p represents the size of the elastically deformed part and
is usually considered to range between 2t and 5t. To take strain hardening effects into
account, plastic flow stress oo is used in the calculation, as

O'y+0'u

= ’ 4'9

o, == (4-9)
el 1S the limit of the elastic dihedral angle, and can be calculated as

@, =¢,; +3noc, / E. (4-10)

Similar equations can be obtained by replacing the ¢1 related parameters of Egs.
(4-8) and (4-10) with dihedral angles ¢i, 6i and ¢i. The energy balance equation, which
accounts for the external work and dissipated energy within the origami metamaterial,
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defines the force- displacement characteristic:

FdD = Z( il M 0o, + 0l M d 6, + 0, 1M dS 0L M dy ), (4-11)

yityi

in which n represents the number of the corresponding dihedral angles in the
metamaterial, D represents the displacement: D=Lx(¢1i)-Lx(p1) under x direction
compression and D=L:(g1i)-Lz(p1) under z direction compression, | represents the length
of the hinge, which is equal to a1, a2, b1 or b2 depending on different dihedral angles.
By considering the folding angle ¢1 as the governing variable, Eq. (4-11) can be
expressed as

oD 2 0.
Fa—d(pl = n(plaiMwld¢l+Z(n(plltle il dgolj

'O
; i (4-12)
4
Z( Z (9| oi Hl d +na||§|M aé‘l d +ny||;/|M ayl d¢1j
1 op, 8¢1 6(01
Hence, the reaction force F can be obtained by
4 a i
n¢1a1M¢1+Z[n¢II¢IM GZJ
i=2 1
4
+Z(ngllglM ,20 Nl M, 25' +n,L.M 27/‘]
_ = 1 2] 1 _
= o) (4-13)
op,

Substituting Egs. (4-2)-(4-5) into Eqg. (4-13), the reaction force F during
compression can be obtained. It is assumed that the metamaterial undergoes
homogeneous deformation during quasi-static compression, with all cells deforming
simultaneously. The maximum displacement of the metamaterial occurs at a specific
value of the folding angle ¢14. By equating the volume occupied by the parallelogram
panels and metamaterial volume at 1 = p14 the maximum displacement can be obtained
from the relationship

t(n,ab sine, +n,,ab sina, +n,,a,b,sina, +n,,ab,sina,)
= L(01) Ly(01) Le(20).

To facilitate comparison among metamaterials with different design parameters,

(4-14)

we assess the mechanical response through two main indices, i.e., the initial stiffness
k=dF/dD within the elastic range, and specific energy absorption SEA = IOD FdD /W
upon the metamaterial is fully folded, in which W represents the weight of the
metamaterial.
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Having obtained the folding kinematics and the analytical models of the double-
tubular origami metamaterials, we subsequently investigate their mechanical response
when compressed along the x and z directions, respectively. Notice that compression
along the y direction is not considered as the deformation mode does not follow the
origami pattern. The compression simulations were implemented in Abaqus/Explicit
utilizing the foundational framework established in Chapter 3, Section 3.3. The
assembly was compressed between a fixed base plate and a moving top plate to achieve
an 85% nominal height reduction. The element type (S4R), friction coefficient (4=0.3),
and energy convergence criteria remain identical to those detailed previously. Based on
these established parameters, a global mesh size of 1 mm and an analysis time of 0.1 s
were maintained to ensure quasi-static conditions and mitigate hourglass distortion.

Quasi-static compression tests were performed to validate the theoretical and
numerical models using a YAW-600 micro-computer controlled electro-hydraulic servo
system (500 kN load cell, 1% accuracy) (Fig. 4-9). Specimens were vertically placed
between a stationary rigid plate and a moving rigid plate and subjected to uniaxial
displacement control at 5 mm/min until achieving 85% nominal height reduction, with
three replicates per configuration. The origami metamaterials were fabricated out of
316L stainless steel due to its high yield strength and plasticity [*312°], with a thickness
of 0.8 mm through the 3D printing technique. The printing method employed is
selective laser melting with a double laser powder sintering process. The material
properties obtained from the uniaxial tensile test are as follows: elastic modulus E=175
GPa, Poisson's ratio v=0.3, yield stress 0y=486.82 MPa, ultimate stress cu=846.0 MPa,
ultimate strain £,=28.98%. The density of the material is p=7.85 g/cm®.

Load cell

Stationary
rigid plate

Specimen

Moving
rigid plate

Fig. 4-9 Quasi-static compression setup using the YAW-600.
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For metamaterial MC1 with self-locking at both directions in Fig. 4-10(a), the
stress versus strain curve in either direction is characterized by a prolonged plateau
when the metamaterial deforms primarily through a rigid origami folding mode with
localized bending along the creases, followed by a remarkably raised stress when the
strain passes through the self-locking point (strain=0.39) and panel deformation
becomes dominant. For MC2 with flat foldability along x direction and self-locking
along z direction in Fig. 4-10(b), the curve in the z direction shows similar
characteristics as that for MC1, while a stable plateau stress is maintained in the x
direction until the metamaterial is fully squeezed. For the special design MC3 which is
flat foldable along both directions, a rigid origami folding mode and a plateau reaction

strain are observed in either direction, see the experimental results in Fig. 4-11.

(a) 15 , : :
—— x direction
— z direction
=10+ 1
o
=
? PEEQ
a5l 0.60
0.39
0 0
0 0.2 0.4 0.6 0.8
Strain
(b) 15 ‘

— x direction
—— z direction

0 0.2 0.4 0.6 0.8
Strain
Fig. 4-10 Mechanical properties of the double-tubular origami metamaterials: (a) and (b)
Comparative stress versus strain curves under axial compression along x and z directions for (a)
MC1 (ai=b>=15 mm, a,=b:=21.93 mm, ou=as=70°, a2=76.47°, 0u=60°, ¢1i=119.16°) and (b) MC2
(a1=ax=b2=15 mm, b1=21.93 mm, a=a:=70°, a:=04=60°, ¢1=119.16°), with corresponding

deformation modes and PEEQ distributions.
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The analytical stress versus strain curve, stiffness, and specific energy absorption
of the MC3 prototype are presented in Fig. 4-11. In the theoretical model, material
nonlinearity was considered, as defined in Egs. (4-8)-(4-10), which account for strain
hardening through the plastic flow stress term oo. The mechanical properties
investigated in this study, including stiffness and SEA, show good agreement between
the theoretical predictions and the experimental results, with errors of no more than 2.5%
for stiffness and 5.3% for SEA, respectively, as shown in Fig. 4-11. The slight
discrepancies observed in the stress-strain curves are mainly attributed to non-ideal
factors in the experiments, including non-uniform deformation during quasi-static

compression, contact friction, boundary effects, and manufacturing tolerances.

(a) 15 .
£30 S 3
=107 £ 20 <2 1
= =10 21
% 0 X Z 0 X Z
A 5| — |
—x-THE — x-EXP
—2zTHE — z-EXP
O 1 1 1
0 0.2 0.4 0.6 0.8
(b) Strain

0 0.14 0.43 0.58
Fig. 4-11 Experimental results of MC3. (a) Theoretical and experimental stress versus strain curves,

stiffness and SEA of MC3 (ai=a,=b:=b2=15 mm, a=60°, ¢1i=109.47°) when compressing in the x

and z directions; (b) deformation modes of MC3 in two directions. Scale bar: 7 mm.
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Utilizing the analytical model, we are able to precisely program the mechanical
property of MC3 through the initial folding angles ¢1i and the sector angle a. As shown
in Fig. 4-12(a)-(b), both kx and SEAx are negatively correlated to ¢ii. This is because
p1i determines the initial folding state of the metamaterials. A smaller ¢ii leads to a less
folded initial configuration and thus larger stiffness and specific energy absorption. The
correlation between kx, SEAx, and a shows a non-monotonic trend due to the
complicated kinematic relationship between o and the dihedral angles. Moreover, if we
select the geometric parameters by following the contour lines, we can achieve identical
kx or SEAx out of a variety of distinct configurations.

(a) 701g(kx(kN/mm>)%4 (b) SEAXU/g) Q1015 20
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30 30
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Fig. 4-12 Parametric analysis of stiffness and SEA of MC3 when changing design angle o and initial
folding angle ¢ui. (a) and (b) Stiffness and SEA in the x direction; (c) and (d) corresponding
mechanical properties in the z direction. To enhance visualization clarity of stiffness, all data are
subjected to base-10 logarithmic transformation prior to plotting. The white lines represent the

configuration at the p1=¢. state, and the white dots represent the selected configuration in Fig. 4-11.
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In contrast, compression along the z direction induces completely opposite
variation trends as shown in Fig. 4-12(c)-(d) because a less folded initial configuration
in the x direction corresponds to a more folded one in the z direction. Finally, recall that
for each «, there exists a special configuration for MC3 that the dimensions in the x and
z directions are identical (Fig. 4-7(a)). The analytical model predicts that at this special
configuration, the stiffness and SEA are respectively identical in both directions (white
lines in Fig. 4-12), see Appendix A for more details. Overall, by changing the design
parameters, the stiffness and SEA can be varied as much as 175 times and 30 times,

respectively.

4.4 Acoustic Property of Double-Tubular Metamaterials

Beyond the mechanical properties, we further explore the acoustic properties of
the double-tubular origami metamaterials. The structural unit of acoustic metamaterial
is obtained by extracting a rectangular unit from the structure (Fig. 4-13). The geometric
dimensions of the unit cell can be calculated as

Ix‘ = Ix,

2 HY, 2 )
Iy|:4al\/1+cos o, —Ssin® o, cos 6, +2b1\/1+cos o, —sin alcosél_ (4-15)

2 2

\
Y
;3
\

94
1%

AR Ai
R X

I

—— Air block

Fig. 4-13 Structural unit geometry and the IBZ.
The primitive lattice is an orthorhombic lattice, and the k-path is determined as I'-

X-S-Y-I'-Z-U-R-T-Z|Y-T|U-X|S-R for the band structure calculations. The
acoustic wave propagation in air follows the classical wave equation(*%!,
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2
v(—inJ—a’ P (4-16)

where c are the speeds of sound; p is the pressure field; po is the mass density; w=2xf is
the angular frequency. The sound speed of air is cair=343 m/s, the mass density of air is
pair=1.29 kg/m3. The band structure can be calculated by imposing periodic boundary
conditions on the lateral sides of the unit cell. According to Bloch's theorem, the wave
field should adopt the following form: p(r)=e‘k p«(r) where pk(r) denotes the periodic
function of the position vector, 1=+-1, k is the Bloch wave vector; and k=(kx, ky, kz)
when the proposed structure possesses periodicity along the x, y, and z directions,
respectively. p(r+L)=e®Lp(r), where L=(Ix, ly, Iz) denotes the lattice translation
vectors. The band structure, which illustrates the relationship between eigenfrequencies
w and Bloch wave vectors k, can be determined by sweeping the k along the boundaries
of the irreducible Brillouin zone.

Here, we employ FE simulations (via COMSOL Multiphysics) and experimental
measurements to investigate the acoustic band structures and TL of the proposed
double-tubular metamaterials. The fundamental numerical framework and the
experimental data acquisition systems follow the exact procedures detailed in Section
3.4. For the specific structural designs investigated in this chapter, a 5x2x5 finite lattice
was constructed. Sound-hard boundary conditions were applied to the internal structural
panels. Sound-soft boundary conditions were assigned to all exterior boundaries
excluding the designated incident and transmitted planes. An incident plane wave with
a pressure amplitude of po=1 Pa was applied along either the x or z direction. As further
illustrated in Fig. 4-14, this supplementary figure provides additional details of the
experimental setup and shows that, for measurements along different directions, the
spatial orientation of the specimen was adjusted accordingly to align the tested direction
with the incident sound field. The resulting TL spectra were then compared with the
calculated band structures to validate the attenuation characteristics of the proposed
metamaterials. The resulting TL spectra were then compared with the calculated band
structures to validate the attenuation characteristics of the proposed metamaterials.

In the experimental evaluation, the fabricated metamaterial specimens were
positioned 240 mm equidistant from both the speaker arrays and the microphone to

evaluate the plane wave propagation across the 0.1-25 kHz frequency range. Our
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primary focus lies on the band structures along the I'-X and I'-Z directions. The full
band structures are provided in Appendix B.

sound-absorbing wall

| ,
T S speaker array

|
microphone

T i

specimen

Tested along the x direction Tested along the z direction

Fig. 4-14 Details of the experimental setup for acoustic TL measurements along different directions.

For MC1 at ¢1i=119.16° (Ix=I;) with Kite-shaped cross-sections in both x and z
directions, four bandgaps are observed at 7.26-7.76 kHz, 12.82-13.27 kHz, 16.84-17.43
kHz, and 20.44-20.69 kHz, respectively (Fig. 4-15(a), grey shaded regions). In contrast,
MC2 at ¢1i=119.16° (Ix#l;) with kite shape in x and rhombus in z generates partial
(direction-dependent) bandgaps spanning 14.94-16.09 kHz in x direction and 8.83-9.91
kHz in z direction (Fig. 4-15(b)). For MC3, the simulation and experimental analysis at
@1 =2 =109.47° reveals two bandgaps spanning 9.56-12.47 kHz and 16.93-18.49 kHz
(Fig. 4-15(c)) with identical TLs in both x and z directions.

It should be noted that discrepancies remain between the simulated and
experimental TL spectra in Fig. 4-15(c). In the passband regions, the experimentally
measured TL is generally higher than the simulated prediction, primarily because the
ideal pressure-acoustics model neglects additional dissipation mechanisms present in
the experiment, particularly thermoviscous losses within the narrow air channels. In the
bandgap regions, however, the experimental TL can be either higher or lower than the
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simulated result at different frequencies. This behavior is likely caused by the combined
influence of thermoviscous dissipation, non-ideal experimental boundary conditions,
slight fabrication induced geometric deviations from the nominal symmetric
configuration, as well as minor imperfections in specimen. Because the bandgaps of
MC3 are highly sensitive to geometric symmetry and folding state, these factors can
induce slight shifts of the bandgap boundaries and local variations in attenuation level,
while the overall agreement in bandgap position and trend is still maintained.
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Fig. 4-15 Band structures of (@) MC1 (ai=h.=15 mm, a.=b:1=21.93 mm, a1=as=70°, a:=76.47°,
as=60°, ¢1i=119.16°), (b) MC2 (ai=a:=h.=15 mm, b1=21.93 mm, @=a=70°, as=a=60°,
1i=119.16°); (c) band structures and TLs of MC3 (ai=a:=b1=0b>=15 mm, o (c1=a2=a3=04)=60°,
91i=109.47°).
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The observed bandgaps are mainly attributed to Bragg-type scattering induced by
the periodic arrangement of the unit cells. Notably, geometric symmetry is favorable
for the formation of bandgaps, because it tends to produce similar wave propagation
characteristics along orthogonal directions. Specifically, the periodic tessellation of
MC1 and MC3 produces symmetric structural characteristics along the x and z
directions, which in turn leads to similar wave-propagation behaviors in the two
orthogonal directions and facilitates the opening of bandgaps. By contrast, the
geometric asymmetry of MC2 gives rise to distinct wave-propagation characteristics
along the orthogonal directions, resulting in partial, direction-dependent bandgaps.

To further investigate the acoustic programmability of the proposed metamaterials,
finite element simulations were performed for MC3 over a parameter space defined by
the sector angle a<[40°, 70°] and initial folding angle ¢1i€[20°, 160°]. As shown in
Fig. 4-16(a), the first bandgap persists between the 12th and 13th bands throughout the
investigated parameter range, and its maximum width is achieved at the p1=¢2 state
(denoted by solid dots in Fig. 4-16(a). At this state, the geometric dimensions in the x
and z directions are identical, and the structural symmetry is maximized, which is
beneficial to the formation of the widest bandgap.

The bandgap decreases progressively as the initial folding angle deviates from the
p1=¢2 State due to increasing dimensional disparities between orthogonal directions. By
adjusting both design parameters and folding states, the frequency range of the bandgap
can be programmed to vary over 23.7 times. For asymmetric configurations with giZ¢2,
direction-dependent TL characteristics arise from different wave propagation in
orthogonally oriented directions with distinct geometries, as demonstrated in Fig. 4-
16(b) with o=70° and ¢1i=130°.

4.5 Independent Programmability and Tunability of Dual Properties

4.5.1 Independent Programmability

Through investigating the programmability of both mechanical and acoustic
properties, we discover that a given mechanical or acoustic characteristic can be
associated with multiple configurations, revealing a one-to-many relationship between
metamaterial properties and design parameters. This finding enables the independent
programming of mechanical and acoustic properties, i.e., one property can be widely
varied while the other remains unchanged.
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To modulate the bandgap characteristics while preserving the mechanical
properties, we can select the design parameters along the contour lines in Fig. 4-12. As
shown in Fig. 4-17(a), the selected configurations (solid dots) possess identical stiffness
of 30 kN/mm in the z direction, while exhibiting programmable bandgap widths through
parameter variation (Fig. 4-17(b)). This independent programmability enables a 10.4-
time variation in the frequency range of the bandgap under constant stiffness,
exemplified by two parameter sets (a=40°, ¢1i=106.11° vs. a=70° ¢1i=115.49°)
showing distinct bandgap ranges (Fig. 4-18).
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Fig. 4-16 (a) Parametric analysis of the first bandgaps of MC3 with different design angle a and
initial folding angle ¢i; (b) Band structures of MC3 with a1=a,=hi1=h,=15 mm, a=70°, and ¢1=130°,

along with TLs in the x and z directions.
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Similarly, the mechanical properties can also be independently programmed

without altering the bandgap frequencies. The bandgap's nonlinear dependence on

design parameters (Fig. 4-16(a)) enables distinct configurations with identical bandgaps

but varying mechanical responses. More interestingly, by utilizing the unique geometric

transposition of unit cell C3, we can even achieve transposed mechanical properties

under the constraint of invariable bandgap frequencies. This is exemplified by

configurations 1#-5% in which 1*&5*, 2#&4* respectively form transposed pairs while 3*

serves as a symmetric case (Fig. 4-19(a)).
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Fig. 4-17 (a) Selected configurations exhibiting identical stiffness in the z direction and (b) distinct

bandgap characteristics.
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Fig. 4-18 Comparative bandgap ranges between parameter sets: a=40°, ¢1;=76.11° (left) and a=70°,

017=115.49° (right).
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These configurations share identical bandgap frequencies as shown in Fig. 4-19(b),
but their stress versus strain curves, stiffness and SEA not only exhibit broad ranges of
programmability but also transposed features between the pairs, i.e., kx=kzs,
SEAx1=SEAz, kx=kz, and SEAx=SEAz as shown in Fig. 4-19(c)-(d) (detailed
derivation in Appendix C). A special case is configuration 3* which has identical
stiffness and SEA in the two orthogonal directions. These configurations achieve

stiffness variations of 16.9 times and SEA variations of 5.4 times without altering the

bandgap.
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Fig. 4-19 (a) Configurations 1*-5* with transposition pairs 1* & 5% (a=50°, ¢1;=50.67° and
01i=146.15°), 2* & 4* (0=55°, 1;=81.59° and ¢1;=127.33°) and symmetric configuration 3* (¢=60°,
01=¢2=109.47°) demonstrate (b) identical bandgap frequencies; (c-d) direction-dependent
mechanical performance showing transposed stress versus strain curves, stiffness and SEA between
paired configurations (1* & 5%, 2* & 4*) along orthogonal axes (x and z directions), with

configuration 3* maintaining identical properties.
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In existing studies, a 1.79-time variation in SEA together with a 6-fold variation
in the sound-absorption frequency range has been achieved [l while a 10-time
variation in strength together with an 8-fold variation in the sound-absorption frequency
range has also been reported [143], The proposed design achieves a 5.4-time variation in
SEA, a 10.4-fold variation in the bandgap frequency range, and an 11.77-fold variation
in strength (calculated according to the methodology in Ref. [143]), highlighting its
superior capacity for independently programming multiple properties while preserving
structural integration. To summarize, these results establish a strategy for independent
programmability of multiple properties by utilizing the inherent non-unique mapping
between design parameters and physical properties. And the methodology extends
beyond the demonstrated cases to enable control of individual properties while

preserving complementary functionalities.

4.5.2 Geometric Reconfiguration and Properties Tunability

A key characteristic of advanced origami-inspired metamaterials lies in their
ability to achieve post-fabrication geometric reconfiguration. Unlike traditional
mechanical metamaterials that are structurally static and possess fixed properties once
manufactured, reconfigurable origami structures can transition among various folding
states. This morphological flexibility enables the on-demand, geometry-dependent
tunability of their physical properties. To demonstrate this feature, we design an MC3
metamaterial with a sector angle of «=65°. To facilitate the physical reconfiguration
process, prototypes with a uniform panel thickness of 1.2 mm were fabricated via 3D
printing using thermoplastic polyurethane (TPU). TPU was specifically selected owing
to its high deformability, low glass transition temperature, and exceptional
thermomechanical responsiveness. These characteristics allow the structure to undergo
significant plastic deformation at elevated temperatures and subsequently lock into new
target geometries upon cooling, successfully demonstrating post-fabrication tunability.

The material properties obtained from the uniaxial tensile test are as follows:
elastic modulus E=52.82 MPa, Poisson's ratio v=0.3, yield stress y=8.32 MPa, ultimate
stress ou=11.25 MPa, ultimate strain £,=50.03%. The density of the material is p=1.10

g/cm®. The compression experiments employed an Instron 5982 universal testing
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machine (100 kN load cell, 1% accuracy) (Fig. 4-20) under identical speed (5 mm/min)
with 1.5% height reduction.

Load cell

Moving
rigid plate

Specimen

Fixture
Stationary
rigid plate

Fig. 4-20 Quasi-static compression setup using the Instron 5982.

The reconfiguration process of the specimen presented in Fig. 4-21 involves the
following steps: First, a custom-designed fixture assembly comprising paired 3 mm-
thick 316L stainless steel components (shown in Fig. 4-19) was mounted to the sample.
Subsequently, controlled compressive forces were applied to plastically deform the
specimen into the predetermined target geometry, followed by mechanical locking of
the fixture position using threaded fasteners. The constrained system was then
transferred to a constant temperature oven (Yamato, DKN612C) for isothermal heating
at 130°C + 2°C for 30 minutes. Following heat treatment, the assembly underwent
passive cooling to room temperature (25°C) over 90 minutes before careful disassembly
of the fixture components.

0=65°, 01=70° a=65°, p1i=113.94° a=65°, 01i=147.03°
Fig. 4-21 Geometric reconfiguration of the double-tubular origami metamaterial made by TPU.

MC3 with a=65° at (a) ¢1i=70°, (b) ¢1i =113.94°, and (c) ¢1i =147.03°, respectively.
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Fig. 4-22 Properties tunability of the double-tubular origami metamaterial. (a) i. Stress versus strain

curves and stiffness and ii. TLs in the x and z directions of MC3 at ¢1;=70°, demonstrating direction-

dependent properties along the orthogonal directions; (b) identical (i) mechanical responses and (ii)

TLs in both directions at ¢1;=113.94°; (c) transposed properties at ¢1;=147.03° along the two

directions compared to Fig. 4-21(a).

Initially, when the structure is set to the symmetric configuration with a dihedral

angle of ¢1i=113.94°, the metamaterial exhibits nearly identical stress versus strain
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curves and stiffness along both x and z directions (Fig. 4-22(b)-i), and the transmission
loss peaks in both directions occur in the frequency ranges of 9.98-11.7 kHz and 16.4—
17.6 kHz (Fig. 4-22(b)-ii). Reconfiguring the metamaterial from its symmetric state to
a general configuration characterized by ¢1i=70° introduces pronounced directional
difference in both mechanical and acoustic behaviors. Specifically, the x direction
shows substantial enhancement in stress and stiffness relative to the z direction (Fig. 4-
22(a)-i). And different transmission loss profiles emerge: the x direction demonstrates
transmission loss peaks at 9.3-12.1 kHz, 14.1-15.2 kHz, and 21-22 kHz, while the z
direction shows distinct frequencies at 10.5-15.7 kHz, 16.5-18.1 kHz, and 19.6-22 kHz
(Fig. 4-22(a)-ii). When reconfigured to the transposed configuration with ¢1i=147.03°
corresponding to that with ¢1i=70°, a swap of mechanical and acoustic properties occurs
along both directions, see Fig. 4-22(c). Therefore, by reconfiguring the metamaterials
post-fabrication, we can realize simultaneous tunability of the mechanical and acoustic
properties.

4.6 Conclusions and Discussion

To conclude, a novel class of double-tubular origami metamaterials with
independently programmable and tunable mechanical and acoustic properties is
proposed. Based on rigid-origami principles, three representative designs, namely C1,
C2, and C3, are developed, each exhibiting distinct folding characteristics. Specifically,
C1 is not flat-foldable in either orthogonal direction, C2 is flat-foldable in only one
direction, and C3 is uniquely flat-foldable in both orthogonal directions. Among them,
C3 exhibits a remarkable geometric transposition feature, which enables dimensional
and functional transposition between the x and z axes. Owing to this characteristic, the
structure can either display transposed mechanical and acoustic properties or maintain
identical responses in the two directions at specific folding states.

Through analytical modeling, numerical simulation, and experimental validation,
it is demonstrated that the mechanical properties, including stiffness and SEA, as well
as the acoustic characteristics, including bandgaps and TL, can be independently
programmed. By systematically varying the geometric parameters and initial folding
states, the independent programmability of these two categories of properties is
successfully achieved. For example, the frequency range of the acoustic bandgap can
be tuned by up to 10.4 times while keeping the mechanical stiffness nearly unchanged.
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Conversely, the stiffness and SEA can be varied by up to 16.9 times and 5.4 times,
respectively, while preserving the bandgap interval. These results confirm that the
proposed design framework provides an effective route for decoupling and coordinating
mechanical and acoustic functionalities within a single origami metamaterial system.

Furthermore, 3D-printed prototypes fabricated from TPU showcase dynamic,
post-fabrication tunability through thermomechanical reconfiguration. This material
responsiveness enables the metamaterial to physically reconfigure between symmetric
and transposed states, allowing for on-site, directional swapping of its mechanical and
acoustic profiles. These advancements firmly position the proposed metamaterials as
highly promising candidates for complex, multifunctional engineering systems that
require simultaneous energy absorption, noise attenuation, and adaptive performance.

Despite these advances, the present design framework still has certain limitations.
First, the tuning of one property while maintaining another nearly unchanged is
currently achieved only within specific feasible regions of the parameter space, rather
than over the entire design domain. This indicates that the multifunctional design space
is still subject to certain constraints. Future work could therefore adopt multi-objective
optimization and collaborative design strategies to enable a more comprehensive
exploration of the parameter space and to further improve the flexibility and generality
of multifunctional design. Second, the proposed metamaterials are presently
constructed through the uniform periodic tessellation of identical unit cells. Future
studies may further introduce geometric gradients or heterogeneous unit-cell
arrangements into the tessellated architecture to achieve richer and more diversified
multifunctional responses.
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Chapter 5 Triple-Tubular Metamaterials with Programmable
Orthotropic Mechanical Properties

5.1 Introduction

Unlike materials such as steel or rubber, which typically exhibit isotropic
mechanical properties, origami metamaterials are inherently anisotropic, which grants
metamaterials a more diverse and customizable range of mechanical properties.
However, most origami metamaterials are designed and optimized to achieve specific
targets, such as smooth force response or high energy absorption. Consequently, it
remains difficult for a single origami structure to bear distinct mechanical behaviors in
different directions simultaneously.

Thus, the objective of this chapter is to propose an origami metamaterial capable of
exhibiting distinct mechanical behaviors in three orthotropic directions. For this
purpose, based on the double-tubular origami metamaterial presented in Chapter 2 and
Chapter 4, a single DOF triple-tubular origami metamaterial is designed. When
compressed along the x, y, and z axes, this metamaterial demonstrates three
fundamentally different deformation modes: a rigid deformation mode, a non-rigid
deformation mode, and a mixed mode combining rigid and non-rigid deformations,
respectively. These kinematic differences translate into significant anisotropy in
mechanical properties, enabling the structure to meet diverse load-bearing and energy-
absorption requirements within a single unit.

The outline of this chapter is as follows. Section 5.2 introduces the geometric
design and tessellation method of the proposed metamaterial, accompanied by a
theoretical analysis of its folding kinematics along the three orthogonal directions.
Following this, Section 5.3 details the compression test results for a representative
triple-tubular origami metamaterial. Section 5.4 explores the programmability of these
mechanical properties through analytical models and a comprehensive parametric

analysis. Finally, the main conclusions of the chapter are summarized in Section 5.5.

5.2 Geometric Design

For multi-layer origami metamaterials, the primary folding modes include rigid
folding, non-rigid folding, and self-locking. Our goal is to combine these modes in
different directions, thereby designing metamaterials with distinct mechanical
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performance orthogonally. The origami unit is illustrated in Fig.5-1(a). By mirroring
part 1 about the xoy plane and connecting it with part 2 along the corresponding edges,
the origami unit shown in Fig. 5-1(b) is obtained. Part 1 retains the folding pattern of
the double-tubular origami structure introduced in Chapter 4, whose cross-section is a
parallelogram. To extend this motion pattern to the present triple-tubular configuration
while preserving kinematic compatibility, part 2 is introduced between the two mirrored
part 1 substructures, as shown in Fig. 5-1(c). Although part 2 is composed of rectangular
panels, its crease arrangement forms a parallelogram mechanism rather than
introducing an additional independent motion. As a result, its edges remain
geometrically constrained throughout the folding process, ensuring Kkinematic
compatibility and coordinated deformation of the connected substructures. Therefore,

the entire origami unit exhibits a single-DOF.

(a)

Fig. 5-1 (a) and (b) Geometric design of the origami unit; origami structure with (c) #:=90°, and

(b) 7:=180°.

The parallelogram panel is defined by the side lengths a, b, and the internal angle
a, while the rectangle panel has a side length of a and c. The line angle 71 is selected as
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the parameter to characterize the folding state of the unit, and other angles, such as the
panel dihedral angles 61, 92 and 63, and the line angle 72, can be calculated as

c0S7,—C0S° &

Cos ) = —2— (5-1)
sin«
2
cos 92 :w (5-2)
sin &
cos{arcsin (sin % /sin aﬂ
COS0; = — : (5-3)
005¢-\/1+ cos? {arcsin (sin %/sin ocﬂtan2 a
2
oS 7, __4costa g (5-4)
(1-cosn,)

Figures 5-1(c) and 5-1(d) illustrate two representative configurations of the
origami unit corresponding to #1=90° and #1=180°, respectively. Combined with the
folding sequence shown in Fig. 5-2(a), the deformation behavior of the structure in the
two opposite directions can be further understood. When the structure folds along the x
direction, #z1 gradually decreases, and part 2 folds flat together with part 1,
corresponding to the transition from configuration 11 to configuration | in Fig. 5-2(a).
In contrast, when the structure folds along the z direction, #1 gradually increases. After
part 1 reaches its flattened state, part 2 is still unable to fold flat, which leads to a self-
locking configuration, as shown in Fig. 5-1(d) and in the transition from configuration
Il to configuration 111 in Fig. 5-2(a).

Based on the above equations, the relationships between 71 and other folding
angles can be plotted in Fig. 5-2(b). The geometric dimensions labeled in Fig. 5-1(b)
can be determined by

W = 2asinﬁ,
5 (5-5)
W, = 2asin—=,
2
Ilzz(acosﬁmsinﬂ},
I, =acos&,
2
h =c,
(5-7)

h, = 2bcos
2
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The origami metamaterial can be constructed by tessellating origami units in 3D
space forming a triple-tubular origami metamaterial, and its folding and deployment
process is presented in Fig. 5-2(a). For a n X n X n metamaterial, the geometric
dimensions of the metamaterial in the x, y, and z directions are denoted as W, L, and H,
respectively, which are related with folding angle 1

w :2(2n—1)asin%, (5-8)
L=2n(acos%+bsin%), (5-9)
H =(n—1)c+2nbcos%, (5-10)

as plotted in Fig. 5-2(c).
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Fig. 5-2 (a) Folding and deployment of a 4x4x4 triple-tubular origami metamaterial made of 250
g/m? card paper; (b) and (c) variations in folding angles and geometric dimensions, in which

a=b=c=7 mm and «=60°.

Figure 5-2(c) shows that the geometric scale in the y direction undergoes minimal
changes, preventing the metamaterial from flattening when compressed. Self-locking
occurs when #1 reaches 180°, as shown in Fig. 5-1(d), corresponding to the
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displacement in the z direction
H, =2nb cos%. (5-11)

Equations (5-1)-(5-14) demonstrate kinematic analysis. When considering a
continuum structure with thickness, the ratio of panel thickness to edge length should
be less than 0.1 to ensure it functions as a shelll*®], so as to make the metamaterial
deform in the rigid origami folding mode.

5.3 Mechanical Properties of a Typical Origami Metamaterial

In this section, a typical origami metamaterial is investigated through experiments
and numerical simulations. As the geometric design parameters are parallelogram angle
a, Side length ratio a/b and a/c, and edge angle 71, the metamaterials are named as a-
a/b-a/c-n1, and they are in a 4x4x4 configuration and a=7 mm in this paper. A set of
experimental specimens 60-1-1-90, i.e., the metamaterial with «=60°, a/b=1, a/c=1 and
m=90°, are fabricated with 316L stainless steel with a thickness of 0.5mm by metal 3D
printing technique. Three sets of Dogbone specimens were printed, and subsequent
tensile tests were conducted to obtain the material properties. The average mechanical
properties are elastic modulus E=175 GPa, Poisson's ratio »0=0.3, yield stress 5y,=487.11
MPa, ultimate stress 6u=846.07 MPa, ultimate strain ¢,=28.97%. The density of the
material is p=7.85 g/cm?. The quasi-static compression experiments were conducted on
a SINOTEST testing machine with a load cell of 300 kN. The experimental setup is
illustrated in Fig. 5-3(a), with the maximum displacement load set to 73% of the total
height of the model and a loading rate of 2 mm/min. Three sets of experiments were
conducted in each direction.

Meanwhile, the numerical simulations were conducted using the commercial FE
software Abaqus/Explicit. The model was placed on a completely fixed rigid plate while
being compressed by another moving rigid plate, as shown in Fig. 5-3(b). The DOFs of
the moving rigid panel were restricted except for the compression direction. A
prescribed downward displacement of 73% of the model dimension in the
corresponding direction was assigned to the free DOF of the moving rigid plate to
control the compression process, and the loading rate was controlled using the built-in
smooth analysis step in Abaqus/Explicit. Four-node shell elements with reduced

integration S4R were used to mesh the structure. General contact was employed to
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model the contacts between different parts of the model and the contacts between the
model and the upper and lower rigid plates. Friction was also considered in the analysis,
with a friction coefficient x set to 0.3. The material properties in simulations are the
same as those given in Section 5.4.

Prior to the finite element analysis, convergence tests were conducted following
the energy criteria established in Chapter 3, Section 3.3.1. To accurately maintain quasi-
static conditions and effectively mitigate the hour-glassing effect, the global mesh size
was set to 0.5 mm and the analysis time was specified as 0.03 s.

(a (b)

! .
load cell
oad ce 1 l<y KE% bl

specimen 84
camerg~
”

\

RP2

Fig. 5-3 (a) Experimental setup, zoomed-in view of the specimen and (b) compression setup of FE.

The deformed configurations at various stages of compression, the corresponding
PEEQ contour maps drawn on the undeformed shapes, and the stress versus strain
curves of the metamaterial in three orthogonal directions are extracted from the
numerical results and compared with the experimental data in Fig. 5-4, 5-5 and 5-6 with
good agreement. The SEA and compressive stiffness ke, calculated from the
experiments and numerical simulations are summarized in Figs. 5-7 and 5-8. The
numerical results for SEA and kc are all within 5.0% of the averaged experimental
values, indicating that the numerical model is capable of producing reliable results.
Therefore, in the subsequent discussions, the numerical results will be utilized to reveal

further details.
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Fig. 5-4 (a) The stress versus strain curves and (b) the deformation modes, PEEQ drawn on the

undeformed shapes obtained from experiments and numerical simulations of 60-1-1-90 under

compression in the x direction.

Firstly, the compression in the x direction is studied, as shown in Fig. 5-4. The
deformation process can be divided into three stages. In stage |, before reaching a
compressive strain of 0.044, the model primarily deforms within the elastic range,
resulting in a rapid increase in stress with compressive strain. Moving into stage I,
which spans a compressive strain range of 0.044 to 0.730, the deformation
predominantly follows the folding mode of rigid origami. The creases become bent into
the plastic range, forming fixed plastic hinges, while the panels undergo minimal plastic
deformation. As a result, a long plateau is observed in the stress versus strain curve. It
should be noted that although the non-uniform deformation during compression may
affect the smoothness of the curve to some extent, its impact on the overall deformation
mode remains minimal. This non-uniform deformation is primarily influenced by
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boundary conditions, resulting in initial deformation occurring in the middle two layers
of the model, as can be seen in Fig. 5-4(a) near the strain of 0.198 and 0.454. Upon
exceeding a compressive strain of 0.730, the model enters stage 111, where all layers are
flattened and compressed together, entering the densification stage. In this stage, the
model solidifies and becomes resistant to further compression, resulting in a significant
increase in stress.
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Fig. 5-5 (a) The stress versus strain curves and (b) the deformation modes, PEEQ drawn on the

undeformed shapes obtained from experiments and numerical simulations of 60-1-1-90 under

compression in the y direction.

Next, the compression of the 60-1-1-90 in the y direction is investigated, and the
corresponding results are presented in Fig. 5-5. The compression process can be divided
into three stages. In stage | within a strain of 0.022, when a small strain is applied to the
model, elastic deformation occurs. As compression progresses to stage Il, stress
concentration leads to small buckling deformations at the tips of the model.
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Subsequently, buckling of the top and bottom panels of the metamaterial takes place.
Plastic hinges also form at certain creases, as indicated by the red circles in Fig. 5-5(a)
near a strain of 0.134. This buckling behavior and plastic hinge formation persist as
different layers of the metamaterial collide within the compressive strain range of 0.134
to 0.730. When the compressive strain exceeds 0.730, the structure enters the
densification stage. In contrast to the previous case, the compression in the y direction
is characterized by the prevalence of buckling deformation in the panels throughout the
entire deformation process.
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Fig. 5-6 (a) The stress versus strain curves and (b) the deformation modes, PEEQ drawn on the

undeformed shapes obtained from experiments and numerical simulations of 60-1-1-90 under

compression in the z direction.

In the z direction, the corresponding results are illustrated in Fig. 5-6. The
deformation process can be divided into four stages. In stages | and Il, similar to the
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behavior observed in the x direction, the model undergoes elastic deformation followed
by plastic deformation at the creases. However, within the compressive strain range of
0.224-0.479, the deformation becomes non-uniform, leading to variations in the
smoothness of the stress versus strain curve. During this range, the model
predominantly follows the rigid origami folding mode. When the compressive strain
reaches 0.479, the self-locking of the model becomes evident, accompanied by the
emergence of graded stiffness. Subsequently, in stage 11l (strain range: 0.479-0.730),
the deformation primarily involves the buckling of the rectangle panels. Finally, in stage
IV, when the compressive strain exceeds 0.730, the model enters the densification stage.

45 T T T T
ke-y ke-z ke-x — x direction

N
(=]

—— y direction

(9]
T

st | 77 —— z direction

(=]

0.01 0.02 0.03 0.04 0.05

compressive stress,o (MPa)
DN W W
(9]

O_

15}

10} I~
5 4
0 | | | | | | |
0 01 02 03 04 05 06 0.7

compressive strain,e

Fig. 5-7 The comparison of finite element simulation results in three directions.
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Fig. 5-8 (a) SEAand (b) stiffness comparison between the finite element simulations, experiments

and theoretical analysis.
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From the experimental and numerical simulation results discussed earlier, it is
clear that the proposed metamaterial exhibits distinct anisotropic mechanical properties
in three orthotropic directions, as shown in Fig. 5-7. When subjected to loading in the
x direction, the deformation strictly follows the rigid origami folding mode. Plastic
deformation primarily occurs at the creases, resulting in lower energy absorption and
stiffness compared to the other directions. On the other hand, when the metamaterial is
loaded in the y direction, it demonstrates significantly higher stiffness and SEA, with
values three times greater than those observed in the x direction, as presented in Figs.
5-8(a) and (b). This substantial increase can be attributed to the buckling deformation
in the y direction. In the z direction, the behavior of the metamaterial is characterized
by a combination of initial rigid origami folding, followed by a transition to a panel
buckling mode. Consequently, a graded response is observed, with intermediate levels
of stiffness and SEA compared to the x and y directions. Overall, these findings
highlight the anisotropic characteristic of the metamaterial, with its mechanical
properties varying significantly depending on the loading directions.

5.4 Programmability of Mechanical Properties

5.4.1 Analytical Models

In this section, the analytical models are derived for the mechanical property in
the x and z directions due to the character of rigid origami folding[®®l. When ductile
metal stainless steel is used to create origami structures, significant localized plastic
deformations occur along the creases during continuous compressing. These
deformations can be modeled as plastic hinges. Here, we assume that the base material
is perfectly plastic, and energy dissipation solely occurs through these large plastic
deformations, with elasticity being neglected!®l. The geometric design parameters are
parallelogram angle «, side length ratio a/b and a/c, and edge angle 7.

Because the metamaterial dimension in the y direction (L) has very limited
variation (Fig. 5-2(c)), compressing in this direction will cause panel buckling without
a specific mechanism such as rigid origami mode, plastic hinge flow!* or honeycomb
crushing™331%% Consequently, it is rather difficult to predict the deformation and

establish an analytical model. Hence, this study does not include theoretical analysis in

133



Doctoral Dissertation of Tianjin University

the y direction, but instead employs numerical simulations to explore the impact of
parameters on mechanical performances.

When compressing in the x direction, the deformation follows the rigid origami
folding mode, as can be seen in Fig. 5-2(a), from state Il to state I. The energy balance
equation, which considers the external work and dissipated energy within the origami
metamaterial, is utilized to define the force-displacement characteristic, Fc(x), resulting
from the compression in the x direction:

F, (x)dx, =bm, M, dé, +am, M, d6, +am, M, dé, +cm M, dr,,  (5-12)

2
M€1:M92:M93:M'72:M0:Gi ! (5-13)

in which me1=24n3-10n2-5n, me=32n3%-18n%+6n, me=8n°-6n-6n, and m,2=5n3-6n-n
represent the number of corresponding creases in the metamaterial. xc=W(#1)-W(71i)
represents the displacement in the loading direction relative to the initial configuration
with a folding angle #1i. Fc denotes the applied compression force, Mo represents the
fully plastic bending moment per unit length, t corresponds to the wall thickness. To
take strain hardening effects into account, flow stress oo is used as!*¢"!

o, = |22, (5-14)
c+1

where ¢ is the strain hardening exponent of the thin-walled material and set as 0.25. The
stress versus strain curve of the material and the flow stress are presented in Fig. D1 of
Appendix D, which demonstrates the relationship between ay, ou and go. By considering
the folding angle #1 as the governing variable, Eq. (5-12) can be expressed as follows

F.(x) oW dng, =bm, M, %dm +am, M, %dm ram, M, 00, dn,
8771 8771 6771 anl (5-15)
on,
+Cm’72M’72 dn,.
on,

in which the compressive force is denoted by Fe.

It is assumed that the metamaterial undergoes homogeneous deformation during
quasi-static compression, where all the cells deform simultaneously. In order to study
the mechanical properties of the metamaterial in different directions, the stress versus
strain curves, SEA, and initial compressive stiffness are calculated. The compressive
stress ¢ and strain ¢ can be calculated as!?”]

oot g X (5-16)
SU HC
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in which the compressive displacement is represented by Xc. Hc is used to represent the
height of the structure when compressed in different directions, and Su refers to the
projected area in the compressive direction. The initial compressive stiffness ke is also
investigated in this study, which represents the bearing capacity of metamaterials in the
elastic range. Understanding kc is vital for designing structures and components that can
withstand specific loads without undergoing undesirable plastic deformations(*®*. The
initial compressive stiffness ke is defined as the initial tangent slope of the stress versus
strain curve divided by the relative density of the metamateriall*621¢%, In Egs. (5-17)
and (5-18), pv represents the relative density of the metamaterial, t is the thickness of

the panels, and Sm represents the sum of the surface area of the panels.

Sm= 2na(14n2bsin a +3n*c—4nc—10nbsina — ¢ — 2bsin a), (5-17)
Sm-t

v = . 5'18

P =i (5-18)

The maximum displacement of the metamaterial occurs at a specific value of the
folding angle #14. By equating the volume occupied by the walls with the volume at
m=nid, that is, relative density, pv(y1d)=1, the maximum displacement can be

determined by

Sm-t =W (1,4 ) L (124 ) H (179)- (5-19)
Thus, the SEA, defined as the energy absorption per unit mass, is
J‘W(fhi )W (7714) Fc (X) dx
SEA, ==2 v : (5-20)

where M represents the mass of metamaterial.

During compression in the z direction, the deformation process can be divided into
two stages. In the first stage, the deformation follows the folding mode of rigid origami,
as illustrated in Fig. 5-2(a), from state Il to state Ill. Self-locking occurs at state I,
transforming the metamaterial into a multi-layer honeycomb structure. Subsequent
compression induces buckling deformation in the rectangular panels. In the first stage,
the analytical model corresponds to the x direction discussed in section 5.3.1. By
substituting xc in Eq. (5-12) with zc=H(#1)-(n-1)c, Eq. (5-15) can be recalculated as

Fcl(z)ﬂdn1 =bm, M, %dnl +am, M, %dnl +
on on on
' ae; 5 ' (5-21)
n
am, M,, a—ﬂjdnl +cm, M a—nzdnl.

1
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The compression force can be determined, and the end of this stage is at 71¢=180°.
Consequently, the SEA during the first stage can be obtained by

H (mi)-H(mgq)
F.(z)dz
SEAH=jo v a(?) .

Figure 5-1(c) presents the initial configuration, while Fig. 5-1(d) illustrates the

(5-22)

configuration at the completion of the first stage, wherein the parallelogram panels are
fully folded. Subsequently, during the second stage deformation, the primary mode of
deformation involves the buckling of the rhombic honeycomb formed by the
rectangular panels. The honeycomb structure consists of three types of elements: Type
I and Type Il corner elements with sector angles of n- and £, respectively, and Type 111
X-shaped intersection elements, whose cross-section is shown in Fig. 5-9. The mean
crushing force for each type of element can be calculated as*33159164.165]

35 _ 2
I:igo(i)sﬁ 2rtan(z /12— p412) (5-23)
2¢, 2 0.163[tan(z/2—p12)+0.06/tan(z /12— S 12)]
1 1
F =LG (Ej%: 2rtan(a/ 2) 2 (5-24)
" 2e, °\2 0.163[tan(B/2)+0.06/tan(B/2)] ) '
. 1
2 a) 2t )2
F,“:—GO(EJ t2 ﬂtan(ﬂ/2)+4ﬂsec(,8/2)(;j for p(0,71/2],
&

1 1
sziao(iytz ﬂtan(ﬂlz—ﬂ/2)+47[S€C(7Z/2—,3/2)(§j2 for fe[r]2,7),

(5-25)
where &2 represents the densification strain of the second stage deformation with a value
of 0.73 in this study. For a multi-layer origami metamaterial, the upper and lower layers
of the metamaterial contact with the rigid loading plate during compression process.
The presence of friction results in different boundary conditions for the upper/lower
layers and the middle layers. Hence, non-uniform deformation might cause the
honeycombs between different layers to deform asynchronously. As a result, the mean
crushing force of n-layer honeycombs is less than n times the force of a single-layer
honeycomb. To account for this, a coefficient 4 is introduced, which is set to 0.4 for the
4x4x4 metamaterial in this study, based on subsequent finite element simulations. The
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mean crushing force of the nxnxn origami metamaterial during the second stage when
compressed in the z direction is given by

F.(z)=2(n —1)((n2 +n)F, +2n°F, +(n’ -n)F, ) (5-26)
The SEA during the second stage can be calculated as
“F,(2)dz

SEA,, :ﬁ. (5-27)

M
The SEA when compressing in the z direction is the sum of SEAz1 and SEAz.

- —H=180°"

N

< )

:
L

Fig. 5-9 Two types of corner element (I and 11) and the X-shaped intersection element (I11).

5.4.2 Parametric Analysis

Having investigated the anisotropic mechanical properties of a typical origami
metamaterial, the influence of three design parameters («, a/b, and a/c) and one folding
parameter (»1) are further studied in this section to fulfill the task of programmability.
To facilitate comparison, all metamaterials feature an equal number of 4x4x4 units,
while the relative density pv is maintained at 11.44% through adjustments to the
thickness of different models. The geometries of all the structures are listed in Tables
5-1 to 5-4. Figure 5-10 presents the stress versus strain curves in the x direction for the
numerical models listed in Tables 5-5 to 5-8.

Analysis of Fig. 5-10(a) demonstrates a positive correlation between the stress
amplitude and changes in the design angle a. When the structure is compressed in the
x direction, the folding angle #z2 transitions from #2i to 0, where #2i represents the folding
angle corresponding to #1=90°. As indicated by Eq. (5-4), there exists a positive
relationship between o and #2i. Additionally, Eq. (5-8) reveals that the compressive
displacement in the x direction (W) increases with #2i. It requires greater stress to
compress a model with a higher folding extent in the x direction. Consequently, there is

a gradual increase in stress as the design angle increases.
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Table 5-1 Geometric parameters of different origami metamaterials when varying o.

Model a (%) a (mm) alb alc 71 (°) t (mm) v (%) M (g)
50-1-1-90 50 7.0 1 1 90 0.372 11.44 201
55-1-1-90 55 7.0 1 90 0.465 11.44 265
60-1-1-90 60 7.0 1 1 90 0.500 11.44 299
65-1-1-90 65 7.0 1 1 90 0.504 11.44 312
70-1-1-90 70 7.0 1 1 90 0.487 11.44 311

Table 5-2 Geometric parameters of different origami metamaterials when varying a/b.

Model o (°) a (mm) ab alc  71(°) t (mm) po (%) M (g)
60-0.6-1-90 60 7.0 0.6 1 90 0.616 11.44 571
60-0.7-1-90 60 7.0 0.7 1 90 0.573 11.44 464
60-0.8-1-90 60 7.0 0.8 1 90 0.542 11.44 391
60-0.9-1-90 60 7.0 0.9 1 90 0.518 11.44 338

60-1-1-90 60 7.0 1.0 1 90 0.500 11.44 299
60-1.1-1-90 60 7.0 11 1 90 0.485 11.44 268
60-1.2-1-90 60 7.0 1.2 1 90 0.474 11.44 244

Table 5-3 Geometric parameters of different origami metamaterials when varying a/c.

Model a(®) a(mm) ab alc nm()  t(mm) p, (%) M(g)
60-1-0.78-90 60 7.0 1 0.78 90 0.524 11.44 328
60-1-0.875-90 60 7.0 1 0.875 90 0.512 11.44 313
60-1-1-90 60 7.0 1 1 90 0.500 11.44 299
60-1-1.17-90 60 7.0 1 1.17 90 0.487 11.44 284
60-1-1.4-90 60 7.0 1 14 90 0.474 11.44 269

Table 5-4 Geometric parameters of different origami metamaterials when varying .

Model o (%) a (mm) ab alc  nm(® t (mm) v (%) M (g)
60-1-1-70 60 7.0 1 1 70 0.391 11.44 234
60-1-1-80 60 7.0 1 80 0.471 11.44 281
60-1-1-90 60 7.0 1 1 90 0.500 11.44 299
60-1-1-100 60 7.0 1 1 100 0.505 11.44 302
60-1-1-110 60 7.0 1 1 110 0.496 11.44 296
60-1-1-120 60 7.0 1 1 120 0.476 11.44 284
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Fig. 5-10 The stress versus strain curves in the x direction when varying: (a) «, (b) a/b, (c) a/c, and

(d) 1 for different design parameters.

Notably, significant fluctuations in the stress curve occur at « values of 65° and
70°, attributed to non-uniform deformation during the compression process, as shown
in Fig. 5-11. Figures 5-10(b) and (c) indicate that variations in the parameters a/b and
a/c have minimal impact on the stress versus strain curve. Firstly, deformation in the x
direction follows the rigid origami folding mode, where plastic deformation
concentrates on the creases. Therefore, longer or thicker creases require more force
during compression. Secondly, to maintain relative density consistency, the design
parameter, a/b or a/c, and panel thickness are changed based on Egs. (5-17) and (5-18),
in which length and panel thickness are always changed oppositely, as shown in Tables
5-2 and 5-3, resulting in limited effect on stress. Figure 5-10(d) reveals significant
changes in the amplitude of the stress versus strain curves when varying the folding
angle »1. Models with larger folding angles #1 require a greater force for compression
along the x direction, whereas the opposite is observed for the z direction, which will
be discussed in the subsequent section. Moreover, the fluctuation observed in the curve
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is attributable to localized non-uniform deformation, similar to the aforementioned
scenario.
PEEQ (O NN 0.30

R e
0.013 0.206 0.597
Fig. 5-11 Deformation process and corresponding PEEQ contour maps of 70-1-1-90 in the x

direction.

Table 5-5 SEA and k. obtained from simulations of different origami metamaterials when varying o.

Model ~ SEA-x (J/g) SEA-y (J/[g) SEA-z(J/g) ke-x (MPa) kc-y (MPa)  Kke-z (MPa)

50-1-1-90 1.83 18.74 16.61 488.81 18303.94  29738.24
55-1-1-90 3.27 17.71 13.80 1915.88 16181.09 17766.79
60-1-1-90 4.52 15.06 10.39 4624.10 13715.90 9519.31
65-1-1-90 6.31 14.54 9.45 9401.56 11603.66 6336.63
70-1-1-90 7.85 14.33 7.05 18944.47 8390.52 4076.80

Table 5-6 SEA and k. obtained from simulations of different origami metamaterials when varying a/b.

Model SEA-x (J/g) SEA-y (J/[g) SEA-z(J/g) kc-x (MPa) ke-y (MPa)  kc-z (MPa)

60-0.6-1-90 5.05 15.30 9.11 5424.19 14150.18 6939.03
60-0.7-1-90 4.88 15.10 9.24 5045.23 14234.03 7503.29
60-0.8-1-90 4.66 15.32 9.79 4852.84 13922.12 8268.75
60-0.9-1-90 4.60 14.75 9.98 4660.68 14164.39 8957.74

60-1-1-90 4.52 15.06 10.39 4624.10 13715.90 9519.31
60-1.1-1-90 4.33 15.36 10.87 4562.86 1411453  10325.46
60-1.2-1-90 4.27 14.71 11.36 4501.20 13872.92  11558.31
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Table 5-7 SEA and k. obtained from simulations of different origami metamaterials when varying a/c.

Model SEA-Xx (J/g) SEA-y (J/[g) SEA-z(J/g) kcx (MPa) Kkc-y (MPa) kc-z (MPa)

60-1-0.768-90 4.93 16.04 12.09 4689.10 13569.35  11424.11
60-1-087590 4.60 15.68 11.25 4650.53 13815.66  10686.37
60-1-1-90 452 15.06 10.39 4624.10 13715.90 9519.31
60-1-1.17-90 4.36 16.02 9.65 447413 13518.78 8859.85
60-1-1.4-90 4.32 15.94 8.85 4404.20 13695.17 7803.49

Table 5-8 SEA and k. obtained from simulations of different origami metamaterials when varying #:.

Model SEA-x (J/g) SEA-y (J/g) SEA-z(J/g) ke-x (MPa) kc-y (MPa) ke-z (MPa)

60-1-1-70 1.77 13.32 15.74 481.68 13195.01  31886.22
60-1-1-80 3.13 14.40 12.77 1930.61 1437298  16686.06
60-1-1-90 4.52 15.06 10.39 4624.10 13715.90 9519.31
60-1-1-100 7.15 16.18 9.86 8393.36 14068.77 5516.49
60-1-1-110 8.38 15.70 8.87 13858.10 13152.43 3236.90
60-1-1-120 10.98 15.88 8.31 19372.91 12455.00 1915.37

Figures 5-12(a)-(d) illustrate stress versus strain curves for compression in the y
direction. As previously discussed in Fig. 5-5, primary deformation in this direction
manifests as panel buckling. Therefore, the main factors affecting the stress in the y
direction are the thickness of the panel and the projected area on the xoz plane. When
the thickness and projected area have minimal changes, the stress does not undergo
significant changes, as shown in Figs. 5-12(b) and (c). However, when the projected
area undergoes significant variations due to changes in the design angle and folding
angle, the amplitude of the stress curve also exhibits corresponding trends, as shown in
Figs. 5-12(a) and (d). According to Egs. (5-4), (5-8) and (5-10), the project area Swx for
compressing in the y direction can be expressed as

2
Swu =2(2n-1)asin 1—M{(n—l)c+2nbcosi}. (5-28)
1-cosn, 2

An increase in a correlates with an increased projected area, while an increase in 71
yields an inverse effect. As a result, stress versus strain curves reflect corresponding

trends.
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Fig. 5-12 The stress versus strain curves in the y direction when varying: (a) «, (b) a/b, (c) a/c, and

(d) #. for different design parameters.

The finite element simulation results in the z direction are presented in Fig. 5-13,
where Fig. 5-13(a) illustrates variations in the stress versus strain curve of the
metamaterial in response to changes in a. As previously discussed, variations in « lead
to changes in 72, subsequently affecting stress, with a trend opposite to that observed in
the x direction. This phenomenon is related to the single DOF folding characteristic of
the origami metamaterial. As shown in Fig. 5-2(c), the folding extent in the x and z
directions is always opposite, leading to an opposite trend in the mechanical properties.
Similar results can be obtained in Fig. 5-13(d) when altering #1. Figure 5-13(b) presents
the results when changing a/b. Two primary alterations are observed: firstly, a slight
increase in the initial peak stress can be observed, attributed to alterations in thickness;
secondly, a progressive advancement of the self-locking strain point with increasing a/b.
Based on Eqgs. (5-10) and (5-11), the self-locking strain point eL can be calculated as
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2nbcosﬂ

£ = 2 (5-29)
(n—1)c+2nbcos

Thus, it is evident that an increase in a/b leads to a decrease in the self-locking strain.
Similarly, a decrease in a/c also produces the same effect, as shown in Fig. 5-13(c).
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Fig. 5-13 The stress versus strain curves in the z direction when varying: (a) «, (b) a/b, (c) a/c, and

(d) . for different design parameters.

Figure 5-14 and Tables 5-5 to 5-8 illustrate the trends in SEA and kc as different
parameters are varied. Overall, there is a consistent influence of the parameters on both
SEA and ke. In other words, modifying the parameters leads to similar trends in SEA
and ke in the same direction. The mechanical properties exhibit distinct anisotropic
characteristics in different directions. The results also include the theoretical analysis
results of SEA in the x and z direction, as shown in Figs. 5-14(a), 5-14(c), 5-14(e), and
5-14(g). Significant errors are observed in the theoretical analysis at extreme design
and folding angles, as shown in Figs. 5-14(a) and 5-14(g). When there is an error in the
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x direction, the z direction fits well, and vice versa. This discrepancy arises because the
deformation occurring in the structure at these parameter values deviates from the rigid
origami folding mode. The occurrence of buckling deformation results in higher SEA
in the finite element simulations, as can be seen in Fig. 5-11. The mechanical properties
of the metamaterial exhibit different dependencies based on the direction. In the x
direction, the design angle and folding angle play primary roles, while length
parameters like a/b and a/c have minimal impact. The mechanical properties in the y
direction are primarily affected by the design angle. Moreover, in the z direction, the
mechanical properties increase with higher values of a/b and lower values a/c. Changes
in the design angle and folding angle result in an opposite trend of mechanical
properties in the z direction compared to the x direction.

Based on the analytical models developed in Section 5.4.1, the contour maps of
SEA when varying parameters are presented in Figs. 5-15 and 5-16. Regarding the
length parameters, as shown in Fig. 5-15(a), the SEA in the x direction exhibits a stable
response, fluctuating narrowly between 4.02 J/g and 4.88 J/g. It is barely affected by
the variations in length ratios a/b or a/c. This insensitivity arises because the
deformation in the x direction is dominated by the rigid origami folding mode, where
energy dissipation is primarily concentrated at the plastic hinges of the creases rather
than the panel surfaces. Consequently, changes in panel aspect ratios have a negligible
impact on the plastic hinge formation per unit mass.

In contrast, Fig. 5-16(a) demonstrates that the SEA in the z direction is highly
sensitive to these geometric proportions; it increases significantly with an increase in
a/b and a decrease in a/c. This is physically attributed to the fact that the z direction
deformation involves the buckling of rectangular panels (part 2). Altering a/b or a/c
directly changes the slenderness ratio of these panels, thereby significantly influencing
their critical buckling loads and the resulting energy absorption capacity.

Regarding the angular parameters, Figs. 5-15(b) and 5-16(b) reveal a clear
competing relationship between the SEA in the x and z directions. As the design angle
n1 and folding angle « vary, the two directional responses generally exhibit opposite
trends. In addition, it should be noted that the design space is restricted by geometric
compatibility conditions. Specifically, configurations satisfying #1<n-2a are physically
unattainable and are therefore identified as an invalid region, shown as the gray area in
the figures.
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Fig. 5-14 Comparison of SEA and k in different directions when varying: (a-b) o, (c-d) a/b, (e-f)
alc, and (g-h) n: for different design parameters, with SEA in the x and z direction obtained from

theoretical analysis plotted on the corresponding figures.
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Fig. 5-15 Parametric analysis of SEA in the x direction: (a) SEA in the x direction when varying

length parameters a/b and a/c; (b) SEA in the x direction when varying angle parameters o and #1.

In the vicinity of this boundary, the SEA in the x direction remains relatively low,
whereas the SEA in the z direction exhibits an intriguing non-monotonic trend. This
phenomenon is a direct consequence of the constraint to maintain a constant relative
density across all models. According to Eq. (5-18), as the configuration approaches the
limit 71 = n-20, the total surface area Sm changes, forcing the panel thickness t to
decrease to keep pv constant. Since the z direction strength relies heavily on panel
buckling—which is cubically related to thickness—the reduction in t counteracts the
geometric benefits of the angles, causing a drop in SEA. Conversely, if the angles are
reduced independently without the thickness constraint, the z direction SEA would
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strictly increase. Therefore, the observed non-monotonicity is the result of a trade-off
between geometric configuration and the required reduction in wall thickness.
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Fig. 5-16 Parametric analysis of SEA in the z direction: (a) SEA in the z direction when varying

length parameters a/b and a/c; (b) SEA in the z direction when varying angle parameters a and 7.

5.5 Conclusions and Discussion

In this chapter, a novel origami metamaterial featuring distinct anisotropic
mechanical properties in three orthotropic directions has been proposed, designed, and
systematically analyzed. A theoretical model based on rigid origami kinematics and
plastic hinge theory has been established to predict the SEA in the x and z directions.
These analytical predictions have been corroborated by experimentally validated finite
element simulations, showing high consistency. The results reveal that the proposed
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metamaterial is not merely anisotropic in magnitude but exhibits fundamentally distinct
deformation mechanisms in each orthogonal direction. In the x direction, the
deformation strictly follows a rigid origami folding mode with minimal panel distortion.
This mechanism results in a predictable, stable, but relatively low SEA and compressive
stiffness, making it suitable for applications requiring compliant deployment. In the y
direction, the behavior is governed by the buckling of vertical panels throughout the
entire  compression process. Consequently, this direction exhibits the highest
mechanical performance, with SEA and stiffness values reaching approximately three
times those observed in the x direction. In the z direction, the metamaterial demonstrates
a unique two-stage response, initially undergoing rigid folding followed by a transition
to panel buckling. This results in intermediate mechanical properties that lie between
the other two directions, offering a graded stiffness response. Furthermore, the
extensive parametric analysis highlights the programmability of this metamaterial.

In addition to the comprehensive mechanical characterization, the acoustic
properties of the proposed metamaterial have also been investigated using finite
element simulations. The numerical results indicate that, unlike the aforementioned
origami configurations, this specific triple-tubular origami structure does not exhibit
acoustic bandgap characteristics, as shown in Fig. E1 in Appendix E. This absence can
be primarily attributed to the lack of independent wave propagation pathways across
the three orthogonal directions.

This work elucidates the comprehensive anisotropic mechanical framework of the
proposed origami metamaterial, proving its capability to integrate conflicting
mechanical requirements, such as high load-bearing capacity and deployability, into a
single unitary architecture. By successfully programming the mechanical responses in
orthogonal directions, this design offers a versatile platform for multi-functional
engineering applications, ranging from impact energy absorbers to reconfigurable
aerospace structures.

Beyond the uniform tessellations studied here, future investigations will focus on
functionally graded designs and dynamic impact behaviors to further tailor the
mechanical performance and energy absorption efficiency for complex loading

scenarios.
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Chapter 6 Main achievements and Future Works

6.1 Conclusions

This dissertation focuses on the intersection of origami kinematics and
multifunctional metamaterial design. A generalized analytical framework for the
kinematic synthesis of tubular origami structures is established, and, on this basis,
several classes of origami metamaterials with programmable mechanical and acoustic
properties are developed. Through theoretical analysis, numerical simulation, and
experimental validation, this work systematically reveals the mapping relationships
between geometric configuration, folding kinematics, and multiphysical performance,
thereby providing both a theoretical foundation and a design methodology for the
development of origami metamaterials.

First, a generalized kinematic synthesis framework for single-DOF tubular
origami structures composed of 4-crease vertices is established. By combining the D-
H matrix method with spatial loop-closure constraints, explicit compatibility conditions
are derived for tubular assemblies with spatial polygonal cross-sections and further
extended to generalized multi-vertex systems. Based on these compatibility conditions,
a class of double-tubular origami structures is constructed, and a rotational tessellation
strategy is developed to assemble the corresponding 3D metamaterials while preserving
rigid foldability. This part of the work provides a general theoretical basis for the
rational design of subsequent single-, double-, and triple-tubular structures.

Second, for single-tubular origami metamaterials, the influence of M-V
assignments on both mechanical and acoustic properties is systematically clarified. The
results show that M-V assignments significantly affect the mechanical response by
altering the rate and magnitude of folding-angle variation, and also govern the
occurrence and programmability of directional bandgaps in the acoustic response.
These findings demonstrate that M-V assignment not only determines the geometric
topology of the metamaterial, but also an effective and independent design variable for
programming the multiphysical properties of origami metamaterials.

Third, a class of double-tubular origami metamaterials with independently
programmable mechanical and acoustic properties is proposed. Owing to the nonlinear
mapping between the design parameters, initial folding states, and physical responses,
one property can be programmed over a wide range while the other remains nearly
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unchanged. In particular, the frequency range of the acoustic bandgap can be varied by
up to 10.4 times while maintaining an almost constant mechanical stiffness, whereas
the stiffness can be varied by up to 16.9 times while preserving the bandgap interval. In
addition, post-fabrication thermomechanical reconfiguration further enables the on-
demand tunability of both mechanical and acoustic properties.

Finally, a triple-tubular origami metamaterial with highly programmable
anisotropic mechanical behavior is developed. The proposed structure exhibits distinct
deformation mechanisms under compression along three orthogonal directions.
Specifically, rigid folding dominates in the x direction, resulting in relatively low
stiffness and SEA; panel buckling dominates in the y direction, leading to high stiffness
and significantly enhanced SEA; and a coupled deformation mode involving rigid
folding followed by panel buckling occurs in the z direction, producing a graded
mechanical response. These results further expand the design space of origami
metamaterials for directional mechanical programmability.

Overall, this research not only lays a robust theoretical foundation for the
configurational synthesis and functional design of origami metamaterials, but also
provides vital technical support for their practical engineering applications.

6.2 Innovations

The main innovations of this dissertation are summarized as follows.

(1) A generalized kinematic synthesis framework for single-DOF tubular origami
structures composed of 4-crease vertices is established. This framework extends tubular
origami design from specific planar cross-sections to generalized spatial polygonal
cross-sections, providing a unified theoretical basis for the design of tubular origami
metamaterials.

(2) M-V assignment is identified as an independent design dimension for
programming the mechanical and acoustic properties of single-tubular metamaterials.
This work demonstrates that varying M-V assignments can effectively program
mechanical responses and acoustic wave attenuation characteristics, thereby providing
a new strategy for the functional design of origami metamaterials.

(3) A double-tubular origami metamaterial with independently programmable and
tunable mechanical and acoustic properties is proposed. By exploiting the nonlinear
mapping between design parameters and physical responses, this work achieves
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independent programmability of the two properties and further realizes post-fabrication
tunability through thermomechanical reconfiguration.

(4) A triple-tubular origami metamaterial with programmable anisotropic
mechanical properties in three orthogonal directions is developed. The proposed
structure enables distinct deformation modes and highly differentiated mechanical
responses along three orthogonal directions, expanding the design space of anisotropic
origami metamaterials.

6.3 Future Works

The research reported in this dissertation establishes a generalized theoretical
framework for the kinematic synthesis of tubular origami structures and systematically
investigates the mapping mechanisms between geometric configurations and
multiphysical performance. To further enhance the functional versatility and practical
engineering applications of the proposed origami metamaterials, several potential
topics can be further explored.

First, the kinematic synthesis framework developed in this study is currently
mainly focused on 4-crease vertices subject to flat-foldability constraints. Future work
could extend this framework to more generalized 4-crease vertices, thereby broadening
the range of admissible tubular origami configurations and enriching the design space
of origami metamaterials.

Second, in the construction of the double-tubular and triple-tubular origami
metamaterials, this study mainly adopts a uniform tessellation strategy. Future research
could introduce geometric gradient designs at the unit-cell level, for example by
gradually varying the design angle, folding angle, or unit type along the tessellation
direction, so as to achieve more diverse programmable performances.

Third, the present acoustic simulations are based on rigid-wall assumptions, where
the structural walls are treated as sound-hard boundaries and fluid-structure interaction
is neglected. Future studies could further incorporate wall flexibility and fluid-structure
coupling to more accurately capture the acoustic behavior of origami metamaterials.

Forth, for the reconfiguration of origami metamaterials, future research could
further explore the integration of origami structures with smart materials. By
introducing stimuli-responsive materials with optical, thermal, or magnetic

responsiveness, it may become possible to achieve active reconfiguration of structural
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geometries and endow these metamaterials with richer multiphysical functionalities.
Finally, in addition to the commonly used 3D printing methods, future efforts

should also explore the feasibility of employing conventional manufacturing techniques

for the mass production of origami metamaterials, thereby supporting their practical

engineering applications.
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Appendix

Appendix

A. Dihedral angle variations of C3 at ¢1=¢> when compressing in
x and z directions

The dihedral angle variations of the symmetric C3 configuration at p1=¢2 under
compressive deformation were analyzed (Fig. Al). When compressed along the x
direction (black traces), the dihedral angles g1 and @3 exhibit monotonous expansion
from 109.47° to 180°, while angles g2 and ¢4 contract from 109.47° to 0°. The
tetrahedral angles 014 and 014 also demonstrate symmetric variations spanning 70.53°
to 180° and 70.53° to 0°, respectively. Conversely, under z direction compression (blue
traces), the transformation is directionally inverted: @1 and p3 compress from 109.47°
to 0°, while @2 and ¢4 expand to 180°, with 61-4 and d1-4 traversing inverted ranges (0°-
70.53° and 180°-70.53° respectively). Notably, the angular disparities for both
compression directions exhibit quantitative equivalence in both total angular changes
and the initial tangent slopes at p1=¢2. This symmetry results in identical SEA and

stiffness across the x and z directions according to theoretical analysis.
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Fig. Al Dihedral angle variations of C3 at p1=¢, when compressing in the x (black) and z directions

(blue).
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B. Full band structures of the double-tubular origami
metamaterial

The full band structures discussed in the main text are systematically presented in
this section (Figs. B1-B5). Since no continuous propagation pathway exists in the y
direction of the double-tubular origami metamaterial, the band structures along the y
direction are not presented here.
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Fig. B1 Band structures of MC1 (corresponding to Fig. 4-15(a) in the main text) with

a1=bp=15mm, a,=b1=21.93mm, a1=a3=70°, a;=76.47°, 04=60°, ¢1i=119.16°.
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Fig. B2 Band structures of MC2 (corresponding to Fig. 4-15(b) in the main text) with
a1=a2=b2=15mm, b1=21.93mm, a1=a2=70°, a3=a4=60°, (01i=119.16°.
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Fig. B3 Band structures of MC3 (corresponding to Fig. 4-15(c) in the main text) with
a1=a2=b1=b2=15mm, a (a1=a2=a3=a4)=60°, Q1i =109.47°.
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Fig. B5 Band structures of MC3 (corresponding to Fig. 4-18 right in the main text) with

a1=a2=b1=b2=15mm, o (a1=a2=a3=a4)=70°, (01i=115.49°.

C. Dihedral angle variations of C3 at transposed states when
compressing in x and z directions

When geometrically transposed configurations (Fig. C1, configurations 1%/5* and
2%/14%) undergo directional compression, their dihedral angles display complementary
evolution patterns along the x (black traces) and z directions (blue traces). For
configuration 1* (Fig. C1(i)), compression in the x direction drives monotonic
expansion of dihedral angles @1 and @3 from 50.67° to 180° with concurrent contraction
of p2 and ¢4 from 146.15° to 0°, while dihedral angles #1-4 and 61-4 span 33.85°-180°
and 129.33°-0°, respectively. Conversely, compression in the z direction inverts these
trends: g1 and g3 contract to 0° as g2 and ¢4 expand to 180°, accompanied by reversed
dihedral angle variations (f1-4: 33.85°—0°; d1-4: 129.33°—180°). Configuration 5% (Fig.
C1(i1)) exhibits transposed angular responses: its compression in the x direction exhibits
trends identical to those of 1* under compression in the z direction (p1 and ga:
146.15°—0° @2 and ¢4: 50.67°—180°; 614 and 14 mirroring 1*s 514 and O14
trajectories), while its compression in the z direction precisely replicates 1*s
compression in the x direction behavior. This geometric transposition directly
establishes the identical relations kxi=kzs, and SEAx1=SEA:s. Configurations 2* and 4%
in Fig. C1(b) demonstrate analogous transposition, resulting in kx=kzs, and
SEAx=SEA.
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Fig. C1 Dihedral angle variations of C3 at transposed states when compressing in the x (black) and
z directions (blue): (a) Transposed pairs 1% (a=50°, ¢1i=50.67°) and 5% («=50°, ¢1i=146.15°); (b)
Transposed pairs 2% (a=55°, ¢1i=81.59°) and 4% (a=50°, ¢1i=127.33°).

D. Stress versus strain curves of the 316L stainless steel
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Fig. D1 Stress versus strain curve of 316L stainless steel.
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E. Band structures of triple-tubular orlgaml metamaterlal
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Fig. E1 Band structures of triple-tubular origami metamaterial.

174



HA SR A 2

IR

PraR G VR — Mok — 4P i b4 RHlE R I BN =42 R S5 2 AR08
o IEFR ORI ORI I TR TE. Horh, BRI 4R g i FEAT AR
St e b - JURT R0 FREARF IR AT R S i OB AR, ) 2 L ) LA . Bk
RS N B SR LR B R SCRE B P o BB AT RS AN TRAL , R BRI 484
N A IPE R e b AT =4k TRk, fE2E 1 Sl B ARRE Bl 2 AT D Sl W E e 1 (14
WA AGEM R XRE M el ) LT S E S IR AN g AR BT, SEIUR
JIEEM N S B AP R A B, eI Ei e 5 2 Dhae— b ieft 7 4
BRI 5. B, SREHTERIT AU B R ER G P8, JFER 2
BRI ZMAENLE], ORI 8 R RIS AU I E K R

ST RHE TR I i 1 N TSt (2 A R S5 TR Re g
FEVS IS 2 kil B, EMLAE)R, BT B IRIT AR 2 O 22 36 e it Bl
R JUA RS (A Miura-ori S HARRD R AARTEAE R IR F-1% e i1 i 234
o XAEERME R 22 8 2 A 1) 83 25 G IR sk, SNl ZE
R AA R BT AR LS PRI, A P AUAS) 2 Do P 7 1 DU R T A B
H EE B IR A5 P P BT E AR, SRBST- I AT ) LT SR 4, 2 S 2 A 2 TR 3R 78
SRR R ATIR . HIRK, ErEREmAEZE 0, Jrabre e kA
SR TSR U RS Cnieit M KD, B S BRI T IR B S LA 2
oM. SR, BUA TEREM AR 7T 2 T U S B ESAR L, A ML
AL, RGRFTIR 5 RS 2 VB R R I JUE PRI .

7 BTG R LK AR SR SN RHE 7 A R Re g A T T D i
7 REV IR, (HEUR RN AR ZOR IEAE AW iy, W7 B 1k
H s — BRI IZ D e [ 2 T Re SR il it — 2P, fERAPRL N — D RE A %
TR SR I st b, A0 B T 1 8] (R 5 R 15 RO RO 1 ORBER 2T N 3R . AR S 2 T RE
A BB R A S BOR R S R SE: hT 05, A ARG R
PEAEAEMOI T A — B it 28, AR LR DO R — R e ERERT, %) 51
RHANERERIARTIYIMAL o IX T A7 I S EURAE , (4575 B — G54 o[RS 3
2 WIHL ) T RE ARG HE i 7 55 42 76 R AR 19 57 1 DRI XE o TR, Sy 9T s R A B 4
RERIEI AT 5%, i GURT Fh M S AL Bt SeBl 7758 5 7 SA TR RE A A S 2
R RN, 2 BNz A B R AR . JLAh, 2 DhReE M R A
AR IR T YD BRI (PR BE I [) , B A FH 22 P — 25 A 22 b AN [7) g 2 i R AT

175



Doctoral Dissertation of Tianjin University

IS B0 S 2% TTREIR B O 7 T (RO AR B R R 7 3K AT S S SO T LT
BT AE L — 254 TR AR B M BOR AN R AR TEAR S, 32E 1T S v 5 ) S 2 ) 45 T
PE 35N, o P AT AR A L R N FH 4 2 1Y) B BRI AU 17

HI AR 8 RE G R AN 25 R AR T2 v BEAR DR 1), X 1 B 11X L8 2 D e
MR, AT AR ARV E R A T TN . AL Z T, Frakdhity, JoHe
WIPEST 4%, HAST S RE SRR 3 5 2 Ta B A BT I 8 (R RN ok &, RO EAT
ZERIR R IS BT N S EPE RE L IR IO HTHR R IR0 7T RE. ST A5 )
FEVR, AEMWEERBI S RS ThRE N AT, i 2 2
REEEAA R BE ARG HEBE T SO g R S (B 1R S

g ERTIE, RV I AEATRL, JRSEIl s i e 5 2 VY
VEREMIMAEN T, e B SO LAEEAG: (1) @2 TP R IR K& IR
M) BB R A, RBUE ST IR A R AR, DB AR G i
THPROLIE ) LT MG 5 23 RV BRI SIS s (2) RGURTT LA LI Akt A R g 7
S ETEREMRN, PRt R S N 2 ] K &R (3) M PEREM AL T,
FENLR TS HS BRI B () — B DG R, SB35 5 7R SR R I T G
REEIE; 4) Wit RS E R e AR 40 B, (R — S5 g
JEAN R A 5L S P R G ) 22 D REAS [F S PR M R o

ASCRET I B sl A Bt 5 2 Y HE TSR, B AR BN
PR L5 B M RE g AR 1 e BB IR AR R 5 F A 7. AL e T D-H MRS
2 (8] AL RO R, A 1 T DU IR TR K 20 B el BRI AR A ) R
WEZR, S 7 A 26 210 R AT E IR G M K LT B 261, JFSR Y 17 XU 45
KE) FRRE 36 7595 2 e s TRV R R SRS o L, IR NIRRT T LA 2 70 AT 0T R I % 3 408
MR Z B ERERIREN, L TR (A T S IRAR L L MIEE K s A B TR R ¢
Fo M, ARSCERM T — RPN LA A BATMURFSIT B e 10 00 B T 4RE A
B @ @SBRSS B RE R AR — B SC R, D SEEL T 15 S A A
RERIRAL i AE S AN AR . feJm, ALV 7 — M = IER 5 1A B B AN F
ERAITAHARL, 7R 7 HAE A5 1 ERASEHLE, SCBL T AR 1A S R
TIEENA L o ARSI T BRI TSR N 2 DA 4CHA R I B8 e it 5 TRE R I 4R 14
TR EIR A S BR B AR . A EE TAEHE LR IS

o ETIITRTRKEE BHEERITRENEIIF5E
AR RS T — B DU TR T R B IR T 4R 45 R )
Wzsht i aEs. Ho, A D-H R 52 AL RS &0 77%, Xl

176



HA SR A 2

VO DY 3T R T st AL B AS PR AT T I s i HE 3 Y 0 B s iR 1 2%
PEUER T MIE RT3 B B IR A A AT R TE AN b SR BR 11 22307, i vl LY i
B[R 2N . I E, ARSI 2 2 IR RN
J7SCEPRIT ARG o 3 B A 2 TV P O BB LT B, BESL T 2
AV IR T R 2 3 AR B IR S A P iR PR S

N T BB R, AN TSR T P A LIRS A K003 3T AR
GER R R TTE . BITIE AR SR R B T, R T S T D IEAT 2R
M FA R E 22 (807 [ R 4 e, ATk 1 AT 8 1 EEE sl R PR R XL
BT AR TT . BRSO BT R Z [ A AR PR AR, 52 T — R 2
JE e B R SRS o AN SR G B AT A (A e 2R R ANAC L, T I A A E B
R, SEHL T XUE #3488 oA = 4B [ I RS EE R, 158 1 =4Edr 40k
ko

ANEEFE ST BB AMESRA RO bR 1 A Gu ket o ox K i A 4R e PR
PRI e 1 W R 3 B B IR AR A5 F A mT AT et 22 8] o T HY (8 A AR DY T3 i
[ 38 | S22 TR BE AR AT 5325, DA Jim B PR U0 B 45 R R 36 5 R R SR, st
T EAT 2 Thag s 1) Bl B 1 R s I AU A RHR AL 1 B st g BRI AN R SE ) 7 Tk

%
o BT ARG MBI 2 S R R

AN =B TS OB LB IR R 72, X2 T double-corrugated
Tl (P FRd % (single-tubular) HT4REE R RBER) ) S A VR e AT S fR 0.
Je, FET BRI RPESAE, ME T VYRR R A AR LA o AT I R EE NI
PRI BT 4N (A48 DC-1 & DC-4) . JU 5igsh2¢ i £, RE LA
Lo i /AfE, {A DC-1 5 DC-2. DC-3 5 DC-4 437l B A A [F 1 J L R F 56 & A
TERA L. FETIX ST I B S, ARFAUE & T IR — AR, kil
AR — 2N A E B AMEERA ARG (0 DC-1 5 DC-2 HE) , g
T ZMIRA P AGEM KL

N T RANRIC LB L A% D5 PERE 2, AR T A PRGN 5 SE 56
MG HITTE . X — AR 7 R B, ERIEST &7, BA AR
(PR A J1 2 B HS AR ABA %) AR TS RN 77 20 I 5 G U — A N B2 3 2 el 47 28 4 B2 1) A
HERYE, T EEIR BRI 32 EEHL P T4 B A1 B AR & . o TR G AR, HAE
X Fy 77 6] 1) 77 2 1 Be 5 25 ST A BEARAEL,  ABAE z J77 [) Hs 4 IR 28 I B URR (RO B 6k
RISy B, HIA— AN ISR B o X AR I 1 24T N AR TR A LS

177



Doctoral Dissertation of Tianjin University

AR B TCHE A TN 2 HSREBEAN A, TIIESE 1 3 B 1L 45 2 A AT PASE
BB AL 72 P BE A WAL -

FEFSEPEREDT I, AT R G715 S R L5 7 50 A AR AR X ok
SETERZ . AT — BEEGE A R, AT UK DR E Ll 24 (i DC-1 A1 DC-
3) H&RE, REveAT B~ AL 4%, i DC-2 Al DC-4 MIZRILyid . S5t
IITRE— AR, BRI S A AN BE B T LA T BRI AR Y S 5, iE
RETERSRE JUMPIRZS R N EA TG B A BT 5 i Bt o ARSI b, Jlid RS ) |
A BAT A A BRI 7 X TR A RS IIFTRE 1 Ak (0 22 TR R AR,
5t L R AR s N SR A ST P 5 14 4 JRyade A« 2 Jma BEL BT AR 3 s ) BEL B 3 (1 i
PN 7 I S

AR = TR AT (L A 2R B TR RE S R SRS, AT R e T B B AR
FERPEHE 2 D RE BT 22 8] o FIT I B R L 2 SR S HEAT 55 2 00 70 2 B s 22 R P T 11
RE, WAL T AR B S I 2 ) BRI 1 R 2 A BT SR

o BEAMNLATGRTE J1 S RS R UG B 45 A

ARSI F SR T — A A ML A g A2 5 h A8 AT T2 45 P 1) 22 D) RE XUE #%
(double-tubular) #r4GEMEL. BoE, FTH _FEHIREEA, ME 71 x Mz
PN TEAZ 7 1) B ERIEE A 4R T . s WIS 4RE IR, TE4E 04T 1 50
U S8 5 &R R AR T LTS E v 4, Kz ockl s h=
FEAARFEP BTN JEPRETSE (CL | BEFEITSA (C2) LK
WA FREPT 2R (C3) o FEHL, C3 B e HE UE B F A BRARE R X )~ 4T g /1 Fl
COUTEE” e, BITERNIERS TR (x s z i) _ERTER R P SR A s
I LA XS AR B B, X D e 2 SE BN 2 ) 37 1 Re I B 7 g A e £ 1 R B I I2
Bl 2E Al

Bt B RIS SR C3 BUEAMEL, 7RI 1 H )5 5 78 2R e 5k
1T TIRANISEANA T 12505, @ T ESHAL, S 7RSSR T
MIE 5 R REfE T A 20, FFEN A PRI 07 B 5 S50 5k 7 iz BB B A iR Af % 5
SR TR, VIR 2 M5 R T A 2 DLE )57 B ) G R 3R o A2 A S U7 T
KA BRICOT LA T A S Re iy Gkt AR ok, JFdT 17 SRRt . B2
A W7 T dib JLARDO AR 7 B B e MR = TEA8 T 1) JLART RS i —
FIEAT AT B R A B B8 B, 0 ) LART RS0 o e ) 3 850ty iR PR B Bk B A 4

BT EIRSH s R, AEF YRR S5 ) L S50 B A7 7R 1 JEME—
MBS RV, ST 122 5 2 M RE OO R AR S AR B IR N 1 T S RE R AR

178



HA SR A 2

AL BET AL DA /0 2 W BEERE AT HE Al 58 A A v B A KV e (32
WA 10.4 /%) 5 2, JNATELERF = 2 R VL ANV A AN, 2251
NI (RALIREEL 16.9 £5) SEEREE CRALIRREIE 5.4 £5) o tbsh, T HE—
DU UEE AR 5 B v P, SR B IR 2% T SRR, JEA T FAML
POINE S 1 RATRL LRI R B ) B R S PR RE T A

AV BAR 7 —Fh R B 2 MR e P OO0 B 3 4G AR, A
BT E S W EL IR L 1) A ARPE — WL JC R SEHL 1 RN RE AT s, &5 49K
ERVEATRESEEL TR R B R AR RE TS . DT R — AR RE R M, M Fs
] K BhASIE R RE T PR B LAEARITRE 1Bz

o BAAEREIER S FRE T S AR B =8 B3 4 AR

ASCH BRI T — M EA B E RS R AR I =l # Ctriple-
tubular) FraGEARL. oG, 18I G BRI T SR AR R LT R SR
i, Wit 1 RAT R R I BRI AR T . MRS, R T
FR M oC T BRES 1) RAT R o 8T TE =42 ) Hhon] M e HEAT R PR R A, g A
T =AM R 3BTRS AEHE =N 1225 1A B A BOR AN F
BENRE: £ x J7 AL, SR AERIPEST AR, ATl e I Ry Jr AL,
F U RAFEST R th AR s iAE z D5l b, i AR TR AR 5N LT 4
R, ditgEhadEth A asIsR, Sk EeE T,

FERFE AR =NIR58 ) B3 S A AL, 70 mESL 1 AN )22 B e
PR S HUE 7 BrAEZ . X x 7, BRI 4, AR 3
EhTHrRAL, MBI SRR R, S RS RS T K T
N5 LEIR BEM#T A 3o X T 2 T, s 1 AR PR B AR S, BIATEA 1Y)
WIS BB B S B s R TR B E B v, 25 SRR 408 18 508 5 45 1113
Fist ST AR, MR T R E BUR DA AR Y . A e JR 3D 3T ENBORT % 1 3161
AEEIASCISFENL, F i A S 4 5298 5 BR oo 07 FRIE 1 B R HE w1
WA AR, AR x J7 [ R BN R R S AR RE RIS 24 FEy
J7 RN e W EE 55 e W BE B0 e R 2, LB BB x 7 A ) =5 T4 2 7
(6] JUJ S S 3T 8 i e o PR L 0 2 LA AL

N T SEBUEEA R A TR AT AR it RGUHUER T 1 RSB A S TG 3
BN =TT R AR RERI R R . S HAE R, it SIS A 2
SOM x 5z I 1AV ERE MO DN A . (AR, XN T TR A S PR RERE
SHCRWATAE 2B S A& S B, B2 S x 7 TG M

179



Doctoral Dissertation of Tianjin University

JIEIN, AHSBRAR z J7 e R . Ak, T EESHUE RN x T FINIVE ST
BAT AR, BRZFENR T 2 J7 R E BN AR 5 R A I ATy 2
SEARLRNVE S HUR N OC R, IR B LB 2 RS W13 B RS, AT ASEEL
ST A A RHE =N IR 7 18] BRI SR RE R P RE A o

AR E T 1K) =30 3 AR A e SR T A% Gt 4l R Kk DAAE B — g B v [ e R
Ji% 2 R ANIR] 1 5247 D (PR o 38 X5 0 i WIE 37 B 5 ) et o 9 e AR T AL
i, ARSI SEBL T AEAS FINET 1A BRI R R AR B D). IR
WAk, (AR 2 ThRE DT B g s € R B L e B G I AR S A v i
FUEA EE N ST, I AGEM R DI REAL BT SR AL BT BOR B4R

- GkERE

ARIEIR Tz s 2 52 R btk A2 Rl &, @0 a8k
IrARAHIE HE 3 2 4 A BARHELL, IR TZAE SRt 1 — RV A G MR &
TR AGE AT B 38 R SR I LT R AL 2 W B 7 Ve e 2 T) R RS AL
KL T J15A 5 AR RE RIS e R 5 B A AEE, JF TR H AT Rl g RE 45 1 5
YRR R BT R ADRL . RWT A DO I AU R TR & S DRI BEE T
SR IR LA, O SEBR TARER T AR e it 1A R BOR S H%

BEAh, AR T AR I A] DAL J U5 T3 AT 3E— 2 BRI 7«

(1) A3CH RS IE 3 2 25 PR T2 E I R A7 R AR S 20 BR DY 3
TRI AL ARRATE— PR Z BB HESRHE) ™ 2 — AL DU FTIR TR, AT ¥ BRI
AREMMFR BT, 5 raGEMR A R B A

(2) A SCAEXUE i S =38 B A AU AT A I8 Hh 32 2R AT 51 IR S . ROk
AIAE R ITR T GO UATETAS B TE, B ANV R T [F IR e vt A 3 B A
JeRA, DASCHUE N & I VERE AL -

(3) ASCHIF 24 FR A NI BE iR e, R =5 RS B S A K A 1 R 5 0L
JREEATFTR 2D SINFLERE & 0, DA 4z S e B s 3 4G AR 1 7
S N R o

(4) EEXHITAGHEM R Eh A T, AR AT EE— P IRR T A 5 8 REAT R
LSS G BV D AL ) VAN A ) VAN A VAl CIE v S S R s 2y ) it
EEER, FFRTHERE N2 YES TR,

(5) BxHATH A 3D FTENJ5IRAN, RAKGENHE IR R AL G HIE BRI
AUEA R E AT A& P AT AT I, AT 9 AR R S S

REEW]: WIPETAC; ITAGEMEL: ERRITAGE N WIS RE TR

180



Publications and Research Projects

Publications and Research Projects

Journal Papers:

[1]

[2]

[3]

[4]

[5]

Li M* Ma J¥, Tang X-L, Wang Y-F*, Chen Y*. Double-tubular origami
metamaterials with independently programmable and tunable mechanical and
acoustic properties[J]. Composites Part B: Engineering, 2025, 306: 112804.
(Co-author)

Li_ M* Chen H* Ma J*, Chen Y*. An origami metamaterial with distinct
mechanical properties in three orthotropic directions[J]. International Journal of
Mechanical Sciences, 2024, 283: 109713. (Co-author)

LiM, Peng R, Ma J*, Chen Y*. Programming the mechanical properties of double-
corrugated metamaterials by varying mountain-valley assignments[J].
Philosophical Transactions of the Royal Society A: Mathematical, Physical and
Engineering Sciences, 2024, 382(2283): 20240004.

Li M, Zhou Z, Hao B, Chen F, Chen Y, Ma J*. Design and deformation analysis
of an inflatable metallic cylinder based on the Kresling origami pattern[J]. Thin-
Walled Structures, 2023, 188: 110859.

Li M, GuY, Ma J, Chen Y*. Kinematic synthesis of single-DOF tubular origami
structures composed of 4-crease vertices[J]. Mechanism and Machine Theory,
2026. (Accept)

Patents:

[1]

[2]

MR BT BRIEE. Bk, —Fhal Pt 5l AP atasb, B
Z1.202311085740.5, K BHEH], AT H: 2023.12.08.
Mraxs 2285, S58. AER. KRN, MEH. &g, 2208 FAT.
fif1 e, —Fh 3T DU AN ERT DU AU 8 E B T T R Bk b, AL
Z1.202210163731.2, KEALF], =R A%EH: 2022.10.18.

Research Projects Participated in:

[1]

HxX BRA AR ER NS, ANFFESWA, sz 5 EEH, T

181



Doctoral Dissertation of Tianjin University

H % *5 51825503.

[21 ExARBEREEZ RS, NHEFFEEGIH, 52422502, Fr4GEM KL, T
H %i % 52422502.

[B] HFKARBIEEEZE T2, EAOE, v iR e g s 5 ae s
FEMEATFT, T H 9w~ 52035008.

[4] FEZKE SRR, B RGE i e 2 B IR DK — A0 B B T R WOK L%
A, TiH%'5 2024YFB4707800.

182



Acknowledgments

Acknowledgments

First and foremost, I would like to express my deepest gratitude to my supervisors,
Prof. Yan Chen and Prof. Jiayao Ma, for their visionary guidance, rigorous scholarly
standards, and unwavering patience throughout my doctoral study. Their profound
insights not only illuminated my research path but also profoundly shaped my
development as an independent researcher. I would also like to sincerely thank Prof.
Yan-Feng Wang for his valuable support, insightful suggestions, and continuous
encouragement, which have greatly benefited both my research and academic growth.

My sincere thanks also go to all current and former members of the MSL
laboratory for making research a truly collaborative endeavor. | am deeply thankful to
Dr. Xiao Zhang, Dr. Yuanging Gu, Dr. Weiqi Liu, and Dr. Tianshu Wang for their
insightful discussions and guidance. To Mr. Zhenhao Jia, Mr. Zhibo Wei, Ms. Kaili Xi,
Mr. Sibo Chai, Mr. Yuehao Zhang, Mr. Chuhan Xu, Mr. Chenhao Zhang, and Ms.
Yuening Du, thank you for your daily assistance and the vibrant atmosphere we shared;
I will always cherish our late-night discussions. | also acknowledge the graduated
alumni: Dr. Weilin Lv, Dr. Xiaochen Yang, Mr. Xinfeng Sun, Mr. Jinrui Yu, Mr. Lei Fu,
and Mr. Houhua Chen, whose shared experiences and legacy of excellence greatly
benefited my work.

Furthermore, | am deeply grateful to my close friends outside the laboratory: Mr.
Jiawei Cheng, Mr. Zhenyang Chu, Mr. Hongwei Gu, Mr. Xinrui Liu, Mr. Wei Wang,
Mr. Fan Zhang, Mr. Yan Zhang, and Mr. Qi Zong. Thank you for your unwavering
companionship. Your willingness to listen during bottlenecks and celebrate my
triumphs provided the emotional anchor | needed to keep moving forward.

Finally, I dedicate my most heartfelt gratitude to my family. To my parents and
brother: your decades of hard work, silent sacrifices, and unconditional love have built
the solid foundation of my life. You have always been my safe harbor, and this
milestone belongs as much to you as it does to me. The conclusion of my Ph.D. is
merely the starting point of a new chapter. Carrying this gratitude, I will continue to
march forward with reverence for science and a passion for life.

183



	1.1
	摘要
	ABSTRACT
	Contents
	List of Figures
	List of Tables
	Notation
	Chapter 1 Introduction
	1.1 Background and Significance
	1.2 Literature Review
	1.2.1 Kinematic Theory
	1.2.2 Rigid Origami
	1.2.2.1 Rigid Foldability and Flat-Foldability of Origami Pattern
	1.2.2.2 Classic Origami Patterns
	1.2.2.3 Tubular Origami Structures

	1.2.3 Origami Metamaterials
	1.2.3.1 Origami Metamaterials with Rigid Origami Deformation Mode
	1.2.3.2 Origami Metamaterials with Non-Rigid Origami Deformation Mode
	1.2.3.3 Origami Metamaterials with Hybrid Deformation Mode
	1.2.3.4 Fabrication Techniques for Origami Metamaterials

	1.2.4 Multifunctional metamaterials

	1.3 Aim and Scope
	1.4 Outlines of Dissertation

	Chapter 2 Kinematic Synthesis of Single-DOF Tubular Origami Structures Composed of 4-Crease Vertices
	2.1 Introduction
	2.2 Compatibility Conditions on Tubular Assembly of Four 4-Crease Vertices
	2.3 Compatibility Conditions on Tubular Assembly of Multiple 4-Crease Vertices
	2.4 Design and Tessellation of Double-Tubular Origami Structures
	2.5 Conclusions and Discussion

	Chapter 3 Single-Tubular Metamaterials with Programmable Mechanical and Acoustic Properties via M-V Assignments
	3.1 Introduction
	3.2 Geometric Design
	3.3 Mechanical Properties
	3.3.1 Mechanical Properties of the Uniform Metamaterials
	3.3.2 Mechanical Properties of the Mixed Metamaterials

	3.4 Acoustic Properties
	3.4.1 Acoustic Properties of the Uniform Metamaterials
	3.4.2 Acoustic Properties of the Mixed Metamaterials

	3.5 Conclusions and Discussion

	Chapter 4 Double-Tubular Metamaterials with Independently Programmable Mechanical and Acoustic Properties
	4.1 Introduction
	4.2 Geometry and Folding Kinematics
	4.3 Mechanical Property of Double-Tubular Metamaterials
	4.4 Acoustic Property of Double-Tubular Metamaterials
	4.5 Independent Programmability and Tunability of Dual Properties
	4.5.1 Independent Programmability
	4.5.2 Geometric Reconfiguration and Properties Tunability

	4.6 Conclusions and Discussion

	Chapter 5 Triple-Tubular Metamaterials with Programmable Orthotropic Mechanical Properties
	5.1 Introduction
	5.2 Geometric Design
	5.3 Mechanical Properties of a Typical Origami Metamaterial
	5.4 Programmability of Mechanical Properties
	5.4.1 Analytical Models
	5.4.2 Parametric Analysis

	5.5 Conclusions and Discussion

	Chapter 6 Main achievements and Future Works
	6.1 Conclusions
	6.2 Innovations
	6.3 Future Works

	References
	Appendix
	中文大摘要
	Publications and Research Projects
	Acknowledgments



