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Supplementary Notes

Supplementary Note 1. Cyclic test on a thick-panel Miura-origami sheet with 2 x

2 units.
To evaluate the fatigue resistance of the printed thick-panel Miura-origami during the

folding-unfolding process, we conduct a cyclic compression test using MTS machine
(100 N load cell, USA). The thick-panel Miura-origami sheet with 2 <2 units is placed
on the platform in a pre-folded shape (Supplementary Figure 1c). We set this position
as initial compression position and loading speed as 10 mm-min?. As shown in
Supplementary Figure 1b, the maximum compressive displacement is 45 mm (65%
compressive strain) when the origami structure is flat-folded. During the cyclic test, the
peak force in each cyclic is stable and no obvious force drops are observed (as shown

in Supplementary Figure 1a). The printed Miura-origami sheet with 2 =2 units can

sustain more than 100 cycles compression without obvious failure.
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Supplementary Figure 1. Cyclic compression test for a printed thick-panel Miura-
origami sheet with 2 <2 units. (a) Force versus number of cycles during compression.
(b) Snapshot of the origami sheet at fully folded shape. (c) Snapshot of the origami

sheet at unfolded shape.



Supplementary Note 2. Poor interfacial bonding of an origami sheet where rigid
PLA panels directly printed onto the soft TPU substrate.

To demonstrate the poor interfacial bonding of origami structure printed by the
conventional method, as shown in Supplementary Figure 2a, we printed a Miura-
origami sheet with 2 <2 units where the rigid PLA panels were directly printed onto
the soft TPU substrate. Due to the poor interfacial bonding, obvious delamination
between PLA and TPU can be clearly found by simply bending the Miura-origami sheet

(Supplementary Figure 2b).

lamigation

Supplementary Figure 2. Demonstration of Poor interfacial bonding of an origami
sheet printed by the conventional method. (a) A Miura-origami sheet with 2 %<2 units
where the rigid PLA panels were directly printed onto the soft TPU substrate. (b)
Delamination between PLA and TPU can be easily found by bending the Miura-origami
sheet.

Supplementary Note 3. Effects on printing parameters (Raster angle and layer
thickness) on printed multimaterial structures.

We performed three tensile tests with different raster angles (0< 45< 909, and the
tensile results are shown in Supplementary Figure 3a. The specimen with raster angle

of 0°(the raster angle we used in this work) has excellent tensile properties and higher



tensile strength compared to the other two specimens. Of the three specimens, the
specimen with a raster angle of 45<was the first to fail at the strain of 231%. In addition,
we also explored the effect of the printed layer thickness (0.1, 0.15, 0.2 mm) on the
mechanical properties of the structure, and the results are shown in Supplementary
Figure 3b, where we can find that the effect of the printed layer thickness on its

mechanical properties is almost negligible.
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Supplementary Figure 3. Tensile results of specimens with different printing
parameters. (a) Stress-strain curves of the printed specimen with different raster angles
by wrapping-based method. (b) Stress-strain behavior of the printed specimen with
different layer thicknesses by wrapping-based method.

Supplementary Note 4. Tensile results of pure TPU, rigid-soft-rigid (RSR) hinges
with PLA, ABS, and CFRP.

The proposed rigid-soft coupled multimaterial 3D printing strategy is not material-
dependent, and applicable to couple various rigid and soft materials. To demonstrate
this advantage, we printed three RSR hinges where PLA, acrylonitrile butadiene styrene
(ABS), and carbon fiber reinforced polymer (CFRP) were used to form the main parts

of rigid panels. Supplementary Figure 4 compares the stress-strain curves of the RSR



hinges with that of the pure TPU sample. Three RSR hinges exhibit similar stress-strain
behavior with that of pure TPU sample, and can stretch to over 300% without failure,
which proves the universality of the multimaterial 3D printing strategy based on this

work.
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Supplementary Figure 4. Comparison on the stress-strain behavior between the
pure TPU and RSR hinges where the rigid parts are mainly made of PLA, ABS
and CFRP respectively. Inset: snapshot of a RSR-PLA hinge with the rigid parts
where the PLA is wrapped by TPU.

Supplementary Note 5. Tensile performance of RSR samples fabricated by
conventional and wrapping-based methods.

We fabricated two rigid-soft-stiff (RSR) samples by conventional method and
wrapping-based method, respectively. The stress-strain curve of the sample printed by
the wrapping-based method shows significant advantages in both fracture strain and

strength (Supplementary Figure 5).
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Supplementary Figure 5. Stress-strain behavior of the RSR hinges made through
conventional and wrapping-based method.

Supplementary Note 6. Kinematic modeling of 4-creases single vertex thick-panel
origami.

In this work, we proposed the soft hinge shift technique (Figure 1d) for thick-panel
origami, which can only be realized in the origami structure formed by stretchable soft
hinges. To better popularize this technique in various thick plate origami applications
of origami patterns with four-crease single-vertex, we further modified the kinematic
model based on the previous work published by Chen et al. *?, and the foldability of
multimaterial 3D printed thick-panel origami is proved by the following derivation.

In this four-crease single-vertex origami model, the kinematic analysis of the proposed
4-creases single vertex thick-panel origami is carried out based on D-H convention
(Supplementary Figure 6a). The linkage mechanism consists of a series of joints and

links, and the links connected to each joint can be defined as a joint coordinate system.



The transformation from one joint coordinate system to the adjacent next joint
coordinate system can obtain a transformation matrix. By analogy, until the last joint
coordinate system is transformed, the transformation of all joint coordinate systems is
combined, and finally the overall transformation matrix of the linkage mechanism can
be obtained. The transformation of the whole process is regarded as rotation and
translation of the coordinate system.

In this plane-symmetric four-crease single vertex thick-panel origami model (Figure
1h), both sides of the upper soft hinge (Z, and Z.) are set as parallel axes and the
distance between axes is d which is changeable due to the highly stretchable TPU. Z,,

Z, and Z, are set as rotation joints.

Joint i+1




Supplementary Figure 6. Kinematic modeling of plane-symmetric 4-creases single
vertex thick-panel origami. (a) lllustration of D-H convention. Diagram of four-crease
single vertex thick-panel origami model (b), and zero-thickness origami model (c).

There is a series of spatial links where adjacent rigid links are connected only by
revolute joints, forming a loop. Such linkages can be analyzed using the matrix method

with DH notations introduced by Denavit and Hartenberg. The coordinate system of

each joint is established as follows:

(1) If axis Z, is rotating joint, Z, coincides with joint axis and the rotation direction
is determined according to the right-hand rule. If axis Z, is a sliding joint, Z,
coincides with the direction of the joint’s linear motion.

(2) Axis X, is defined as the common vertical line between the joint axis Z, , and

the joint axis Z,. If the axes of two joints are parallel, there are countless common

vertical lines between them. If the axes of two adjacent joints intersect, the common
vertical distance between them is zero. At this time, the axis is defined as a straight
line perpendicular to the plane formed by the two axes.

(3) The origin O, is defined as the intersection of the axis X, and the axis Z,.

(4) The length of the connectingrod a, is defined as the length of the common vertical
line from the axis Z; to the axis Z,_,, and the direction along X, the axis is
positive.

(5) Therotationangle ¢«

i 1S defined as the angle from the axis Z;, totheaxis Z; ;.

Whether the rotation is positive or negative is judged by right hand rule. It is

positive along the X., axis.

i+1

(6) According to the right-hand rule, the positive rotation around the axis X, is



positive.
The joint offset R, is defined as the distance from the axis X, to the common vertical

line of the axis X.

i+1?

and the direction along the axis Z; is positive.
(7) The joint rotation angle &, is defined as the angle from the axis X, to the axis

X;,,,» and the rotation around the axis Z, is positive according to the right-hand

i+1?
rule.

Through the above steps, the relative relationship between the two joints i and i+1 is

established. The transformation formula and its expanded matrix are:

T, = Rot(z,6) e Trans(0,0,R )e Trans(q,,_,,,0,0) Rot(x,,, ;)
cosf -sing 0 0][1 0 0 0][1 0 0 a1 0 0 0
_|sing cosg 0 0|0 1 0 00 1 0 O [|0 cose, -—sing,, 0
1 o 0 1 0(jj0 0 1 RO O 1 0 0 sina,., cosa;, 0
0 0 0 I|j0 0 0 110 0 O 1 0 0 0 1
)
cosf, —cosa,, ,sing sing,,, sinb  a, cos,
| sing  coseay,  cos6  —sing,,, cos6 a., sing, 5
b 0 SIn @, COS &,y R )
0 0 0 1
cos & sin g, 0 —Q,.
T | %% sing,  cos¢y,,, 0080, sma ., —Rsmg, .
(=i il sing,,,, sinf,  —sina,, , c0sf cosq,,, —R cosa, 3)
0 0 0 1
T21T32---Ti(i—1)Til =1 4)
T T T e, Tis = ®)

The four-crease single vertex thick-panel origami model (Supplementary Figure 6b)

has the following relationship:



Oy ==y =—f3, Qg =—0Cs; =—, 0, =0, (6)
a,=8a,=a, a, =a, =0, a,,=d. @)
According to the convention, the plus and minus signs here indicate its direction.
To use a more intuitive representation of joint rotation angle &,, we use ¢, toexpress
the relationships of two dihedral of panels. The mathematical notations for the
transformations are expressed as
p=27—-6, ¢p,=6,, p;=27—-6,, ¢,=7—0,, ;=1 —6;. (8)
The physical meaning of ¢, is depicted in Figure 1h.

And there is no offset between x, and x_, alongthe axis Z,.We can obtain

i+

R=[R,R,,R,,R,,R,]=[0,0,0,0,0]. 9)

Equation (5) can be rewritten as T,,T,, = T,, T T, , the equality of elements (3, 3) in
both sides gives:

(T Tes)ss = (T Tis Teg )ss, (10)

COS &, COS &t —SiN &z, COS 6, SiN @, — COS . (COS @y, COS ex; — SN @y, COS B, SiN e, )
—sina,, (—C0s &g, COS G, sin ¢, COS B, — COS a1y, SN g, COS G, +SiN e, Sin 6, sin 6, ) = 0.

(11)
After the specific parameters are brought in, equation can be simplified as
cos /3 cos(—a) —sin(—e)sin B cos 6; — (cos £ cos a —sin(-a)sin cos,) =0,
(12)
Because 6, € (7,2r), 6, (x,2x), equation (12) can be simplified to
COSE, =Cosd,, it’s easy to obtain
6, =6,. (13)

And after substituting 6, and 6, with 6 =27—¢ and 6,=27—¢,



respectively, equation (13) can be transformed to
@ = Q5. (14)
Thus, the first conclusion is obtained.
The equality of elements (3, 3) can also be expressed as
(T TeaTis )y = (T3_21T2_11 )313, (15)

—COS &, COS &t +SiN a2, COS B, SiN ary, + COS g, (COS 2y, COS x5 —SiN @5 COSH, SiN 1y, )

—sin g, cos 6, (Cos @, COS G, Sin a,, + COSazy, SiN Qs ) +Sina, siné; sina,, sing, =0.
(16)
After the specific parameters are brought in, equation can be simplified as
—cos® B —sin® Bcosd, +cos” a +sin® a cos b, cos @, —sin’ asind, sing, =0,
(17
—cos® B+cos’ a +sin” Bcosé, —sin’ acos(6, +6;) =0, (18)

—cos’ B+cos’ a +sin® fcosf, —cos’ f+1-sin’ a +sin® BcosH,
sin’ o sin’ o
_sin® B—sin® a +sin® Bcosd, sin’ B(1+cosd,)-sin’a sin® B

sin® « sin® « sin® «

cos(6, +6,) =

(1+cosd,)-1.
(19)
After substituting 6, and &, with 6, =7—-¢, and 65 =7 —@, respectively, we

can obtain
sin’
cos(27 -, —¢5):_—2’B(1+ cos(,))-1. (20)
sin“ o
This can be simplified to the second conclusion as

02
cos(@, +¢5) =1+ 2:225@05%—1). (21a)

Due to symmetry, we obtain @, = @;. Hence, equation (21) can be rewritten as

a2
cos(2¢4)=1+S!n2'3(c05¢2—1) (21Db)
sin“ «



Because T,.T,,T,T,T, =1, the equality of elements (3, 3) can be expressed as

(T15T21T32 )3,3 - (T5_41T4_31 )3’3, (22)

—C0Sa,, COSa, +Sina,; oS, sina,,
—SiNn a,, €0s 6, (Cos &, Sin &, + €S, COS 6, sin s, )

+C0S a, (COS @, COS gy — SNy, COS G, SiN g, ) +SiN ar,, SN G, SiN g, SN G, = 0,

(23)
—cosa +0—sin #cos g, (cos asin(— ) + cos(—L) sina cos 6, )
+c0s S3(cos a cos(—f3) —sin(—p) sina cos 6, ) +sin Bsinasin §,sin 6, =0,
(24)
—cosa +sin® Bcosa cosd, +cos’ BCosa —sin Bos Bsin a cosé, cos, (25)
+sin g cos fsina cosg, +sin fsinasing, sing, =0,
cosasin’ B(cosd, —1)+sin Bcos Bsina cos b, (1-cosé, ) +sin Bsinasin g, sing, =0,
(26)
(COSaSinz £ —sin ﬁcosﬂsinc;ccos¢9l)(1—c03492 ) =sin Ssinasing,sing,,
(7)
1-cos@, sinasin g, 28
sin 6, B cosasin #—cos fsina cosé, (28)
B ﬂ—tani i | 828 t
ecause sing, 5 ' Wecan simp ify (S28) to
6, sinasin g,
tan—= = - - , (29)
2 cosasin B —cos f#sina cosé,
Because of
p=27-0,0,=0,, (30)

the third conclusion to express the relationship between ¢, and ¢, can be obtained

as

sinasin
tan 22 = 2

2 cospsinacosgp, —cosasin g’ (31)



After the transformation of T, T,, T, T, T, =1, the equality of elements (3,3) can be

obtained as followed:
(Tu T Taa); ;= (-|_1§1T5:11 )3’3, (32)
dsingg, sing, +asing,sing, =0, (33)
Based on equation (33), we can obtain the relationship between d and ¢;. The fourth

conclusion is

d

_ —asin(—4)sin 6, _ asin gsin g, _ 2asin gsing, cosgp;  2asin Scos g,
sina sin 6, sinasin(z — ¢;) sina sin g, sina '
(34)
The single vertex zero-thickness rigid origami can be modelled as a spherical linkage
(Supplementary Figure 6c). For a spherical linkage, the distances between adjacent

links are zero because the axes of revolute joints meet at a point, and thus the

transformation matrix T,,; can be simplifiedto Q,,); , where

COSH, —COSqy,,SING,  sing,, sing,
Quuyi =| 8ING, €OSq,,COSH,  —Singy,, COSH, |. (35)
0 SIN &,y COS &,y

The four-crease single vertex zero-thickness origami model has the following

relationship:
=0y =, oy =0y =0, (36)
o =n-0, ¢)=0,-1, p;=1-0;, 20, =0, (37)
After transformation, we can have:
O =n-¢, 0 =n+9), 0 =1-¢), 0, =1-2p,. (38)
After the transformation of Q,,Q.,Q,.Q,, =1, the equality of elements (3,3) can be

obtained as followed:



(Q32Q43 )3,3 = ( Ei 1_41 )313 , (39)

COS ry, COS g, — COS arfy COS gy —Sin g, (—COs 5 )sin

: : (40)
+sinay, (—cowf)sm oy =0,
oS 3COS ar — COS B COS a +Sinar cos ¢ sin B —sin S cos ¢y sina =0,
(41)
0 0
COS@, =COS@; . (42)

Combine the actual physical meaning of the equation, we can obtain the fifth conclusion
o =0, (43)
which is same to first conclusion shown in equation (14).

After the transformation of Q,,Q,,Q,.Q,, =1, the equality of elements (3,3) can be

obtained as followed:

(Q21Q32 )3,3 = (QijQZ; )3'3 ) (44)
COS &, COS Ly, — COS ety COS cxy, —SiN aryy (— COS @3 ) SiNn ;) (45)
+sin ag [-cos(2¢;)]sin ay, =0,
cos® B—cosa’ +sin® Bcos p; —sin® a cos(2¢;) =0, (46)
on  COs? f—cosa’ sin® B 0
cos(2¢p,) = — +———C0S @, , (47)
sin’«a sin’a
2 2 HJ
COS(2¢2)21+COS ﬁzl cosa +S!n2ﬁcos¢§, (48)
sin’a sin’ a
HJ HJ H
cos(2p0) = AN S S P o e (49)
sin’a sin’ o
We can obtain the sixth conclusion
‘2
cos(2(pf):1+s!n2ﬂ (cos s —1). (50)
sin’ o

This equation is same to the second conclusion shown in equation (21Db).



After the transformation of Q,,Q.,Q,.Q,, =1, the equality of elements (3,3) can be

obtained as followed:
(Q21Q32Q‘_‘; )3,3 - ( 1_: )3,3 !

—COS ary) + COS 0, [COS ary), COS crgy —SiN aryy (— COS @3 ) Sin o]
—sin ay, (—C0S @7 )[COS ary, (— COS 2 ) SiN @), +COS ) SiN ary |
+sin ag, sin @] sina, sin(—¢?) =0,
—C0osa +Ccosa(cos® B+sin® Bcos ;)
+sin & cos ¢ (—cos B cos ¢ sin 3 +cos Bsin )
—sinasin g sin Bsin g, =0,
cos a(cos® B +sin’ Bcos gy —1)
+sin a cos ¢ cos Bsin B(L—cospy)
=sin asin ¢ sin Bsin ¢y,
cosasin® B(cos g, —1)
+sin a cos ¢ cos Bsin B(L—cospy)
=sin asin ¢) sin Bsin ¢},

(sinacos @ cos B —cosasin B)(L—cos ;) =sinasing) sing; |

sina cosg; cos f—cosasin  sings
sinasin g} 1-cos ¢,

o @, _sinacosg; cos f—cosasin B

sin asin ¢ ’

an 0 sinasin g;
A T . 0 . .
2 sinacos fcoseg; —cosasin B

Because golo = go§ , We can obtain the seventh conclusion

an 0 sinasin ¢!
D . 0 . y
2 cosfsinacosg, —cosasin B

which is the same to the third conclusion shown in equation (31).

(51)

(52)

(53)

(54)

(55)

(56)

(57)

(58)

(59)

(60)

In the first three conclusions, the motion transformation of the model is independent of

the thickness a and hinge width d of the model, and only the fourth conclusion involves

these two parameters. Obviously, the relationship between the dihedral angles of the



panel ¢ and ¢ , is identical to that between the dihedral angles ¢’ and ¢° in
counterpart zero-thickness origami model throughout the entire folding process. The
first, second, third conclusions are same to the fifth, sixth and seventh conclusions.
Although the spatial location coordinates of some points on the panels and hinges are
not always the same between thick panel origami and zero-thickness origami, the
relationships of dihedral angles of different sectors are always the same such as
=0, 0, =0, @, =@ and @, +@, =2¢. . The conclusions of dihedral angles
between zero-thickness and thickened four-crease single vertex origami are

summarized in Supplementary Table 1.

Supplementary Table 1. Relationships of the dihedral angles between zero-
thickness and thickened single-vertex four-crease origami model.

Thickened origami model Zero-thickness origami model
an @ _ sinasing, o sinasin @,
2 cosBsinacosg —cosasin 2 cosBsinacose —cosasin B
P = o =l
cos(g, +¢;) =1+ Sinz'B(COSgo -1) cos(2(p°):1+Sinz (cos ) —1)
ERe sin’a 2 * sin’ ?

Supplementary Note 7. Cyclic test on self-locking thick-panel origami structure

with P2P deformation mode.

As shown in Supplementary Figure 7, we performed a cyclic compression test on the
self-locking thick-panel origami structure using MTS machine (10 kN load cell, USA).
The self-locking thick-panel origami structure with 2 <2 units was placed on platform

(Supplementary Figure 7c), and we set this position as the initial compression position



with a loading rate of 2 mm-mint. As shown in Supplementary Fig.7b, the maximum
compressive displacement was 6.95 mm (40% compressive strain), and significant
stretching of the soft hinges at the bottom of the self-locking origami structure could be
found. In the cyclic test, the peak force was stable for each cycle and no significant

force drop was observed (as shown in Supplementary Fig.7a).
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Supplementary Figure 7. Cyclic compression test for a self-locking thick-panel
origami structure with 2 > 2 units. (a) Force versus number of cycles during
compression. (b) Snapshot of the self-locking origami structure with 40% compressive

nominal strain. (c) Snapshot of the self-locking origami structure with 0% compressive
nominal strain.

Supplementary Note 8. Force analysis of self-locking thick-panel origami unit.

Supplementary Figure 8a presents geometric details of the self-locking thick panel
origami unit where the upper part consists of four identical parallelograms with sides a
and b as well as acute angle y. The dihedral folding angle between the upper
parallelograms and the bottom xy plane is 6 (6 < [0, n/2]). Supplementary Figure 7b
shows the cross-section of the self-locking thick-panel origami unit where the wall

thickness of origami unit is twai, the length of the soft hinge is 24, and the initial angle



between the top and bottom panels is ¢.
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Supplementary Figure 8. Geometric model and force analysis of self-locking thick-
panel origami unit. (a) Geometric model of self-locking origami unit. (b) The section
view of self-locking thick-panel origami unit. (c) Force analysis of the section of self-
locking thick-panel origami unit. (d) Free body diagram of the section of self-locking
thick-panel origami unit.

Supplementary Figure 8a shows the geometry of the self-locking origami unit, and the
relationship between these parameters can be obtained as following. The height H can
be derived byH =a-siny-sind, or H =a-sing, then we have:
siny-sin@ =sing. (61)
The tangent of y can be expressed as tany =(a-siny-cos@)/(a-cosy), then we have:
tany = tany - cosé. (62)
As shown in Supplementary Figure 8c, when a force P applied to the top corner of the

origami unit, the applied distributed force along the top ridge is:



P=P/(2b). (63)

As the total force in the z-direction is equilibrium (Z F,=0), we have:

(Zlfsupport - 5) 2b=0 ) (64)
Then we get
— P
Fsupport = E ) (65)
where IfSupport is line-distributed support force. Under compression, the bottom panels

move horizontally, and the line-distributed friction force ( f ) on each bottom panel can
be calculated as

F = o =27 (66)
where x is the coefficient parameter between the bottom panel and ground.

Based on the free body diagram of the top corner of the origami unit (Supplementary

Figure 8d), the total force in the z-direction is equilibrium (Z F, =0) and we have:

(2F,sing'—P)-20=0, (67)
Then we get
_ P
=—, 68
* = 2sing’ (68)

where F, is the line-distributed compressive force on a top panel. As the total force

Based on the free body diagram of the left bottom corner of the origami unit
(Supplementary Figure 8d), the total force in the y-direction is equilibrium (Z F,=0),
and we have:

(Frey + T —F,cos¢’)- 20 =0, (69)
Then we get

IETPU = 'Ec cos ¢’ — f, (70)

where IETF>U is the line-distributed stretching force from TPU to a bottom panel. By



combining Eq. (66), Eq. (68), and Eq. (70), IETF,U can be calculated as:

_ B ,
Frey = 5 (ot — p1). (71)

Supplementary Note 9. Stress-Stretch Behavior of the TPU soft hinge.

As shown in Supplementary Figure 8d, the line-distributed force action on TPU is

F -y - Thus, we can calculate the nominal stress acting on TPU which is along the y-

direction (Supplementary Figure 9a):

£, P
Sty =Sy = = (anwh‘ﬂ)- (72)

tTPU 2 TPU

The TPU is uniaxially stretched, and its stretch in y-direction can be calculated as:

20+ 2A0 AV
L0700 1422 73

Since the TPU is isotropic, and no force is applied to the surface either normal to x-

A

direction or z-direction, we have
A=A, (74)

The TPU is incompressible, thus
AAA, =1, (75)
By combining Eq. (73), Eq. (74), and Eq. (75), we can calculate the relation between

AoA, and 2, AS:

b= Jy aols (76)
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Supplementary Figure 9. llustration of the deformation behavior of TPU. (a)
Demonstration of the soft hinge (TPU) under stretching. (b) Fitting results and
parameters of TPU with Mooney-Rivlin model.

Supplementary Figure 9b presents the nominal stress-stretch behavior of a TPU sample
under uniaxial tension which can be captured by Mooney-Rivlin model with strain

energy density function as

W:C10(|1_3)+C01(|2—3)+Di(\] -1)? (77)

1

where 1, 1,, 1, (1, =J)arethethree invariants which can be calculated using the
stretches in the three principal directions (4,, 4,, 4,):

1 1 1
W=A ot h ey =gt =) = -
R A At Aoy (79)

For consistency with linear elasticity in the limit of small strains, it is necessary that

2
GZZ(C10+C01)’K:E, (79)

1
where - isthe bulk modulus and G is the shear modulus.

Each principal Cauchy stress can be related directly to the partial derivative of strain

energy through
o, = A— (80)

Then we get



(81)

_(ewal, owal, oW &l
o=l ——+——+——.
ol, 04 o, oA &) oA

In particular, as shown in Supplementary Figure 9a, we set 4 =4,, 4,=24,,

4, = A, So that the Cauchy stress in the stretching direction is 0;=0 :

oW ol, oW al, oW aJ
0,=0,=A| —— -+ttt ————
ol, 64, ol, 04 03 o4
2 l 2 2 l 2
=2C, 4 —2C —+— (I -DAA4 A4, =2C A, —2C, — +— (I -DALA4,.
A D ﬂ“y D,
(82)
The Cauchy stresses in the other two principal directions are zero, so we have
) 1 2
o,=0,=2C A, -2Cy, 5 +— (U -4 A4, =0, (83)
ﬂ’z Dl
) 1 2
o,=0,=2C A — 2C01?+5(J -DAAA, =0, (84)

X 1

To eliminating the stress contribution from volumetric change, we can subtract Eq. (83)

from Eq. (82):

11
o, -0, =2C, (A} - 27)-2C, {? —?]. (85)
y 7

Since o, =0 and A, =]/\/Z Eq. (85) can be rewritten to be:

, 1 1
o, =2C, (iy _l_y +2C, | 4, _/I_yz : (86)
Then, we can calculate the nominal stress applied to TPU:
o 1 1
STPU = Sy = /I—j = 2C10 (/’Ly — /’l—fJ + 2C01 [1— /’L_;:’J . (87)

Using Eqg. (87) to fit the curve in Supplementary Figure 8b, we can find that

C,, =1.57 MPa,and C,, =2.18 MPa.

By combing Eq. (63), Eq. (72) and Eq. (87), we can build the relation between P and
AO:



P= M{cm Ku A—‘Sj—(u A—5)_ ]+C01 {1—(“ A—gj_ H (88)
cote' — u 0 1) 0

Supplementary Note 10. Vertical displacement of top ridge of the self-locking
origami unit.

As illustrated in Supplementary Figure 10, the vertical displacement AH of the top

ridge of the origami unit mainly consists of the displacement AH, resulted from the

geometric change and the displacement AH, resulted from the compression of the

upper panels. Thus, we have

AH = AH, +AH, (89)
Based on Supplementary Figure 10a, we can calculate the displacement AH, resulted
from the geometric change:

AH, =a(sinp—sing’). (90)
In addition, based on the geometric relation, we also have that

a(cosg'—cosp)=AJ (91)

Then, based on Eq. (91), we can use cos¢ to express Sing':

\/az —(ASs+acosg)’

sing’ = (92)
a
Sothat AH, can be expressed as a function of As:
AH, = AH, (AS)=asin (p—\/az—(A5+ aCOS¢)2 . (93)

Eq. (88) provides the relation between P and As . Thus, combining Eq. (88) and Eq.
(93), we can also find that AH, is also a function of P. That is,
AH, = AHl(P)' (94)

Based on Supplementary Figure 10b, we can calculate the displacement AH, resulted



from the compression of the upper panels:

Aa
AHZ = ) (95)
Sing

where Aa is the longitudinal displacement of the upper panel caused by the

compressive stress (o, = F, /tWaII )- Thus, Aa can be calculated as:

F-a
Aa=—"—— 96
— (96)

panel  “wall

where E .. is Young’s modulus of upper panel. Based on Eq. (63), Eq. (68), we have

F =P/2sing and P= P/(2b). Thus, Eq. (96) can be rewritten as

Aa=——r P-a (97)
4sing’-E . -b-t,,
Insert Eq. (97) into Eq. (95), we find that AH, is a function of P:
AR, = 4singo-singop’:aEpane, ‘b-t,, (98)
Based on Eq. (89), Eq. (93) and Eqg. (98), AH isa function of P:
AH=AH (P)=AH,(P)+AH,(P). (99)

=]
Ao

Supplementary Figure 10. (a) Ilustration of the geometric change (AH1) of self-
locking origami unit under compression. (b) Hlustration of the deformation on the wall
(AH2) under compression.

Supplementary Note 11. Buckling criteria for upper panels.



Above discussions are based on the assumption that the self-locking origami unit
exhibits the push-to-pull (P2P) deformation mode, and the upper panels do not buckle

under compression (Supplementary Figure 1l1a). That is, the applied force P is
smaller than the critical buckling load P, that induces the buckling of upper panel
(Supplementary Figure 11b). To calculate P, , we need first to calculate the critical
buckling stress of upper panel o, . We treat the upper panel as thin plate. To calculate
o, as shown in Supplementary Figure 11c and 11d, we first consider a thin plate where

all four sides are simply supported. Based on the previous work 3, the critical buckling

stress o, in this case is:

5., DT m—b+@2 (100)
"ot la b))

where D is the flexural stiffness, and D = Etz/[12(l—v2)} with thin plate modulus
E , thickness t and Poisson's ratio V. For the upper panels of the self-locking origami

unit, E=E t=t and V = 0.3. m and n are the number of half-waves of

panel 1 wall

buckling in the x- and y-directions, respectively. Based on experimental observations,
we setthatm=121and n=1.
As illustrated in Supplementary Figure 11e, for the upper panel of the self-locking
origami unit, only three sides are simply support. Thus, the critical buckling stress for
the upper panel o can be calculated as

O =104y, (101)
where 7 is the boundary condition coefficient, and set to be 0.295 (reading from the

data presented in Ref. 46). Once o, is obtained, we can find the critical buckling load:

I:)cr =4b- Lt * Or - sin ¢’ ) (102)



Geometry and material parameters used in the theoretical model were list in

Supplementary Table 2.

b
P> Pcr‘ Buckling
C d : a }
4} # —Z X [ T c
4>‘ —_— O-cr,(]: [ : b
VI S =Y L
— le— n= 1
1 b4 x
# Y
z twal] m 1
e
JAN AN n= Ocr JAN AN
A ) o, A )
4>‘ Ucr,[) L 4> O 5
4 P

Supplementary Figure 11. Buckling criteria for upper panels of self-locking
origami unit. (a) Geometric deformation under external load P. (b) Buckling of the
unit wall if P > Pe. (c) Thin-plate with four sides simply supported. (d) Buckling of the
thin, simply supported plate under uniaxial compression. (e) The buckling stress
derivation of thin plate with three sides simply supported (ocr).

Supplementary Table 2. Geometric and material parameters used in theoretic
model

Geometric parameter Value Material parameter Value
a 19 - 34 mm Cio 1.57 MPa
7] 36 -56° Co1 2.18 MPa
b 21.6 mm Epanel 369.5 MPa
y 60.9° n 0.295
trru 0.4 mm U 0.3
0 1.75 mm

Supplementary Note 12. FEA modeling of multimaterial 3D printed thick-panel

origami.



The finite element analysis (FEA) of multimaterial 3D printed thick-panel origami were
conducted by using the commercially available software package ABAQUS (V6.14,
Dassault Systames Simulia Corp., USA). In this work, we proposed the wrapping-based
approach to print the rigid part of the thick-panel origami, in which the rigid panel was
formed by TPU wrapped PLA. Solid tetrahedron quadratic element (element type
C3D10M) was used to mesh the soft hinges and rigid panels. To accurately simulate the
mechanical properties of the origami structure with low computational cost, we made
following two treatments to simplify the FEA modelling. (i) In order to simplify the
FEA modeling of the rigid panel formed by TPU wrapped with PLA (real design model
in Supplementary Fig.12a), we treat it rigid panel as a composite (FEA model in
Supplementary Fig.12a). An elastic and brittle cracking model with element deletion
were implemented to capture the fracture process of composite material. Cracks were
initiated when the maximum principal tensile stress exceeded 32.8 MPa. The elastic
modulus of composite was set to 369.5 MPa through the curve fitting result in

Supplementary Figure 12b. The hyperelastic Mooney-Rivlin model with strain energy

density function W =C (1, -3)+C,, (I, =3) + Di(J —1)* was implement to describe

1

the nonlinear material behavior of TPU. The material coefficients for TPU were set as
C10=1.57 MPa, Co1=2.18 MPa based on the curve fitting in Supplementary Figure 12b.
(i1) To simplify the modeling of an origami structures consisting of rigid panels and soft
hinges, we directly tie the soft hinges to the rigid panels. This is reasonable as in the
origami printed by using the wrapping-based approach, the TPU is continuous in both

rigid panel and soft hinge. As shown in Supplementary Fig.12c, we conducted uniaxial



tensile test on the RSR sample to validate this simplification. Supplementary Fig.12d
compares the stress-strain curve of the RSR sample from experiment and FEA
simulation, and both the simulation and experimental stress-strain curves agree well

within 350% of the tensile strain.
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Supplementary Figure 12. Details on FEA modeling of printed thick-panel origami.
(a) Hlustration of the real design and FEA model of RSR (Rigid-soft-rigid) sample. (b)
Fitting curve of composite material. (¢) Snapshots of RSR sample during experiment
and simulation. (The color scale represents the logarithmic strain (LE) of the material
ranging from 0O to 2.4.) (d) Experimental and FEA prediction results of RSR sample.

Supplementary Note 13. FEA simulation of self-locking origami unit.
To explore the deformation of rigid panels and soft hinges of the self-locking origami
structure during compression, FE simulations were performed for Structure I, Structure

I1, and Structure Il in Figure 3d of the main text. Supplementary Figure 13a shows the



bottom and side views of Structure 1. The arrows in Supplementary Figure 13a indicate
the distribution positions of the soft hinges. Supplementary Figure 13b shows the
results of the finite element analysis of Structure I during compression. We can find that
the deformation occurs mainly in the soft hinges at the bottom, and the maximum tensile
strain of the soft hinges exceeds 200%. Supplementary Figure 13c-13e show the stored
strain energy of the three structures, which exhibit P2P, buckling, and intermediate
deformation modes, respectively. It is noteworthy that structure | has the highest stored
strain energy before damage (3625.7 mJ) compared to the other two structures.
Moreover, the TPU soft hinges absorb 50% of the total energy as the P2P deformation
mode causes the TPU soft hinges highly stretched. In contrast, the percentages of stored
energy in TPU soft hinges of Structure Il and Structure Il are lower as the more

deformations occur on the upper panels due to buckling.
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Supplementary Figure 13. FEA simulation of self-locking origami unit and the



energy efficiency analysis. (a) Bottom and side views of self-locking origami unit. (b)
Snapshots of the FEA results of Structure I during compression. (The color scale
represents the logarithmic strain (LE) of the material ranging from 0 to 2.) Strain energy
of Structure 1 (c), Structure 1l (d), and Structure 111 (e) from the FEA results.

Supplementary Note 14. Fabrication of self-locking origami unit made by brass.

As shown in Supplementary Fig.14, to fabricate an origami unit with large folding angle
(p = 449, one-step mold-pressing leads to severe factures at the folding areas
(Supplementary Fig.14c). To address this issue, as shown in Supplementary Fig.14a,
we need to design a series of molds with gradually increased ¢, and sequentially press
the brass film in Mold I to Mold Il1l. Moreover, although the three molds can be 3D
printed (Supplementary Fig.14b), to print one mold using a FDM 3D printing takes
about 7.5 hours. Finally, as shown in Supplementary Figure 14d, the molded 3D

origami structures need to be glued together to form the 3D origami structures.



e~ Mold 111
Mold Il

Supplementary Figure 14. Manufacture of Miura origami units made of brass by
molding technology. (a) Geometric design of the molds (b) Miura origami units made
through sequential molding. (c) Miura origami units made through direct molding. (d)
Illustration of the assembly process of Unit 2.

Supplementary Note 15. Comparison on the energy absorption with other origami
configuration.
In order to compare the energy absorption efficiency of different configurations, we

performed a series of experiments to compress three different origami units. As shown



in Supplementary Fig.15a, Unit 3 is a unit cell of the self-locking origami structure (a
=25, rt =5, ¢ = 449 proposed in this manuscript. Unit 1 has the same geometry as Unit
3, but is made of brass. Unit 2 is a unit cell designed based on the origami metamaterial
configuration proposed by Ma J et al. 4, which is also fabricated from brass. The masses

of the three units are similar. The compressive speed was set to 2 mm-min™.

Supplementary Figure 15b presents the compression results of the three units, where
Unit 3 has the highest specific energy absorption at 50 % nominal strain (SEA, _5,, =
0.93 J-g1), which is much higher than that of Unit 1 at 0.354 J-g** and Unit 2 at 0.07
J-gL. Besides, as shown in Supplementary Figure 15¢, Unit 3 was able to recover to its
initial undeformed state even after it was compressed by 50%, while Unit 1 and Unit 2

underwent plastic deformation and could not fully recover.
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Supplementary Figure 15. Comparison of the energy absorption of Unit 1-3. (a)
Image and weight of three units. (b) Compression results and specific energy absorption
(SEA) of three units. (c) Snapshots of the compression process of three units.

Supplementary Note 16. Compression tests of three representative structures
exhibiting three different deformation modes.
In Supplementary Figure 16, we show the loading-unloading processes for three

structures (mentioned in Figure 3d of the main text) exhibiting P2P (Structure 1),



buckling (Structure I1), and intermediate (Structure III) deformation modes,
respectively. The load and unload speed were set to 2 mm-min’. Geometry parameters

of the three structures were shown in Supplementary Table 3.

Load » B Unload

Structure |
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Supplementary Figure 16. Snapshots of Structure I, Structure Il, and Structure
I11 during loading-unloading.

Supplementary Table 3. Geometry parameters of Structure I - 111

a ® H Projection Area
mmy 9 (m) (mm?
Structure | 25 5 44 17.37 1000.1
Structure 11 25 4 44 17.37 1000.1
Structure 111 25 5 52 19.7 815.7

Supplementary Note 17. Compressive strength prediction of self-locking thick-
panel origami models with P2P deformation mode.
As shown in Supplementary Figure 17a, the compressive strength has been significantly

improved as the increase of both thickness ratio r: and angle ¢, ranging from 0.2 N-mm-



2 to 2 N-mm™. In Figure 17b, larger thickness ratio rrwould lead to structural strength
enhancement, while increasing wall length a would weaken the self-locking thick-panel

origami structure.
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Supplementary Figure 17. Compressive strength prediction of self-locking thick-
panel origami units with P2P deformation mode. (a) Compressive strength of self-
locking thick-panel origami models when a = 25 mm. (b) Compressive strength of self-
locking thick-panel origami models when ¢ = 44<

Supplementary Note 18. Flexibility and adaptability of MSO structure.

The multi-material 3D printing based origami structure fabrication approach proposed
in this work gives it a certain degree of flexibility and adaptiveness (Fig. 4f in
manuscript), which opens up a range of application possibilities, such as for the
fabrication of lightweight and high energy absorbing helmets, as shown in

Supplementary Figure 18.



Supplementary Figure 18. Demonstrate of using MSO structure to make a safety
helmet. (a) Schematic diagram of a helmet model made from a 3D printed origami
structure. (b) The helmet adapts well to the curved surface of head.

Supplementary Note 19. Impact test set-up.

As shown in Supplementary Figure 19, origami structure is placed on the platform when
conducting the impact test. The impact energy is calculated as mgh, and can be adjusted
through tuning the drop height (h € [0, 1.8] m) or weight (m € [3.65, 32] kg). To acquire
the response during the impact process, a force sensor is installed below the platform,
whose load cell is 20000 N. The high-speed camera is used to capture the deformation
behavior of thick-panel origami structures, and the high-power light source ensures that

the camera can shoot clearly at high frame rates.
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Supplementary Figure 19. Demonstration of the self-built drop tower.

Supplementary Note 20. Impact energy absorption of brass-made origami
structures.

There are two key indicators to evaluate a structure’s capability of absorbing impact
energy °: (i) the value of the first peak impact force; (ii) whether there is a secondary
impact. In order to demonstrate that the developed self-locking origami structures
exhibit better capability of absorbing impact energy than other configurations, as shown
in Supplementary Figure 20a, we fabricated two Miura-origami structures made of

brass. Sample 1 has the same geometry as the developed self-locking origami structure



(Sample 3). Sample 2 was designed based on the origami metamaterial configuration
proposed by Ma J et al. 4. The weights of the three origami structures are close.

From the experimental results (Supplementary Fig.20b), the peak impact force of
Sample 2 (7780.6 N) was slightly lower than that of the control group (without origami
structure) under the same impact energy (24 J), and it underwent multiple secondary
impacts. The peak impact force of Sample 1 (5104.1 N) was much lower than that of
the control group, but it still had secondary impacts, which means that the impact energy
was partially absorbed. In contrast, our 3D printed self-locking origami structure with
push-to-pull mechanism not only has the largest reduction in peak force (more than
50%, 4128.9 N) but also has no significant secondary impact.

As shown in Supplementary Figure 20a, after the impact test, Sample 1 was flattened,
and a large number of folds were generated due to the plastic deformation of the
structures that partially absorbed the impact energy. Sample 2 was flatten, and only a
few folds can be seen indicating few impact energy was absorbed. In Sample 3, the soft
hinges were partially fracture, which indicates that the push-to-pull mechanism of the
3D printed origami structure was fully functional during the impact, effectively
converting the impact energy into tensile deformation of the soft hinges in the bottom
part, and finally dissipating the entire impact energy through the fracturing of the soft

hinges.
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Supplementary Figure 20. Comparison of the impact energy absorption with
brass-made origami structures. (a) Image of three samples before and after impact.
(b) Impact response of samples at an impact energy of 24J.
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