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Supplementary Figure S1: Mirror-symmetric images of the twisting bistable structure
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Fig. S1. Image capture from Supplementary Video 2. Printed ball joints can have some frictions. So, unless we push them to the end, the actual bistable mechanism may end up in a slightly different shape from the equilibrium state. In Supplementary Video 1, we pushed the mechanism only to the maximum point of the energy barrier, so that it automatically transformed to the other state. In this case, we did not obtain exact mirror-symmetric structures due to some frictions in ball joints. However, if we manually apply force further, we can obtain the exact mirror images, as shown in Fig. 2a. Supplementary Video 2 shows mirror-symmetric images more clearly. Here, we used a bigger ball joint to facilitate mechanical switching. Figure S1 shows the image capture from Video 2. A twisting bistable structure has two stable configurations, and their twisting angles are measured to be 26.32º and 25.88 º. Therefore, we obtained almost identical twisting angles with only a very small angle difference (~0.44º) and thus we have mirror images. Please note that we manually switch the mechanism, so this small angle difference can be present.



Supplementary Figure S2: Beam theory for the design of rotational bistable structures
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Fig. S2. Beam theory for the design of rotational bistable structures

Here we outline the beam theory that we need to design rotational bistable componentsSR1-SR3. a and b are defined as the x, y distances to the beam end, respectively. The notation s indicates the tangential distance along the deformed beam. θ is the angle between the beam and the x axis. θe is the angle between the end of the beam and the x axis. And
 and ,  where , 
When the beam experiences the reverse lateral (RL) deformation, there is a strict relation between θe and n can be found:

This formula is always true in the RL deformation. The moment along the deformed beam is

[bookmark: _Hlk503959948]Using , the Bernoulli-Euler equation becomes
 
where Ce is a constant in the integration. It can be found by applying the condition at the end of the beam. Given the curvature at the end of the beam is zero, we obtain

Substituting it into the above equation and solving for kappa yields,
, where 

Solving for alpha,

Then,


These dimensionless displacement and loads are not geometry or material dependent.
  and  
These two equations above are the stable position of the end of the beam. There is a relation between n and the position of the end of the beam in a stable configuration. In other words, once the n is determined, the specific stable position is determined in line with the n condition. Therefore, it is possible to plot the position of the end of the beam with various n, as shown in the graph below. We used this plot to design rotational bistable components.
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Supplementary Figure S3: Rotational structure with fixed-fixed beams
[image: EMB000039245ddc]
Fig. S3. Rotational mechanism with fixed-fixed beams. In this case, the rotational angle is much smaller (~11.4º). In Fig. 3(a), the rotation angles between two stable states were 79º and 87º for fixed-pinned beams and pinned-pinned beams, respectively.


Supplementary Figure S4: Twisting angle as a function of the central rod length
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Fig. S4. CAD Schematic that shows how the twisting angle can be obtained as a function of the central rod length. The distance between the ball center in the joint and the rotatable central rod is 37.5 mm. The distance between two balls is 48.75mm. The direction from ball to rotatable rod will be assigned as x direction, while the direction between two balls y direction. Assuming the distance between two balls is reduced to k and the left body of the twisting structure lies in the xy plane, then the right body of the twisting structure rotates in the xz plane having a different y direction value. The beam will connect the origin point and the other ball center. The locus formula of the right ball center will be (x-37.5)2 + z2 = 37.52, y = k. The locus formula of the beam end will be x2 + y2 + z2 = 48.752.



Supplementary Figure S5: Design of the tuning arm in a rotational component
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Fig. S5. To design a tunable rotational bistable structure, we need to solve equations to determine the required arm length in the tuning element. We first set the inner radius to be 20 mm and the outer radius 40 mm. Then we can determine the original angle to be 80° and 60° for the programmed state. In Fig. 7, 80°, 50° adjoint lines are shown. To make the 80° symmetric bistable structure, the angle between the inner arm and the line that crosses the inner arm center and pinned boundary should be 40° As a result, the required beam length is 27.83 mm. In order to make 60° bistable structure, the beam should not be on stress. Simultaneously, the inner part should be reduced and rotated. The cross-point that the 80° adjoint (red line) and unstressed beam locus (green line) meets would be a programmed arm position. The beam has a symmetric point in terms of the potential energy at the 50° adjoint line. The 80° adjoint line will make a 60° bistable structure. The red line is the symbol of the tunable arm whose length is 15.29 mm. In order to shrink and rotate this arm, we designed a structure with shrinkable half rings (made of SMPs) as shown above. This tunable arm is segmented into different parts and the end of each joining part is slanted. So, when it is plugged together by bending the SMP connecting rings, it is curved naturally. We designed the length reduction to be 2.25 mm in each segment, and then we have total 4.5mm shrinkage.



Solving the above equations, we obtain x = 4.589 y = 6.322 and . With values obtained solving equations, we determined the length of segments and the angle necessary to rotate the tuning arm.


Supplementary Note: Finite element simulations of bistable structures
The FE analysis of the 3D-printed experimental parts was performed using ABAQUS (nonlinear static analysis). For simplicity, joints were assumed to be frictionless, and the parts undergoing translational and rotational motion were regarded as rigid bodies. Simulations were performed using Intel Xenon CPU E5-2687W v3/3.10GHz (8 cores) and RAM 128GB. Each simulation took 20 minutes to 1 hour.
For twisting structures, a C3D10 element (10-node quadratic tetrahedron type) was used. We used structural constraints to control the degree of freedom. In the figure below, Part 2 was set as a display body (no motion). The surface of the ball joint (Part 3) was kinematically coupled to a reference point (RP1, RP3, RP4, RP6). The stabilization option in ABAQUS was used to guarantee the convergence (the damping factor was set to 0.0002). The mechanism was guided to a correct trajectory by proper boundary conditions.
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Reference points (left figure) and parts (right figure) in the twisting structure

 The following pictures show the screen captures of ABAQUS simulations:
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For rotational structures, C3D10 and C3D20 elements were used. In Part 1 (see the figure below), the C3D20 element was used with full integration to avoid the hourglass effect. In other parts, the C3D10 element was used (same as the twisting structure). The outer ring and Part 1 were set as rigid bodies. For the convergence of simulations, constraints were used instead of contact. RP3~RP6 has pin boundaries with Beam-type MPC constraints. The mechanism was guided to a correct trajectory by proper boundary conditions.
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Reference points (left figure) and parts (right figure) in the rotational (pinned-fixed) structure

The following pictures show the screen captures of ABAQUS simulations:
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The following table compares the twisting or rotating angles from the experimental measurements of printed samples and FE simulations. We can find that they agree fairly well.
	Structure
	Experiment
	Simulation

	Figure 2 (Twisting)
	52.2º
	51.1º

	Figure 3 (Rotational, pinned-fixed)
	79.3º
	79.8º

	Figure 3 (Rotational, pinned-pinned)
	87.3º
	88.8º

	Figure 6 (Rotational, symmetric)
	81.3º
	80.0º




2

image2.png




image3.png
©|©




image4.png
Rod length

N





image5.png
RP1 RP2 RP3 £

Rpa RpS RPG





image6.png
S, Mises
(Avg: 75%)
5 0932402
Tageaerns
142440100
3619002
+350%e 02
e
H
151250403 (V”
1.698e+02
ey XY
+8.488e+01 >
+424de+01 h(
+0.0002+00 < h
=5
=<
<5
<>
<
S
N
=
=
=
S
B
<>
Y
=S
==
=
=5
~5
v ODB: twist2.odb  Abagus/Standard 3DEXPERIENCE R2017x  Mdh Dec 04 20:18:53 GMT+09:00 2017

Step: Step-2
Increment  3: Step Time =  3.0000E-02
X Primary Var: §, Mises

z Deformed Var: U Deformation Scale Factor: +1.000e+00




image7.png
S, Mises

(Avg: 75%)

+5.0938+02

T2 6eaes05

45440105

138150107

1335310

13875610

15858810

131758108

1T o805

15750

Taaaseiot

T4 %aas101

6,582
%H
Ry
5
=5
S5
<>
<
=
=
=
=N
S
=
=5

v ODB: twist2.odb  Abagus/Standard 3DEXPERIENCE R2017 Dec 04 20:18:53 GMT+09:00 2017

PN

Step: Step-2
Increment  20: Step Time = 01107

X Primary Var: S, Mises
Deformed Var: U Deformation Scale Factor: +1.000e+00




image8.png
S, Mises
(Ava: 75%)

+5.0932+02
+4.6682+02
+4.2442+02
+3.819e+02
+3.395e+02
+2.571e+02
+2.5460+02
+2.1220+02
+1.698e+02
+11273e+02
+8.4832+01
+4.2dde+01
+0.0002+00

& ODB: twist2.00b  Abaqus/Standard 3DEXPERIENCE R20L Dec 04 20:18:53 GMT+09:00 2017

Step: Step-2
Incement  48: Step Time = 0.2278
X Primary Var: 5, Mises

z Deformed Var: U Deformation Scale Factor: +1.000e+00




image9.png
S, Mises
(Ava: 75%)

+5.0932+02
+4.6682+02
+4.2442+02
+3.819e+02
+3.395e+02
+2.571e+02
+2.5460+02
+2.1220+02
+1.698e+02
+11273e+02
+8.4832+01
+4.2dde+01
+0.0002+00

D
K/

VAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVANANAV/

ODB: twist2.00b  Abaqus/Standard 3DEXPERIENCE

Step: Step-2
Increment  109: Step Time =  0.5852
Primary Var: S, Mises

Deformed Var:' U Deformation Scale Factor: +1.000e+00




image10.png
S, Mises
(Ava: 75%)
Tateeros e
+4244a105 %V
jEtie s
+313956402 Sy
+2.571e+02 <
+25450+02 R
+211220+02 %, f
+116080+02 S
+1.273e+02 <
+8.4882+01 %
+4.2445+01 >
+0.0002+00 hg
ST
k]
=<
S
=
P
=
<
o
=<
B
==
==
=
=
Y

ODB: twist2.0db

Abaqus/Standard 3DEXPERIEN
Step: Step-2 i
Inrement
X

157: Step Time = 0.7495
Primary Var: $, Mise:

Deformed Var: U Deformation Scale Factor: +1.000e+00




image11.png




image12.png
S, Mises
(Ava: 75%)

+4.8162+02
+4.4152+02
+4.0132+02
+3.612e+02
+3.211e+02
+2.8092+02
+2.408e+02
+2.007e+02
+1.605e+02
+1:204e+02
+8.027e+01
+4.0130+01
+0.000e+00

QDB pinfixthick.odb  Abaqus/Standard 3DEXPERIENCE R2017x

Step: Step-3
Increment 5 Step Time = 5,0000E-02

Primary Var: 5, Mises

Deformed Var: U Deformation Scale Factor: +1.000+00

Fri Dec 15 15:51:40 GMT+09:00 2017




image13.png
S, Mises
(Ava: 75%)

+4.8162+02
+4.4152+02
+4.0132+02
+3.612e+02
+3.211e+02
+2.8092+02
+2.408e+02
+2.007e+02
+1.605e+02
+1:204e+02
+8.027e+01
+4.0130+01
+0.000e+00

QDB pinfixthick.odb  Abaqus/Standard 3DEXPERIENCE R2017x

Step: Step-3
Increment  76: Step Time = 0.1311

Primary Var: S, Mises

Deformed Var: U Deformation Scale Factor: +1.000+00

Fri Dec 15 15:51:40 GMT+09:00 2017




image14.png
S, Mises
(Ava: 75%)

+4.8162+02
+4.4152+02
+4.0132+02
+3.612e+02
+3.211e+02
+2.8092+02
+2.408e+02
+2.007e+02
+1.605e+02
+1:204e+02
+8.027e+01
+4.0130+01
+0.000e+00

QDB pinfixthick.odb  Abaqus/Standard 3DEXPERIENCE R2017x

Step: Step-3
Increment 125: Step Time = 0.3315

Primary Var: 5, Mises

Deformed Var: U Deformation Scale Factor: +1.000+00

Fri Dec 15 15:51:40 GMT+09:00 2017




image15.png
S, Mises
(Ava: 75%)

+4.8162+02
+4.4152+02
+4.0132+02
+3.612e+02
+3.211e+02
+2.8092+02
+2.408e+02
+2.007e+02
+1.605e+02
+1:204e+02
+8.027e+01
+4.0130+01
+0.000e+00

QDB pinfixthick.odb  Abaqus/Standard 3DEXPERIENCE R2017x

Step: Step-3
Increment 179: Step Time = 0.5293

Primary Var: 5, Mises

Deformed Var: U Deformation Scale Factor: +1.000+00

Fri Dec 15 15:51:40 GMT+09:00 2017




image16.png
S, Mises
(Ava: 75%)

+4.8162+02
+4.4152+02
+4.0132+02
+3.612e+02
+3.211e+02
+2.8092+02
+2.408e+02
+2.007e+02
+1.605e+02
+1:204e+02
+8.027e+01
+4.0130+01
+0.000e+00

QDB pinfixthick.odb  Abaqus/Standard 3DEXPERIENCE R2017x

Step: Step-3
Increment  247: Step Time = 0.8480

Primary Var: 5, Mises

Deformed Var: U Deformation Scale Factor: +1.000+00

Fri Dec 15 15:51:40 GMT+09:00 2017




image1.png
Stable state A Stable state B





