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Table S1. Performance of soft pneumatic actua-
tors

Supplementary Figures

Figure S1. Performance of typical soft pneumatic actuators and typical air supply systems.
a The actuation speed and efficiency of typical pneumatic soft actuators. The actuation speed and the
efficiency depend on the pressure of the air source, working pressure, actuator, and actuation mechanism,
which makes it challenging to compare actuation speed and efficiency with the same scale. Here, we present
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a normalized indicator pworkV f
psource

as a metric for actuation speed based on Table S1. And the efficiency is

qualitative according to existing research.[22,34,43,44] b Typical air supply systems. The air source includes
single, serial, parallel pumps, and air source with phase-change medium and chemical pumps. The supplying
mechanisms include DIDO, EEAR, and IEAR (this work). These air source and supplying mechanisms can
be further combined to achieve various performances.[34,43,44,48,49]

Figure S2. The experimental setup and platform. a The overview of the experimental sets. The
DSPACE controls the system (1 kHz), and the 3-channel valve island produces the timings of valves. b
Pneumatic schematic diagram of the 3-channel valve island. c Power function of the air pump, where
the pump power increases with the output pressure. d Timings of the solenoid valves. N is the time-based
equivalent weighted average number of solenoid valves in use for a period, which is obtained from the timings.
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Figure S3. Dynamic modeling of m-SPAs. a Actuator with a single chamber having n inlet tubes. b
m-SPAs with n chambers, and each chamber connects to other chambers with n inlet tubes. The chambers
of m-SPAs can exchange pressurized air and influence the motion of each other.

Figure S4. The materials, geometry, and stiffness of the business PVC bellows. a Detailed
structure of the exemplary actuators. b Geometry parameters of the extensible commercial bellows-shaped
PVC tube. c Stiffness curve of the PVC tube, obtained from seven tubes with a relaxed length of 50 mm.
This work uses the PVC tube as a structure with linear elasticity.
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Figure S5. Theoretical and experimental pressures of Double Bellows and Triple Bellows (0-30
s and detailed 0-3 s). a Pressures of the Double Bellows with DIDO. Following the initial actuation cycles,
the Double Bellows exhibits a rapid transition and enters a steady-state pressure response. b Pressures of
the Double Bellows with IEAR. A more gentle transition means enhanced air supply ability. c Pressures
of the Triple Bellows with DIDO. d Pressures of Tripe Bellows with IEAR. The discrepancy between the
model and experiments, especially the cumulative time shift, might come from the ignorance of the actuator
mass, actuator volume modeling error, and inconsistency of the used commercial solenoid valves.
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Figure S6. Influence of ∆p on actuation performance of the Double Bellows. The experiments
include DIDO and IEAR with ∆p =5, 10, 15 kPa and plow =10 kPa. a Steady-state actuation frequency. b
Steady-state system power. c Steady-state supplied air pressure ( ptank ). d Steady-state energy consumption
per cycle. The model can predict the actuation performance with some errors (Supplementary Note 1).
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Figure S7. Influence of ∆p on actuation performance of the Triple Bellows. The experiments
include DIDO and IEAR with ∆p =5, 10, 15 kPa and plow =10 kPa. a Steady-state actuation frequency. b
Steady-state system power. c Steady-state supplied air pressure (ptank ). d Steady-state energy consumption
per cycle. The model can predict the actuation performance with some errors (Supplementary Note 1).
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Figure S8. The detailed components of the soft robotic applications and their performances
of supplied pressure and system power. a system overview of the robotic fin fixed on a manipulator.
b air tank pressure ptank when supplying the robotic fin. c System power when actuating the robotic fin. d
Components employed in the fabric-based actuator application. e Supplied air pressure ptank when supplying
the fabric-based actuator. f System power when actuating the fabric-based actuator. g Composition of
the quadruped robot. h Supplied air pressure ptank when supplying the quadruped robot. i System power
when actuating the quadruped robot.
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Figure S9. Application on a silicone actuator, the influence of a larger air tank on IEAR,
and the comparison with EEAR. a Fiber-reinforced silicone actuator with two chambers. b Actuation
frequency of the silicone actuator with DIDO and IEAR. c Energy consumption per cycle of the silicone
actuator with DIDO and IEAR. d Actuation frequency of Double Bellows with the air tank volume 1 L
and 11L, respectively. e Energy consumption per cycle of Double Bellows with the air tank volume 1 L

8
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and 11L, respectively. f System configuration of EEAR, where the air buffer is introduced to recycle the
exhaust air. g The structure of the 100 mL air buffer. h Actuation frequency of Double Bellows with four
modes: DIDO, IEAR, EEAR, and DIDO+EEAR. i Actuation frequency of Triple Bellows with four modes
as before. j Steady-state actuation frequency of Double Bellows with four modes as before. k Steady-state
actuation frequency of Triple Bellows with four modes as before.

Figure S10. Calculation, characterization, and correction of mass flow. a Flow characteristics
of air pump and the schematic diagram of the measurement method. (Supplementary Note 10) b The
component is inserted between two air tanks to characterize the flow function of the corresponding air passage.
(Supplementary Note 11) c Flow function of corresponding air passage (the results in the graph are ψt1
). d Characterization method of the valve switch characteristics. e Opening and closing characteristics of
solenoid valves. f Experimentally obtained open degree when ON-OFF command change occurs at ∆t =
0.05, 0.10, 0.15, 0.20, and 0.25 s. (Supplementary Note 12)
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Supplementary Notes

Supplementary Note 1. Detailed modeling of m-SPAs

We develope the dynamic model with the following assumptions: i) the air is an ideal gas; ii) the air
temperature is constant; iii) the volume of each chamber is a function of internal pressures; iv) the pressure
in each chamber is uniformly distributed; v) the mass of m-SPAs is ignored due to their lightweight, and the
deformation of m-SPAs is a function of internal pressures.

We have defined ξ = ρRT
M in Formula (2). The detailed modeling of m-SPAs is as follows.

Note: All the following equations defined for the first time should have the index form (SX) . Due to the
compilation error of the webpage, the following display might lack an “S”. However, if you export a pdf
version, the display is complete.

·Modeling of an actuator with a single chamber (Figure S3a).

The modeling is based on Clapeyron Equation (ideal gas equation).

pV = ηRT (S1)

We can obtain the differential form of the equation to time.

ṗV + pV̇ = ξQ (S2)

Hypothesize that the chamber volume is the function of internal pressure.

V = f(p) (S3)

V̇ =
df

dp
ṗ (S4)

By substituting Equation (S4) into Equation (S2), we have the dynamic pressure of the actuator.

ṗ =
ξQ

V + p dfdp
(S5)

p = p′ + pa

The variables and parameters are defined as follows.

p-abosolute pressure
p′-gauge pressure
pa-atmosphere pressure
V -instantaneous volume of a chamber
η-amount of melocules
R-ideal gas constant

10



P
os

te
d

on
A

u
th

or
ea

27
S
ep

20
22

—
C

C
-B

Y
4.

0
—

h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
66

42
6
48

0.
06

27
31

83
/v

1
—

T
h
is

a
p
re

p
ri

n
t

an
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

at
a

m
ay

b
e

p
re

li
m

in
ar

y.

T -abosolute temperature
M -Molar mass of air
ρ-air density under the standard condition
Q-mass flow into a chamber

·Modeling of m-SPAs (Figure S3b).

We generalize Equation (S2) to an actuator with n chambers.

ṗ1V1 + p1V̇1 = ξQ1 (1)

ṗ2V2 + p2V̇2 = ξQ2

· · · · · ·
ṗjVj + pj V̇j = ξQj

· · · · · ·
ṗnVn + pnV̇n = ξQn (S6)

Where

V1 = f1 (p1, p2, · · · , pn)

V2 = f2 (p1, p2, · · · , pn)

· · · · · ·
Vj = fj (p1, p2, · · · , pn)

· · · · · ·
Vn = fn (p1, p2, · · · , pn) (S7)

V̇1 =
∂f1

∂p1
ṗ1 +

∂f1

∂p2
ṗ2 + · · ·+ ∂f1

∂pn
ṗn

V̇2 =
∂f2

∂p1
ṗ1 +

∂f2

∂p2
ṗ2 + · · ·+ ∂f2

∂pn
ṗn

· · · · · ·

V̇j =
∂fj
∂p1

ṗ1 +
∂fj
∂p2

ṗ2 + · · ·+ ∂fj
∂pn

ṗn

· · · · · ·

V̇n =
∂fn
∂p1

ṗ1 +
∂fn
∂p2

ṗ2 + · · ·+ ∂fn
∂pn

ṗn (S8)

The mass flow Qj into the chamber j is the sum of flows from all other chambers.

Qj =

n∑
i=1

Qij (S9)

Where Qij is obtained from the data-driven flow function (4).

11
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Qij = Ψij (pi, pj) (pi > pj)

Combining Equation (S5)-(S8), we can rewrite Equation (S6) as


V1

V2

. . .

Vn



ṗ1

ṗ2

:
ṗn

+


p1

p2

. . .

pn





∂f1
∂p1

∂f1
∂p2

· · · ∂f1
∂pn

∂f2
∂p1

∂f2
∂p2

· · · ∂f2
∂pn

: :
. . . :

∂fn
∂p1

∂fn
∂p2

· · · ∂fn
∂pn




ṗ1

ṗ2

:
ṗn

 = ξ


Q1

Q2

:
Qn

 (S10)

Which can be further abbreviated as

diag (V ) ṗ + diag (p)
∂V

∂p
ṗ = ξQ (S11)

So the dynamic pressure is dominated by Equation (1).

ṗ = ξ

[
diag (V ) + diag (p)

∂V

∂p

]−1

Q

Where the Jacobian matrix of chamber volume is

∂V

∂p
=


∂f1
∂p1

∂f1
∂p2

· · · ∂f1
∂pn

∂f2
∂p1

∂f2
∂p2

· · · ∂f2
∂pn

: :
. . . :

∂fn
∂p1

∂fn
∂p2

· · · ∂fn
∂pn

 (S12)

For the definitions of these variables, please refer to “the dynamic model of m-SPAs” in the main text.

The above dynamic model of m-SPAs is generally important to these multi-chamber lightweight
soft/rigid actuators, even if their chambers have mutual interactions. Notably, since we do not consider the
mass, hysteresis, or creep of the actuator, the model inaccuracy might increase for these actuators with great
mass or materials that are not elasticity-dominated.

Supplementary Note 2. Modeling of the Double Bellows

·Dynamic pressure of the Double Bellows

Here, the air tank in the Double Bellows (i=1,2 ) is regarded as a chamber with a constant volume Vt. The
chamber volume V1 and V2 are independent of Vt.

Vi = fi (p1, p2)

12
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We specify Equation (1) on the Double Bellows.

ṗ =

 ṗ1

ṗ2

ṗt

 p =

 p1

p2

pt

 V =

 V1

V2

Vt

 ∂V

∂p
=


∂f1
∂p1

∂f1
∂p2

0
∂f2
∂p1

∂f2
∂p2

0

0 0 0

 Q =

 Q1

Q2

Qt

 =

 Qt1 +Q21 −Q12 −Q10

Qt2 +Q12 −Q21 −Q20

Qpump −Qt1 −Qt2


Where Qij is mass flow from chamber i to j chamber , and the footmark ‘0’ represents the atmosphere. Vi
is further to be required for the solutions.

·Geometry of the Double Bellows

The geometry of the Double Bellows is shown in Figure 2b and Figure S4. We use a geometric average
radius of the PVC tube to simplify calculations.

r =
√
r1r2

The bending radius of chambers are

R1 = R+ sign (p1 − p2) s (S13)

R2 = R− sign (p1 − p2) s (S14)

The axis lengths of chambers are

L1 = [R+ sign (p1 − p2) s] θ (S15)

L2 = [R− sign (p1 − p2) s] θ (S16)

Since the steel wires constrain the central axis, the length L is constant.

L = Rθ (S17)

Combining Equation (S13)-(S17), we can obtain the chamber volume.

V1 =
θ

2π
2π2R1r

2 = πr2L
[
1 + sign (p1 − p2)

s

R

]
(S18)

V2 =
θ

2π
2π2R2r

2 = πr2L
[
1− sign (p1 − p2)

s

R

]
(S19)

Where the unknown R is to be solved by force equilibrium analysis.

The geometry variables and parameters are defined as follows.

θ-bending angle of the actuator
r-geometric average radius of the tube

13
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r1-internal radius of the tube
r2-external radius of the tube
s-eccentricity of the chamber axis from the central axis
R-bending radius of the actuator
Ri-bending radius of chamber i
L-length of central axis
Li-axis length of chamber i
Vi-instantaneous volume of chamber i

·Force equilibrium of the Double Bellows

Figure 2c shows the section force diagram of the Double Bellows.

The force caused by pressure is

Fpi = πr2p
′

i (S20)

The elastic force from tube deformation is

Fi = F ′i + F ′′i = k (Li − L) (S21)

Where F ′i and F”i are the equivalent component forces of Fi and the force couple Mi .

F ′i =
1

2
(Fi + krθ) (S22)

F ′′i =
1

2
(Fi − krθ) (S23)

Mi = (F ′i − F ′′i ) r (S24)

The equilibrium Equation about axis-b is

−Fp1s+ Fp2s+ F1s− F2s+M1 +M2 = 0 (S25)

The mechanical variables are defined as follows.

k-stiffness pf PVC tube
p′i-gauge pressure of pi
Fpi-pressure force
Fi-elastic deformation force
F ′i , F

′′
i -equivalent conponent forces of Fi

Combing Equation (S20)-(S25), we can obtain

R =
2k
(
s2 + r2

)
L

πr2 (p1 − p2) s
(S26)

Substitute Equation (S26) into Equation (S18)-(S19).

V1 = πr2L

[
1 +

πr2 (p1 − p2) s2

2k (s2 + r2)L

]
(S27)
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V2 = πr2L

[
1− πr2 (p1 − p2) s2

2k (s2 + r2)L

]
(S28)

Supplementary Note 3. Modeling of the Triple Bellows

·Dynamic pressure of the Triple Bellows

The air tank in the Triple Bellows ( i=1,2,3) is also regarded as a chamber with a constant volume Vt . The
chamber volume Vi is independent of Vt .

Vi = fi (p1, p2, p3)

We specify Equation (1) on the Triple Bellows.

ṗ =


ṗ1

ṗ2

ṗ3

ṗt

 p =


p1

p2

p3

pt

 V =


V1

V2

V3

Vt

 ∂V

∂p
=


∂f1
∂p1

∂f1
∂p2

∂f1
∂p3

0
∂f2
∂p1

∂f2
∂p2

∂f2
∂p3

0
∂f3
∂p1

∂f3
∂p2

∂f3
∂p3

0

0 0 0 0

Q =


Q1

Q2

Q3

Qt

 =


Qt1 +Q21 +Q31 −Q12 −Q13 −Q10

Qt2 +Q12 +Q32 −Q21 −Q23 −Q20

Qt3 +Q13 +Q23 −Q31 −Q32 −Q30

Qpump −Qt1 −Qt2 −Qt3


Where Qij is mass flow from chamber i to j chamber , and the footmark ‘0’ represents the atmosphere. Vi
is further to be required for the solutions.

·Geometry of the Triple Bellows

The geometry of the Triple Bellows is shown in Figure 3b and Figure S4. The geometric average radius
of the PVC is the same as Equation (S12).

r =
√
r1r2

The Triple Bellows has two DOFs: bending relative to the ground and rotation above the z-axis. The rotation
angle is

ϕ i = ϕ+ (i− 1)
2

3
π (S29)

The bending radius of chamber i is

Ri = R− si (S30)

Where

si = s cosϕi (S31)

The axis length of chamber i is

L i = Riθ (S32)
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Since the steel wires constrain the central axis, Equation (S17) is still satisfied.

L = Rθ

Combining Equation (S29)-(S32), we can obtain the chamber volume.

Vi =
θ

2π
· 2π2Rir

2 = πθ (R− s cosϕi) r
2 (S33)

Where the unknown R and ϕ are to be solved by force equilibrium analysis.

The geometry variables and parameters are defined as follows.

ϕ-rotation angle above z-axis
ϕi-rotation angle of chamber i above z-zxis
si-projection length of s in bending direction

Those unmentioned parameters have the same definition as the Double Bellows.

·Force equilibrium of the Triple Bellows

Figure 3c shows the section force diagram of the Triple Bellows.

The force caused by pressure, the elastic force from tube deformation, the equivalent component forces of Fi
and the equivalent force couple Mi follow the same law as Equation (S20)-(S24).

The equilibrium equations about axis-b and axis-r are

(Fp1 − F1) s1+(Fp2 − F2) s2+(Fp3 − F3) s3+M1+M2+M3 = 0 (Fp1 − F1) s sinϕ1+(Fp2 − F2) s sinϕ2+(Fp3 − F3) s sinϕ3 = 0
(S34)

Combing Equation (S20) -(S24) and Equation (S34), the numerical solutions of R and ϕ can be obtained.

Supplementary Note 4. Experimental tests of Double Bellows and Triple Bellows

·Experiments on Double Bellows

The experimental parameters are set to be plow=10 kPa, ptank−low = 120 kPa, and ptank−high =125 kPa.
We use the experimental setup in Figure S2a to measure the actuator performance obeying the following
procedures.

i) Turn on the pump to pressurize the air tank (see Results-2.1. Working principle of the IEAR

mechanism)

ii) For a specified phigh and ∆p , actuate Double Bellows following the working flow chart Figure 2d
for DIDO or Figure 2e for IEAR, whose timings of solenoid valves are presented in Figure S2d.

iii) Wait for Double bellows to enter the steady-state pressure response.

iv) Record the actuation frequency f , air tank pressure ptank , system power P , and the air temperature
in the air tank by calculating their average on a window of 20 s.

v) Stop the actuation and exhaust the air in the actuator. For a new specified phigh and ∆p , repeat
step ii-v.

vi) Each specified working condition is measured seven times to reduce random error.
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In this work, the working pressure phigh with 50,60,70,80,90,100, and 75 kPa are covered, and the IEAR
control parameter ∆p=5, 10, and 15 kPa are measured (Figure 2f-h, Figure S5a and b, Figure S6).
Based on the experiments, performance indicators are further calculated by the method in Table 1 and
Supplementary Note 13.

Notably, there is a deformation difference between DIDO and IEAR, as shown in Figure 2d and e (Movie
S3). We may mention that these differences have limited influence on the comparison between DIDO and
IEAR since the volume difference of PVC tube does not exceed 4.6% even if the bending angle difference is
up to 30deg (the difference in this work is markedly less than this value), which should not have a remarkable

influence on the dynamic pressure governed by our model (ṗ = ξ
[
diag (V ) + diag (p) ∂V∂p

]−1

Q ).

*Experiments on Triple Bellows

The experimental setup and parameters of Triple Bellows are the same as Doube Bellows with the following
procedures.

i) Turn on the pump to pressurize the air tank (see Results-2.1. Working principle of the IEAR mechanism)

ii) For a specified phigh and ∆p , actuate Triple Bellows following the working flow chart Figure 3d
for DIDO or Figure 3e for IEAR, whose timings of solenoid valves are presented in Figure S2d.

iii) -vi) These steps are the same as Double Bellows.

In this work, the working pressure phigh with 50,60,70,80,90,100, and 75 kPa are covered, and the IEAR
control parameter ∆p= 5, 10, and 15 kPa are measured (Figure 3f-h, Figure S5c and d, Figure S7).
Based on the experiments, performance indicators are further calculated by the method in Table 1 and
Supplementary Note 13.

Supplementary Note 5. Experiments on the robotic fin

The structure of the robotic fin is presented in Figure 4a and b, whose materials and fabrication method
are detailed in Methods- 4.6. Materials and fabrication of the robots in applications. We fixed
the robotic fin on the end of a manipulator to stabilize the actuator during actuation (Figure S8a). The
propulsion force is measured through a force sensor connected between the robotic fin and the manipulator.
The experimental procedures are as follows.

i) Move the manipulator downward to immerse the robotic fin in the water. The top of the robotic fin
is about 5 mm below the water surface.

ii) Clear the force value.

iii) Follow the same experimental steps i-v as testing Double Bellows (Supplementary Note
4). Notably, the real-time propulsion force is also recorded.

iv) Move the manipulator upward and complete the experiments.

v) Each specified working condition is measured seven times to reduce random error.

For the experiments on the robotic fin, the working pressure ptank with 50,60,70,80,90,100, and 75 kPa are
covered, and is ∆p set as a constant value of 10 kPa.

Experimental results are shown in Figure 4c-f, the peak force is the maximum instantaneous propulsion
force of the robotic fin, and the average force is a weighted average force in a flapping period of the robotic
fin. According to the propulsion force formula F = ρu2saCt , a larger average force F can produce a larger
average swimming velocity u. [53]
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Supplementary Note 6. Experiments on the fabric-based finger

The structure of the robotic fin is presented in Figure 4g and Figure S8d, whose materials and fabrication
methods are detailed in Methods- 4.6. Materials and fabrication of the robots in applications. The
finger has a flexing and extending chamber, worn on a silicone hand with adult size through velcro. For the
fabric-based finger, the experimental procedures are the same as testing Double Bellows (Supplementary
Note 4), and the working pressure with ptank 50,60,70,80,90,100 and 75 kPa are covered, and ∆p is set as
a constant value of 10 kPa. Also, each specified working condition is measured seven times to reduce random
error.

Supplementary Note 7. Extensive Experiments on the fiber-reinforced silicone
actuator

The fiber-reinforced silicone actuator has a symmetric structure with two chambers, and the fiber is coiled
inside the silicone body during casting to prevent sliding (Figure S9a). All the experimental procedures and
methods are the same as Double Bellows (Supplementary Note 4).

Supplementary Note 8. Experiments on the quadruped robot

The structure of the quadruped robot is presented in Figure 5a-c and Figure S8g, whose materials and
fabrication method are detailed in Methods- 4.6. Materials and fabrication of the robots in ap-
plications. We set ∆p =10 kPa, plow=10 kPa, ptank−low = 120 kPa, and ptabk−high =125 kPa, the
experimental procedures are as follows.

i) For a specified phigh , put the quadruped robot at the starting line of the floorboard (with

sandpaper preventing slipping).

ii) Actuate the quadruped robot using the control method of Triple Bellows following the working

flow chart Figure 3d for DIDO or Figure 3e for IEAR, whose timings of solenoid valves are

presented in Figure S2d.

iii) When the quadruped robot reaches the end line, stop actuation.

iv) Record the time consumed, steps to reach the ending line, air tank pressure , system power .

v) Repeat step i-v for a new specified phigh .

vi) Each specified working condition is measured seven times to reduce random error.

For the experiments on the quadruped robot, the working pressure phigh with 50,60,70,80,90,100 and 75 kPa
are covered.

Supplementary Note 9. Comparative Experiments with EEAR

A rigid air tank (100 mL) is introduced to the system as the air buffer to achieve EEAR (Figure S9f and
g). Here, we should mention that a too-small air buffer may damage the air smoothness of the pipeline for
this closed configuration, and on the other hand, a too-large air buffer may result in excessive pressure drop
in the buffer during recirculation, reducing recycling capability.
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Based on the original system and the system with the air buffer introduced, we test the performance of four
actuation modes: DIDO, IEAR, EEAR, and IEAR+EEAR. All the experiments follow the experimental
procedures for Double Bellows and Triple Bellows.

Experimental results show the following findings in improving actuation speed and energy efficiency (Figure
S9h-k).

i) IEAR performs better than DIDO and EEAR.

ii) EEAR hinders the improvement of actuation or efficiency within the range of low pressure,

even worse than DIDO.

iii) Actuation performance can benefit from the combination IEAR + EEAR. Especially for the

range of high pressure, IEAR+EEAR achieves better performance than a single IEAR.

iv) An adaptable best strategy is optional according to the results, which means adopting IEAR at low
pressure and EEAR+IEAR at high pressure for robotic applications.

Supplementary Note 10. Characterization of pump flow Qpump

We characterize the pump flow function by measuring the inflating process of an air tank, as is shown in
Figure S10a. Since the air tank volume is constant, we can simplify the differential Equation (S7) as
follows.

ṗtVt = ξQpump (S35)

The time-based pt is recorded in the experiments, and we have the pump flow function

Qpump (pt) =
Vt
ξ

dpt
dt

(S36)

The air supply ability of the micro air pump decreases with the output pressure increasing.

Supplementary Note 11. Characterization of flow function

The mass flow Qij depends on the pressures on both sides of the air passage and the air passage itself, as
is demonstrated in Equation (4).

Qij = Ψij (pi, pj) (pi > pj)

Although empirical formulas [43,51,56–59] have approximated the flow function of an air passage conveniently,
these models work well only when the pressure on one side remains constant. In our actuator, the pressures
in both chambers change rapidly. It is more appropriate to obtain a data-driven flow function for greater
accuracy.

We use two steel air tanks (10 L) to characterize the flow function of the air passage between a pair of
chambers, as is shown in Figure S10b. The characterization has three steps: i) Pressurize air tank-1 to
over 130 kPa. ii) Open the valve in the middle of the air passage and make the compressed air in tank-1 flow
to tank-2. iii) When phigh decreases to have a difference of less than 2 kPa from plow , close the valve. We
try to keep downstream pressure plow constant using a customized pneumatic testing system. To completely
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characterize the mass flow under various working conditions, we repeat those steps under different plow from
0 kPa to 120 kPa with a step length of 10 kPa. For those air passages deflating the compressed air into the
ambient, tank-2 is removed during the test. The large 10 L air tanks reduce air pressure fluctuation and make
the pressures change smoothly. All the data are recorded when the solenoid is fully open. We can obtain the
experimental results as shown in Figure S10c.

Ψij (phigh, plow) =
Vhigh
ξ

dphigh
dt

(S37)

A quartic polynomial fits the experimental results to generate the data-driven flow function.

f (x, y) = a00 +

4∑
j=1

j∑
i=1

ai,j−ix
iyj−i (S38)

Supplementary Note 12. Correction of mass flow

Ψ (phigh, plow) is the mass flow when the valve is fully open. Actually, the response time (open/close time)
cannot be ignored if the system generates high-frequency actions, especially when we employ cheap commercial
solenoid valves. The actual mass flow should be corrected by a time-based open degree factor Γ (t) . According
to Equation (5)

Q = Γ (t)Ψ (phigh, plow) , Γ ∝ [0, 1]

Γ (t) =
Q

Ψ (phigh, plow)
(S39)

We use an air tank shown in Figure S10d to characterize the open degree of solenoid valves, which includes
four steps: i) Inflate the air tank to 60 kPa (other air pressures are also feasible). ii) Open the valve and
start recording the pressure in the tank simultaneously. iii) After an interval of ∆t(∆t ≤ 1s) , close the
valve. iv) Continue recording pressure until t = 1 s.

As is shown in Figure S10e, both the opening and closing time between fully close and open states are about
0.2 s. The experimental results overall agree with the work of Xu et al. [65]. Notably, the response time
of different valves varies due to inconsistent manufacturing quality. However, a more complicated situation
is when the system generates high-frequency actions, the solenoid valve usually does not change between the
fully close and open states. The state change may occur at any point between these two extreme states. We
change ∆t from 0.05 s to 0.25 s with an interval of 0.05 s, and the results are shown in Figure S10f. Here,
we propose a time-based piecewise linear model to describe the open degree function.

*If the valve command changes from ON to OFF

Γ (t) =

{
Γc t− tc < (1− Γc) τON
Γc − t−tc−(1−Γc)τON

τOFF
otherwise

, Γ (t) ∈ [0, 1] (S40)

·If the valve command changes from OFF to ON

Γ (t) =

{
Γc t− tc < ΓcτOFF

Γc + t−tc−ΓcτOFF

τON
otherwise

, Γ (t) ∈ [0, 1] (S41)
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Where tc is the latest moment of command change, and Γc is the open degree at tc .

Supplementary Note 13. Methods of statistics and error processing

All the experimental indicators of actuation performance in Table 1 are based on seven times measurements.
The average and error are processed as the following methods.

¯̂
f =

∑
f̂i
n

σ̂f =

√∑(
¯̂
f−f̂i

)2

n−1

¯̂ptank =
∑ ¯̂ptank−i

n

σ̂Ptank
=

√∑
( ¯̂ptank−P̂tank−i)

2

n−1

¯̂
P =

¯̂
Pallvalve +

¯̂
Ppump =

∑
P̂allvalve−i

n +
∑
P̂pump−i

n

σ̂P =
√
σ̂2
Pallvalve

+ σ̂2
Ppump

=

√∑(
¯̂
Pallvalve−P̂allvalve−i

)2
+
∑(

¯̂
Ppump−P̂pump−i

)2

n−1

ē =
¯̂
P
¯̂
f

σ̂e =

√(
1
¯̂
f
σ̂f

)2

+
(

¯̂
P
¯̂
f2
σ̂P

)2

Supplementary Note 14. Comparative experiments with a large-scale air tank

A steel air cylinder (10 L) is serially connected between the pump and air tank (1L) to investigate the
influence of a large air tank on the actuation performance. All other experimental configurations except the
air cylinder are kept the same as Double Bellows.

The experimental results in Figure S9d and e show that a large-scale air tank can decrease actuation
speed and increase energy consumption per cycle, either for DIDO or IEAR. However, the influence is not
remarkable based on existing experiments. This slight deterioration of actuation performance might be caused
by the increase in air tank volume, which makes it more difficult for the pump to quickly pressurize the air
tank and maintain the pressure ptank−high above the working pressure phigh under steady-state response.

Supplementary Note 15. Design guidance on air supply strategies

For an air supply system, more channels require more components, such as pumps, valves, and air tanks,
which has a remarkable influence on the size and portability of the system. We present a simple guidance on
designing air supply systems with n channels (with simplification) as follows.

Table S2. Main components required by air supply strategies

c

strategy DIDO EEAR IEAR

valves1 2n(2) 2n(3) C2
n + 2n(4)

air buffer 0 n 0
pump ≥ 1(most5) ≥ 1(moderate) ≥ 1(least)

air tank ≥ 0(most) ≥ 0(moderate) ≥ 0(least)

1 The valves are two-position two-way valves, and the flow directivity is not considered in applications. (In
this work, we consider the flow directivity for an accurate model, which doubles the required number of valves)
2 inlets for compressed air and outlets for exhaust air.
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3 inlets for compressed air and outlets for exhaust air. Conservatively, we take one air buffer equivalent to
two valves from the perspective of dimensions for the following analysis.
4 inlets for compressed air, outlets for exhaust air, and one-one connected valves.
5 These degree words describe the number of components required to achieve equivalent performance.

With the increase of n, the size of the valve island increases due to more connections between chambers.

N=1: DIDO and EEAR are optional for actuation

1<=N<5: The portability and actuation performance of IEAR are better than DIDO and EEAR

5<=N<6: Compared with DIDO, the complication of IEAR is larger than DIDO but with better performance.
The portability and actuation performance of IEAR are better than EEAR.

N>=6: The complication of IEAR is larger than DIDO and EEAR but with better performance.

For N>=6, soft valves integrated into soft circuits can compose a compact valve island, which might further
widen the application of IEAR under complicated conditions.
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